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1 Introduction 

The field of research on optoelectronic components and functions and their utilization in 

microwave systems is termed “microwave photonics” [1-8]. Microwave photonics is an 

interdisciplinary field of research combining the worlds of radiofrequency engineering and 

optoelectronics. A recent publication in Nature Photonics forecasts a bright future for microwave 

photonics because it enables functions in microwave systems that are either too complex or 

cannot at all be achieved directly in the radiofrequency domain. These advantages are expected 

to be key for the creation of many new opportunities for telecommunication networks as well as 

for other applications [5]. But before discussing what exactly is meant by the term “microwave 

photonics”, some mention should be made of the root words first. 

 

1.1 The roots of microwave photonics 

Although there is no formal definition of the frequency range for “microwaves“, most books and 

scientific articles define it as the frequency range between 300 MHz and 300 GHz, i.e. as the 

wavelength range from 1 m down to 1 mm.  This covers the ultra-high frequency (UHF) band, 

the super-high frequency (SHF) band, and the extended high frequency (EHF) bands as defined 

by the International Telecommunications Union (ITU) (see also Annex V). A bit more specific is 

the term “millimeter-waves” (mm-waves) that refers to signals in the frequency range from 30 

GHz to 300 GHz, i.e. to the wavelength region from 10 mm down to 1 mm. Beyond mm-wave 

frequencies is the terahertz frequency range that is typically defined from 300 GHz up to 3 THz 

although in several publications it is also used to cover a broader frequency range from 100 GHz 

to about 10 THz.  

“Photonics” is a term analog to “electronics”. The term “photonics” was coined in 1967 by 

Pierre Aigrain, a French scientist, who gave the following definition: “Photonics is the science 

of the harnessing of light. Photonics encompasses the generation of light, the detection of light, 

the management of light through guidance, manipulation, and amplification, and most 

importantly, its utilisation for the benefit of mankind.” [9]. In other words, photonics is the field 

of research concentrating on the generation, detection, manipulation and transmission of photons 

(as opposed to electrons). Instead of photonics one could also use the term “optics”, given the 

fact that the optical part of the spectrum is addressed, but today, optics is seen somewhat more 

general, i.e. optics covers the field of photonics but also more classical fields such as ray-optics.  
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In addition to “photonics” and “optics” there exist a number of other terms that are also widely 

used in the literature. Among them are “electro-optics”, “magneto-optics” or “acousto-optics”. 

Those expressions are typically used for referring to devices which are optically in nature but in 

which electrical, magnetic or acoustic effects play an important function. Examples are the 

Pockels-cell, the Farday modulator or the acousto-optical Bragg cell, respectively. Another 

widely used term is “optoelectronics” which refers to devices that are electronics in nature (such 

as pn- or pin-diodes) but in which the interaction between electrons and photons plays an 

essential role. This includes semiconductor laser diodes and photodiodes.  

In this work, the terms “photonics” and “optoelectronics” will be largely used - besides the term 

“microwave photonics”, of course.  

Historically, the development of optical systems can be dated back to ancient times. Aeschylus 

writes in his poem Agamemnon that fire signals were used to transport the message about the 

victory of the Greeks (1184 B.C.) about Troy to the city Argos [10]. Although some modern 

investigations concluded that it is unlikely that this about 500 km long optical telegraph system 

was really built as described, it at least shows that the principles of the technique were known to 

Aeschylus who lived about 500 years before Christ (525-456 B.C.). More than 2000 years later, 

the French technician Claude Chappe also constructed an optical telegraph (Sémaphore) [11]. He 

used different signs allowing the transmission of altogether 192 different words or parts of 

sentences instead of just one signal (fire on ≡ victory over Troy). But although his telegraph 

employed code multiplex, it also fundamentally relied on the basic human ability to visualize 

signals. It was only the invention of the electrical telegraph in the first half of the 19
th

 century 

that has then moved the focus on electrical communication systems [12] for about the next two 

centuries. Within that period, information was not only transmitted via cables or wires but 

scientists of the 19
th

 century also invented wireless communication systems. Starting off from 

low carrier frequencies, the need and advantages of higher frequencies was early recognized. In 

fact more than 100 years ago,  in the 1890s, Chandra Bose experimentally studied 60 GHz mm-

wave wireless systems [13]. But millimeter-waves were not considered for wireless 

communications only. In the 1960s, a strong increase in data traffic had been forecasted due to 

the expected enormous utilization of the picturephone, a telephone for voice and picture 

transmission which was first exhibited at the New York’s world fair in 1964 [14]. To handle this 

expected increase in data traffic, systems providing more bandwidth were searched and 

consequently many researchers e.g. at Bell Labs had worked on a low-loss millimeter waveguide 

system [15]. This experimental pipe was supposed to carry a circularly-polarized millimeter-

wave signal capable of transporting the expected data capacity in the future. According to Robert 

Lucky from Bell Labs who had worked on the low-loss millimeter-wave project, the millimeter 

waveguide carrier system was “unceremoniously dropped almost the instant the news came in 
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1970 that Corning had made an optical glass fiber with the benchmark attenuation of only 20 dB 

per kilometer” [15]. This invention was based upon the work of Bob Maurer, Peter Schulz and 

Donald B. Keck on waveguide attenuation and dispersion as well as on the measurement of 

optical fiber properties. It had not only led to Corning’s move into photonics [16] but it had also 

directed many researchers and engineers to concentrate on optical communications further on. 

But although the first “low-loss” indeed was an important milestone, it still was “only” one in a 

series of previous important inventions that altogether had finally enabled the move to fiber optic 

communications. Among the most important ones is the theoretical prediction of stimulated 

emission by Albert Einstein in 1917 [17] (recipient of the Nobel Prize in Physics in 1921 for “his 

services to Theoretical Physics, and especially for his discovery of the law of the photoelectric 

effect” [18]) , the development of the MASER by Charles H. Townes in 1954 (recipient of the 

Nobel prize for physics for “fundamental work in the field of quantum electronics, which has led 

to the construction of oscillators and amplifiers based on the maser-laser principle” jointly with 

Nikolai Gennadijewitsch Bassow and Alexander Michailowitsch Prochorow) [19] as well as the 

later development of the first ruby laser by Theodore H. Maiman in 1960 [20]. This was 

followed by the development of the first semiconductor laser diode in 1962 [21], the 

development of double heterostructures by Herbet Krömer and Zhores I. Alferov (recipients of 

the Nobel Prize in Physics in 2000 for “developing semiconductor heterostructures used in high-

speed- and opto-electronics”) which had allowed the development of the first continuous-wave 

(cw) semiconductor lasers [22, 23]. A further important step which had especially stimulated the 

research at Corning and which in fact is often seen as the birth of fiber-optic communications 

was the theoretical prediction of the low-loss fundamental mode in glass fibers by Charles K. 

Kao and Hockham in 1965 (Charles K. Kao received the Nobel Prize in Physics in 2009 for 

“groundbreaking achievements concerning the transmission of light in fibers for optical 

communication) [24, 25]. All this inventions and developments finally led to the fact that 

telecom operators moved to fiber optic communications in 70s and 80s of the last century. Many 

further inventions followed, among which the development of the Erbium-doped fiber amplifier 

by David N. Payne should be mentioned [26, 27]. Today, optical fibers have losses on only 0.1-

0.2 dB/km and almost the complete worldwide metro and long distance data traffic runs at least 

once through an optical fiber. But fiber is not only used in metro and long-haul communications, 

it is now underway to penetrate to the home and even into the home.  

In parallel to the enormous success of optical communications, also wireless communications 

has become an indispensable modern technology, and there is no doubt that especially wireless 

networks will face a capacity crunch soon. Currently both, not only worldwide internet but also 

mobile data traffic is doubling about every 1-1
1
/2 years (see for example Fig. 5.1). In the wireless 

domain this is driven by a steady increase of new mobile services fueling the ever increasing 

demand for higher data rates as well as by mobile operators encouraging their subscribers to 
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migrate from previous generation mobile standard GSM with a bandwidth of a few hundred 

kilobits per second over HSPA to future LTE offering a peak bandwidth of up to 150 Mbit/s.  

The above discussions imply that future microwave systems (such as broadband wireless) and 

optical systems (such as fiber-optic communications) will eventually converge. For example, 

next generation wireless LTE systems are expected to extensively use existing fiber-optic 

infrastructure for backhauling the mobile traffic and on the other hand current fiber-optic 

communications make use of wireless last-mile technologies for extending the reach of access 

and in-house networks. Somehow, it was always clear that microwave and optical technologies 

are complementary in many aspects, and it is not at all surprising that they converged, forming a 

new interdisciplinary field of research: “microwave photonics”.  

 

1.2 History and definition of microwave photonics 

The field took off under the term “microwave optical interactions” in the late 1970s when first 

experiments were carried out. It became an internationally recognized field of research in 1991 

when the first IEEE LEOS (IEEE Lasers and Electro-Optic Society, renamed into IEEE 

Photonics Society in 2009) summer topical meeting on “Optical Millimeter Interactions” was 

held in Newport Beach. This was followed by another topical IEEE LEOS meeting two years 

later on “Optical Microwave Interactions” in Santa Barbara before it became international in 

1994, when the meeting was held in Cernay-la-Ville, Ile de France. The last IEEE LEOS 

meeting on “Optical Microwave Interactions” was held 1995 in Keystone. After that, the meeting 

was renamed into “International Topical Meeting on Microwave Photonics (MWP)” and it was 

further on held as an independent conference in an annually rotating cycle between Asia, Europe 

and America, taking place in Kyoto in 1996, in Duisburg in 1997, in Princeton in 1998 and so 

on.  

The first appearance of the term “microwave photonics” can  be dated back to 1991, when Dieter 

Jäger published a manuscript entitled “Microwave Photonics” dealing with travelling optical and 

microwave electromagnetic fields in semiconductor waveguide devices [1]. This was followed 

by a number of publications with the same or similar titles in the early years of this century [2-8, 

28] as well as by several books [29-31]. Furthermore, a biannual special issue on microwave 

photonics is jointly published by the IEEE Photonics and the IEEE MTT-S societies (see e.g. 

[32]). Today, microwave photonics is generally considered as: “First, the study of opto-

electronic devices and systems processing signals at microwave rates. Second, the use of opto-

electronic devices and systems for signal handling in microwave systems” as defined by Alwyn 

Seeds in 2002 [3]. 
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Since the early days, the field has expanded significantly and is generally considered as a 

disruptive technology for several radio-frequency applications [33]. By integrating the best out 

of the photonic and the radiofrequency engineering worlds, Microwave Photonic technologies 

can enable broadband connectivity with some unique advantages that cannot easily be achieved 

by other competing technologies such as all-electronic systems. Besides the benefits of a low 

transmission loss and a low weight due to the use of optical fiber for radio-frequency transport, 

microwave photonics technologies furthermore potentially enable low phase noise radio-

frequency generation and ultra-wide frequency tunability as well as broadband modulation 

capabilities over the entire microwave band. Today, microwave photonics is addressing a 

considerable number of commercial applications. Some of these applications have yet already 

achieved a substantial annual sales market in the order of 100 M€ [34], others are more in the 

research and development phase (for examples see e.g. [32]). The demand for Microwave 

Photonic technologies is further fueled by the ever increasing operating frequencies utilized in 

many applications. According to a recent survey, the interest in Microwave Photonic 

technologies is especially strong in a growing number of applications utilizing the millimeter-

wave frequency range (30-300 GHz) [35].  

 

1.3 Scope of this work 

The focus of this work is to theoretically study and develop specific photonic-based hybrid 

or/and monolithic integrated functions operating in the microwave (300 MHz - 300 GHz) 

frequency band in order to respond to the always growing demand for higher data rate 

transmission. Next generation fixed wireless technology using radio over fiber technologies for 

high data rate applications with world record transmission capacities will be demonstrated. For 

the first time, the presented technologies enable the construction of wireless links operating at 

transmission speeds previously only known from fiber-optic communications. This capability 

will be of great value for future mobile backhauling, disaster recovery and temporary high 

capacity wireless links. At the same time, the proposed photonic-based microwave technologies 

will be shown, to be also of great value to a number of other generic application fields including 

sensing, instrumentation, health-care, medical applications and radio-astronomy. 

 Chapter two of this work discusses the fundamental theoretical background of four 

generic photonic techniques for high-frequency millimeter-wave and THz signal 

generation: optical heterodyning, intensity modulation with subsequent direct detection, 

the opto-electric oscillator concept and all-optical nonlinear mixing or up-conversion. In 

addition, several experimental results will be presented including frequency tunable 
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wideband optical frequency generation from DC up to 110 GHz using novel photodiodes 

or resonant 60 GHz generation using mode-locked lasers. 

 

 In chapter three, the attenuation and dispersion induced power penalties of fiber-optic 

systems for millimeter-wave and THz modulated signal transmission systems are 

theoretically and experimentally studied. This is done for conventional double sideband 

modulated optical signals but also for more complex optical modulation formats 

including double sideband with suppressed carrier modulation as well as for optical 

combs. The dispersion induced maximum single mode fiber transmission length is 

theoretically and experimentally determined for chirped mm-wave modulated optical 

double sideband signals. Furthermore, optical approaches including optical pre-chirping 

are presented that allow extending the maximum fiber length beyond the dispersion-

limitation, e.g. for 60 GHz transmission systems.  

 

 The fourth chapter of this work focuses on the technological challenges involved in the 

development of very high-frequency optical components and functions which are key for 

fiber-optic transmission systems. Advanced photonic components and functions with 

exceptional performances will be presented. Among them are 60 GHz transceivers for 

broadband wireless applications, broadband (DC-110 GHz) and wideband (30-300 GHz) 

photomixers for frequency-tunable signal generation as well as ultra-fast resonant 460 

GHz and wideband (25-1000 GHz) photonic transmitters for applications in radio-

astronomy.     

 

 Chapter five puts a focus on today’s importance of broadband fixed wireless 

communications and the role and advantages microwave photonics technologies can 

bring to this application field. At first, it will be shown that there is a great economical 

need for broadband wireless systems that could offer much higher data rates as today’s 

wireless systems. Next, new broadband wireless architectures based upon advanced 

photonic technologies and components which were developed in this work will be 

presented and discussed. Experimentally, broadband wireless systems with world record 

performances in terms of maximum wireless data capacity and spectral efficiency will be 

reported in this chapter. 
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 In the sixth chapter, it will be demonstrated that microwave photonics can truly be 

considered as an advanced high-frequency source technology for multiple applications in 

instrumentation, sensing, security, radar as well as medical applications. Advanced, 

compact and potentially low-cost photonic-based high-frequency sources and sensors will 

be presented. This includes a wideband microwave (300 MHz to 6 GHz) photonic-based 

sensor system for electric field measurements and a millimeter-wave photonic-based 

synthesizer offering a wide frequency-tuning range from 75 GHz to 115 GHz. 

 

 Chapter 7 will summarize the work and provide a brief outlook of future developments 

and challenges.    
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2 Photonic Millimeter-wave and THz Signal Generation  

Various techniques for the generation of high-frequency millimeter-wave and THz continuous-

wave (cw) signals by optical means have been studied in the recent past. Those techniques can 

be generally categorized into four major groups: Heterodyning of two or more optical cw signals 

in a photodiode, the direct detection (in a photodiode) of intensity modulated optical signals, the 

opto-electronic oscillator approach, and optical mixing or up-conversion using highly non-linear 

optical elements. The following sections of this chapter will cover the fundamental theoretical 

background for all this four principle approaches and the recent achievements in this field. Also, 

general advantages and disadvantages of the four principle techniques will be discussed. The 

focus of chapter 2 will hereby be put on the “generation” of high-frequency signals by optical 

means; the transport of such optical signals via single-mode glass fibers will be part of the 

discussions in chapter 3.  

A classical approach for optical high-frequency signal generation is based upon heterodyning 

two (or more) phase-correlated, coherent optical signals in a photodiode. Given that the two (or 

more) coherent optical signals differ in wavelength, the photodiode’s output will be an RF signal 

with a frequency defined by the beat frequency between the two (or more) phase-correlated 

optical input signals. Optical heterodyning inherently requires optical sources having extremely 

frequency-stable and low-phase noise output signals, which is not at all a trivial requirement. 

Different lasers for generating such phase-correlated optical modes have been studied in this 

work and by other research groups; this will be looked at in section 2.1. The advantage of 

heterodyning two optical modes in a photodetector, which is sometimes also referred to as 

photomixing, is its insensitivity to the fiber’s chromatic dispersion. Because of that, dual-mode 

optical heterodyning generally allows the use of rather long fiber-optic transmission lengths 

which are mainly limited by the fiber’s attenuation even at very high RF frequencies.  

On the contrary, fiber-optic transmission of intensity modulated optical signals is strongly 

dependent on the fiber’s chromatic dispersion. This approach which is also named intensity-

modulation direct-detection (IMDD) does not have stringent requirements on the linearity and 

phase noise of the laser sources. Its major hurdles are the limited modulation bandwidth of lasers 

and optical modulators and the fact that fiber-spans in IMDD links are severely limited by 

chromatic dispersion at high RF frequencies. Section 2.2 will review different techniques for 

high-frequency IMDD links, the dispersion penalties involved in IMDD links will be discussed 

in chapter 3.   
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Another approach to generate high-frequency RF signals by optical means is to realize an opto-

electric oscillator (OEO) which is described in section 2.3. Generally, an OEO can be considered 

as an optical medium providing gain with an optical feedback loop. As such, an OEO is an 

oscillator that converts optical energy, e.g. from a cw laser source, into a pure and stable RF 

signal. In most cases optical fiber is used as a low-loss energy storage element in an OEO for the 

generation of very high-spectral-purity and high-stability RF signals. A disadvantage typically 

associated with conventional OEOs is their limitation in frequency-tuning.  

Finally, high-frequency RF signal generation by all-optical up-conversion techniques based upon 

highly nonlinear optical elements will be looked at in section 2.4. Discussions will include four-

wave mixing (FWM), cross phase modulation (XPM) and cross absorption modulation (XAM). 

Also cross gain modulation in highly nonlinear optical fibers, in active semiconductor optical 

amplifiers (SOA) and in electro-absorption modulators (EAM) will be discussed.  All these 

nonlinear effects can be exploited to up-convert intermediate frequency (IF) signals to high-

frequency RF signals by all-optical means. 

 

2.1 Optical heterodyning  

As mentioned above, a classical approach for high-frequency signal generation is based upon 

heterodyning two optical light beams in a high-frequency photodiode. This approach is also 

referred to as photomixing, i.e. the mixing of two light waves. Often, the utilized o/e converter is 

thus also referred to as photomixer instead of a photodetector, although from a component point 

of view there is no fundamental physical difference between a photomixer and a photodetector 

other than the fact that each component might be optimized in a different way. The concept of 

 

Fig. 2.1 Principle of optical heterodyne signal generation. Two coherent optical waves with slightly 

different frequencies 1 and 2 (typically in the infrared region) are superimposed. This results in a 

"beat" wave whose amplitude envelope varies according to the difference frequency 2-1 between the 

two incident optical waves. Finally, the beat wave is heterodyned in a photomixer. 

Photomixer

beam

combiner

2

2 1~ , 2 1,  2 1-
1

Photomixer

beam

combiner

2

2 1~ , 2 1,  2 1-
1
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optical heterodyning or photomixing is illustrated in Fig. 2.1. 

Two optical waves with angular frequencies 1 and 2 are superimposed and injected into a 

high-frequency photomixer which down-converts the optical input signals to the mm-wave or 

THz range by generating an electrical signal having the angular frequency 2-1. To explain this 

in more detail, it is necessary to consider the relation between the generated electrical output 

signal and the two superimposed optical input waves in a more physical approach. For 

simplicity, it is assumed that the two optical input waves are linearly polarized monochromatic 

plane waves which propagate along the +z-direction. Let 

 1

)(

11
111 eeEE

zktj 
 

 , (1) 

and 

 2

)(

22
222 eeEE

zktj 
 

 , (2) 

be the complex electrical field vectors of the two optical waves, with field amplitudes Ê1 and Ê2, 

angular frequencies 1 and 2 and wave numbers k1 and k2. The phase of each optical input wave 

is considered by 1 and 2, e1 and e2 are the unit vectors determining the orientation of the 

electrical field vector of the linearly polarized optical input waves. Assuming free-space 

propagation and that µr~1 at optical frequencies, the magnetic fields of the constituent waves can 

simply be calculated from Faraday’s induction principle to be: 
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The intensities of the constituent waves are given by the magnitude of their time averaged 

Poynting vectors which can be determined from:  
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By including eqs. (2) and (3) into (4), the intensities of the two constituent waves can be derived 

from the magnitude of the time averaged Poynting vectors: 
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with z0~377  representing the free-space impedance. If the two incident optical waves are 

perfect plane waves and have precisely the same polarization, the resulting electrical field of the 

optical interference signal is the sum of the two constituent input fields and hence we can write 

 210 EEE


 . (6) 

Taking the squared absolute value of the optical interference signal we obtain 
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By introducing eq. (7) into eq. (5), the intensity of the interference signal I0 is given by: 

     121221210 cos2   tIIIII . (8) 

Thus, when launching the optical interference signal with the above intensity into a photomixer 

(or photodetector), a photocurrent iph is generated which can be expressed as 
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where q is the electron charge and P1 and P2 denote the optical power levels of the two 

constituent optical input waves. The photomixer’s DC and high-frequency quantum efficiencies 

are represented by 0 and fc. It should be noted that the photomixer’s RF quantum efficiency is 

not independent of the frequency. Several intrinsic and extrinsic effects such as transit time 

limitations or microwave losses will eventually limit the performance of the photomixer at mm-

wave or THz frequencies and consequently the detector’s DC responsivity 0 is typically much 

larger than its high-frequency responsivity fc. This will be further investigated theoretically and 

experimentally in section 4.1.  

For the case of the two injected optical waves into a photomixer, the photocurrent eq. (9) can be 

further simplified by considering the fact that the optical frequencies of the two optical input 

waves are similar (f1~f2) whereas the difference frequency fc in the mm-wave or THz-regime is 

of course by far smaller (i.e. fc = f2-f1 << f1, f2). For example: if one employs a photomixer 

operating in the infrared region, the optical input wavelengths might be 1 = 1.55 µm (f1 = 193.4 

THz) and 2 = 1.542 µm (f2 = 194.4 THz). In this case, the difference frequency is exactly  

fc = 1 THz and it is about 200 times smaller than the optical frequencies. As a rule of thumb, it 

can be stated that a small detuning of a laser’s wavelength by only 0.8 nm (at 1.55 µm) results in 

a remarkable variation of the beat frequency by about 100 GHz.  

If we further assume for simplicity that the power levels of the two optical input waves are equal 

(P2 ~ P1 ~ Popt), equation (9) becomes 

    coptfoptph fPsPsi
c

2cos22 0
. (10) 

where 

 12c fff  , (11) 

denotes the difference frequency or beat frequency of the two constituent optical input waves 

and . Here, s0 = 0
.
q/(hfc) and sfc = fc

.
q/(hfc) are the photodetector’s DC and high-

frequency responsivities in (A/W).   
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Equation (10) is the fundamental equation describing optical heterodyning in a photomixer. The 

first term in eq. (10) represents the DC photocurrent generated by the constituent optical input 

waves and the second term is the desired high-frequency signal oscillating at the difference 

frequency fc. From a physical point of view, it is important to note that by optical heterodyning 

no signal is generated which oscillates at the sum of the two optical frequencies. This is in 

contrast to nonlinear optical effects (see section 2.4) in a second-order nonlinear medium where 

not only the difference frequency but also a wave at a higher frequency f1 + f2 (up-converter) is 

generated.  

According to the theoretical discussion above, a photonic oscillator generating a continuous-

wave sinusoidal local oscillator (LO) signal in the mm-wave or THz frequency range would need 

to consist of an optical source generating the optical heterodyne signal and a high-frequency 

photomixer. Schematically, this concept is illustrated in Fig. 2.2. 

However, the optical heterodyne input signal to the photomixer can also be a multi-wavelength 

optical input signal as shown in Fig. 2.3. Here, the optical spectrum not only consists of two light 

waves but of a multi-wavelength signal that features a constant difference frequency fc between 

all neighboring optical modes. Such multi-wavelength optical signals are usually referred to as 

an optical comb. According to the discussions above, it is obvious that the photomixer here 

converts the optical multi-wavelength input signal not only into a DC photocurrent and a single 

RF signal at fc but it generates also higher harmonics at 2
.
fc, 3

.
fc, and so on, provided that the 

photomixer’s sensitivity at the higher harmonics is still sufficiently high. It should be mentioned 

at this point that in contrast to the approach shown in Fig. 2.2, heterodyning of an optical comb 

strongly depends on the fiber’s dispersion, as multiple RF tones at the beat frequency fc are 

superimposed. Since the different optical constituent waves will have travelled with different 

phase velocities due to the fiber’s dispersion, the detector’s output strongly depends on the 

fiber’s dispersion. This dispersion effect is further studied theoretically and experimentally in 

chapter 3. 

 

Fig. 2.2 Principle set-up of a photonic local oscillator consisting of a stabilized optical source generating 

a phase locked optical heterodyne signal and a high-frequency photodetector generating the electrical 

beat signal in the THz frequency regime. 
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As already mentioned above, a key challenge associated with optical heterodyne systems for low 

phase noise signal generation is the necessity to develop frequency-stable optical sources with a 

low optical linewidth and a low relative intensity noise. Recently, different approaches for such 

frequency stable and low-phase noise optical sources were proposed and investigated within the 

European IPHOBAC project [35]. This includes dual-wavelength lasers, dual-mode lasers, as 

well as mode locked lasers [33, 36-39]. The next sections will review some of the developed 

laser structures for optical heterodyne generation. More details can be found e.g. in [36]. 

Furthermore, different photonic techniques that can be used to further reduce the phase noise of 

the generated signals will also be presented. This includes optical injection locking (OIL), optical 

phase lock loops (OPLL) and optical injection phase lock loops (OIPLL).  

Besides the low phase noise and frequency stable lasers, the second key component in an optical 

heterodyne system is the employed photodetector or photomixer. As can be seen from eq. (10), 

the output power of the generated oscillator signal is linearly dependent on the detector’s 

responsivity at the oscillation frequency and the optical input power injected into the detector. 

Thus, for generating high-power oscillator signals in the millimeter-wave and THz frequency 

range, it is necessary to develop ultra-fast photodetectors exhibiting a high responsivity at the 

desired oscillation frequencies. Such mm-wave or THz photodetectors must further allow for 

high optical input power levels, i.e. the detectors must exhibit a large saturation photocurrent 

level. Those are very stringent requirements that cannot be easily achieved using conventional 

photodetector structures commonly used in fiber-optic communications. It was rather necessary 

to develop novel photodetector structures and integration concepts tailored for advanced optical 

mm-wave and THz signal generation. This work will be reported in chapter 4.   

 

 

Fig. 2.3 Principle set-up of a photonic local oscillator consisting of a stabilized optical source for 

generating an optical comb signal featuring a constant difference frequency fc between the adjacent light 

waves. 
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2.1.1 Dual-wavelength and dual-mode lasers for optical heterodyning 

A straightforward approach for generating an optical heterodyne signal with a difference 

frequency in the mm-wave or THz regime is to utilize two individual single-mode lasers and to 

multiplex the optical output waves of the two lasers, e.g. by using an optical coupler. For 

differentiation, the lasers are usually referred to as dual-wavelength lasers if the two optical 

waves are generated in two physically independent cavities (or lasers). If the two optical waves, 

however, represent two longitudinal modes propagating within the same cavity, the lasers are 

usually referred to as dual-mode lasers.       

Optical heterodyning using a dual-wavelength laser is a rather simple way to generate a 

millimeter-wave signal and the approach further offers a wide frequency-tunability, as the 

difference frequency can be simply tuned by controlling the wavelength of one of the lasers [41-

43]. A key disadvantage of this approach originates from the fact that the optical phases of the 

two laser modes are not locked; the generated mm-wave or THz signals are thus limited in 

phase-noise and frequency-stability. Nevertheless, due to its simplicity, optical heterodyning 

using two independent lasers is an advantageous approach for several applications e.g. for 

frequency-response characterization of high-frequency photodiodes [40-42] (see also chapter 4). 

Fig. 2.4 shows the basic set-up for testing the frequency response of high-frequency photodiodes 

[40-42]. For optical mm-wave generation light from a tunable external cavity laser source (TLS) 

with a frequency f1 and a further fixed frequency external cavity laser source (LS) with a output 

frequency f2 are combined using a standard 3dB-coupler. By adjusting the frequency of the TLS, 

 

Fig. 2.4  Frequency tunable photonic mm-wave generation using a dual-wavelength laser set-up [40]. 
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both laser modes are separated with a difference frequency of Δf. To ensure an identical 

polarization state of the two laser sources, a polarization controller (PC) was applied after the 

TLS. The dual-laser signal is amplified by an erbium-doped fiber amplifier (EDFA) and further 

filtered by an optical band pass filter (OBPF) to reduce amplified spontaneous emission (ASE) 

noise of the EDFA. After transmission via a standard single mode fiber (SMF), the photonic 

mm-wave signal is detected by the high-power pin photodetector. 

Although the phase noise is somewhat limited due to the free-running dual-laser approach, the 

optical heterodyne set-up shown above in Fig. 2.4 allows an experimental scalar network 

analysis of high-frequency photodiodes up to extremely high frequencies. This would be very 

difficult if not impossible using external optical modulation. Using specific coplanar-to-

waveguide transitions, the developed set-up allows high-frequency measurements up to 330 

GHz. Using a coplanar-to-coaxial (W1) transition, high accuracy and broadband frequency-

domain characterization can be performed within the frequency range of DC-110 GHz.  

For example, Fig. 2.5 shows the relative response of a resonant 100 GHz PD developed and 

studied in cooperation with Temple University, USA and University College San Diego, USA 

[44, 45]. The investigated 100 GHz PDs were based upon a uni-travelling carrier (UTC) 

travelling-wave (TW) waveguide structure resonated by an open stub at 100 GHz with 

impedance transformation to enhance the output power [44, 45]. As can be seen, the optical 

heterodyne set-up allows for a very accurate experimental investigation of the PD’s responsivity 

with respect to the envelope modulation frequency up to highest frequency. In fact, up to 40 GHz 

the accuracy of the optical heterodyne set-up was found to differ by +/-1 dB from a set-up based 

upon external intensity modulation [46].  
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Another example of the wideband measurement performance is shown in Fig. 2.6. Here, a 

developed ultra-broadband photodiode chip has been experimentally characterized within the 

 

Fig. 2.5 Measured and simulated normalized frequency response of a resonant 100 GHz photodiode 

design [44, 45]. Measurements were carried out using an optical heterodyne set-up. The inset shows a 

photograph of the characterized resonant 100 GHz PD with the UTC-TW PD section on the left hand 

side and the resonant open stub with impedance transformer on the right hand side. 

 

Fig. 2.6 Output power of a constructed photonic millimeter-wave synthesizer versus millimeter-wave 

frequency [41]. 
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frequency range from 1-220 GHz using a heterodyne set-up as shown in Fig. 2.4 [47]. For 

frequencies up to 110 GHz the photodiode chips were contacted using a coplanar DC-110 GHz 

probe featuring a coaxial W1 output. For higher frequencies up to 220 GHz coplanar probes 

featuring a rectangular waveguide output were used. For the electrical power measurements 

calibrated mixers were used up to 110 GHz. For measurements within the frequency range from 

110 GHz to 220 GHz various Schottky detectors were employed. As can be seen from Fig. 2.6, a 

flat and wideband frequency response has been achieved with a total signal roll-off of only 6 dB 

within the frequency range from 1 GHz to 100 GHz. For frequencies in excess of 100 GHz, the 

frequency response of the PD chip drops by 30 dB when the operating frequency is changed 

from 100 GHz to 200 GHz.   

The two above examples clearly demonstrate the usefulness of optical heterodyning for 

wideband experimental characterization of e.g. photodiodes. As mentioned above, a disadvan-

tage of the free-running laser set-up is the linewidth of the generated signal. For the utilized dual-

wavelength 1.55 µm laser diode set-up, the linewidth of the generated mm-wave signal was 

found to be a few MHz [41]. A possibility to improve the frequency stability of the generated 

mm-wave signal is to integrate two single-mode lasers on a joint substrate [36, 48-52]. Although 

the two wavelengths from the integrated dual-wavelength laser chip are not really locked in 

phase, the wavelength stability is much better compared to the approach employing two 

independent free-running laser sources. This is due to the fact that the two wavelengths are 

generated using the same chip and therefore, in a first approximation, external influences such as 

temperature can be considered to have the same impact on each of the two wavelengths and 

consequently the difference frequency will be more stable.  

Within the European IPHOBAC project, different integrated dual-wavelength laser chips were 

studied for optical millimeter-wave generation using multi-section long-cavity DBR 

semiconductor lasers with integrated angled facet mode expanders or in-line SOAs (see Fig. 2.7) 

[36, 50].  
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As can be seen, the fabricated waveguide DBR lasers consist of a cavity composed of the rear 

grating and a short front grating. Besides the electrically isolated active region, the lasers also 

feature an integrated phase section allowing for external control. Furthermore, to reduce optical 

return loss (ORL), the lasers feature angled output waveguides either with two passive mode 

expanders, with two semiconductor optical amplifiers (SOA) or with a 3 dB coupler and a 

subsequent single SOA. The laser’s output wavelength can be tuned by modifying the injection 

current into the rear or the front DBR section. Further control is possible via the integrated phase 

section. 

As can be seen from Fig. 2.8, the difference frequency between the optical mode of the upper 

DBR laser and the lower DBR laser can be tuned over a very wide frequency range. By 

increasing the injection current to the rear grating section of one DBR laser from 0-100 mA, the 

mode spacing between the optical modes decreases from 8.2 to 0.2 nm corresponding to a 

frequency tuning range of 24 GHz - 1.012 THz. A 50 degree Centigrade change in temperature 

causes each of the stripes to tune by about 60 GHz, however the heterodyne frequency changes 

only by 2.5 GHz. So, according to a first order linear approximation the difference frequency 

temperature stability is ~50 MHz/K. The linewidth was measured to be as low as ~1 MHz [36].  

 

Fig. 2.7 Mask layouts for dual four-section DBR laser with angled facet mode expanders (top), dual four-

section DBR laser with dual-SOA output (middle) and dual four-section DBR laser with single SOA 

output [36, 50]. The dual-wavelength lasers were fabricated by CIP Technologies Ltd. 
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Another interesting approach for realizing a frequency tunable dual-mode laser has recently been 

demonstrated by Morvan et al. from THALES who successfully achieved frequency tunable 

dual-mode oscillation in a diode-pumped solid-state laser [53]. The principle is based upon the 

introduction of an electro-optically tunable birefringent etalon in a classical diode pumped 

Nd:YAG microlaser. This way, the laser oscillates on two orthogonal polarization states which 

have a defined frequency difference that can be tuned by varying the driving voltage applied to 

the etalon. Thanks to the inherent spectral purity and stability of diode-pumped solid-state lasers, 

high-quality signals with a low phase noise and high frequency stabilization is possible. It is the 

aim of a collaboration between UDE and THALES within the PHOMIGEN project [54] to 

transfer this concept to 1.5 µm wavelength by using an Er:Yb:glass laser adapted and a high-

frequency InGaAs photoreceiver. This work is actually supported by the European Space 

Agency (ESA). 

 

 

Fig. 2.8 Difference frequency of an integrated dual-wavelength DBR laser depending on the forward 

current applied to rear grating of the upper DBR laser. The forward current to the rear grating of the 

lower DBR laser was fixed to 6 mA. 
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2.1.2 Mode-locked laser diodes 

Mode-locked laser sources are also very attractive solutions for various applications including 

pulse generation, clock extraction from digital data and optical microwave signal generation and 

processing [55]. Typically passive MLLDs are fabricated from a standard Fabry-Perot (FP) laser 

which is modified to include a short saturable absorber (SA) section within the cavity. When the 

SA section is reversed biased, longitudinal optical modes within the MLLD cavity become phase 

locked. In conjunction with adjusting the MLLDs cavity length, this results in the pulsed 

emission of light with a repetition frequency determined by the cavity round trip time. Typically, 

for InP based MLLDs to operate at mm-wave pulse repetition frequencies, the cavity lengths are 

in the range of several hundred micrometers.  

It is well-known that when a continuous wave RF signal is injected into the MLLD cavity, close 

to its free running frequency, the MLLD output signal synchronizes itself to the external signal. 

This condition is known as hybrid mode-locking [56]. The disadvantage of this approach is that 

it requires the development of multi-section MLLD for incorporating the SA into the laser’s 

cavity as well as external oscillators for phase locking the longitudinal laser modes. A more 

advantageous approach in terms of complexity has been investigated within the IPHOBAC 

(Integrated Photonic mm-Wave Functions for Broadband Connectivity) project [35]. In order to 

generate mm-wave signals with comparably low-phase noise levels and with no need of any 

additional external locking scheme, we have developed self-pulsating MLLDs for 60 GHz band 

operation [33, 38, 57]. It has been observed that devices based on quantum dash (QDs) gain 

medium emitting in the 1.5 µm wavelength range had the property to generate a much narrower 

beat-note signal linewidth compared with other types of gain media [58]. Thus, the 

semiconductor laser chips that were used are simple Fabry-Perot cavities with a buried ridge 

active waveguide. They contain an active layer based on 6 QDs layers grown on InP substrate 

[58]. Laser cavities of different lengths were cleaved depending on the required mode-locking 

frequencies: 1715 µm for 24.5 GHz, 1100 µm for 38.5 GHz, 774 µm for 54.8 GHz and 710 µm 

or 58.8 GHz. The two remarkable features of these devices are the very wide optical spectrum 

and the very narrow linewidth of the generated beat-note.  

As discussed in section 2.1, the o/e-converted power from a mode-locked laser source is 

obtained due to the beating of the couples of optical modes during the photodetection process. 

Thus, by using the approach shown in Fig. 2.3, passive mode-locking at a mode-locking 

frequency of about 60 GHz has been obtained without the use of any specific saturable absorber 

by using a self-pulsating QD-MLLD [57]. Fig. 2.9 shows the measured output spectra of the 

MLLD.  
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As can be seen from Fig. 2.9, the longitudinal modes of the MLLD spread over a wavelength 

range of more than 10 nm.   

An example of the electrical spectrum of a generated mm-wave heterodyne signal is shown in 

Fig. 2.10. This result has been achieved using a 774 µm long MLLD with a repetition frequency 

of 54.8 GHz [59, 60]. The active laser section was forward biased at 370 mA, the resolution 

bandwidth of the electrical spectrum analyzer was set to 3 kHz. One can observe a beat 

frequency close to 54.8 GHz. A nearly Lorentzian lineshape is obtained, exhibiting a -3 dB 

linewidth narrower than 18 kHz.  

 

Fig. 2.9 Optical output spectra of a 710 µm long Fabry-Perot based InP MLLD having a 6 layer active 

quantum-dash gain material.   

 

Fig. 2.10 Self pulsation electrical spectrum of the mode-locked laser diode driven at 370 mA. 
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For measuring the phase noise of the generated RF signals, the signals were down-converted to 

320 MHz using an Agilent 11970U harmonic mixer associated to a reference source and 

measured using the phase noise function of a Rohde&Schwarz FSEK30 electrical spectrum 

analyzer (ESA) [57]. The single sideband (SSB) phase noise of a 58.5 GHz tone generated by a 

710 µm long MLLD is presented in Fig. 2.11. At an offset frequency of 10 kHz, the phase noise 

exhibits a value of -54.4 dBc/Hz. The extremely narrow linewidth for QD lasers is believed to be 

a consequence of the reduced spontaneous emission rate coupled to the lasing mode, and 

sufficient four-wave mixing in these QD structures [58]. 

Another efficient technique to passively mode lock a laser’s longitudinal modes is to incorporate 

a saturable absorber (SA) into the laser’s cavity [61]. Each time, an optical pulse circulating in 

the laser’s cavity hits the SA, it temporarily reduces the overall cavity losses. For steady state 

operation the laser’s gain can be adjusted just below threshold, only when the circulating pulse 

saturates the absorption in the SA, the overall gain becomes larger than the required threshold 

gain. This way, only the optical pulse experiences a net gain and the laser starts to pulse, i.e. 

mode locking is achieved. In addition, various approaches to actively mode lock a laser’s 

longitudinal modes have been reported. In principle, these techniques rely on incorporating a 

modulator into the laser’s cavity [62]. When driving the intra-cavity modulator with a sinusoidal 

RF signal at frequency fRF, it generates upper and lower side bands (fLM-fRF, fLM+fRF) to each 

longitudinal mode fLM. If the frequency of the modulation signal fRF equals the laser’s round trip 

frequency the longitudinal modes will be locked by the modulating signal. The basic principle 

can be applied to monolithically integrated multi-section laser diodes [63], but it can of course 

also be applied to external cavity lasers [64-68]. Spectrally wide optical frequency combs have 

been generated using optical fiber loops with intra-cavity fiber lasers or optical amplifiers to 

 

Fig. 2.11 Single side band phase noise of the 58.8 GHz tone generated by a 710 µm long MLLD at a bias 

current of 211 mA. 
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provide the necessary gain. In order to achieve active mode locking of the longitudinal fiber loop 

modes, different types of modulators have been employed including acousto-optical modulators 

[66, 68], electro-optical phase modulators [65, 67, 69] and electro-absorption modulators [63]. 

The maximum width of the optical generated combs using active mode locking in fiber loops is 

well above 1 THz [64]. Also, waveguide type phase modulators incorporated in an external 

Fabry-Perot cavity have been successfully employed for efficient optical frequency comb 

generation with spectral width as wide as 2.7 THz [69].  

As discussed above, passive or active mode locking is a very suitable technique for generating 

densely-spaced (beat note frequencies in the microwave and millimeter-wave region) phase-

locked optical frequency combs with maximum frequency spans in the THz range. When 

transmitting such optical frequency combs via fiber before photodetection, it must be considered 

that each of the longitudinal modes runs at a different speed due to the fiber’s dispersion. 

Consequently, all the different beat notes at the output of a remote located photodetector would 

exhibit a different phase, resulting in significant power fluctuations with respect to fiber length 

or beat note frequency. This fiber-dispersion penalty of optical combs is further studied in 

section 3.2.3. A solution to circumvent any fiber-dispersion penalty is to use tunable filters for 

suppressing all unwanted longitudinal modes except for the two with the desired beat note 

frequency. This way, a pure two-tone optical signal is generated which is insensitive to the 

fiber’s chromatic dispersion. Possible techniques for filtering only two longitudinal modes out of 

an optical frequency comb are briefly discussed in the next section. 

 

2.1.3 Optical comb line selection 

An optical frequency comb generator (OFCG) provides an array (comb) of spectral lines equally 

spaced in frequency and with certain phase relationships. An optical heterodyne signal can be 

obtained by combining two individual lines of the optical comb signal as shown in Fig. 2.12 

[70]. The two lines constituting the optical heterodyne signal are not restricted to two 

neighboring lines; in fact, any two lines out of the optical comb can be heterodyned. Thus, the 

modulation frequency of the optical heterodyne signal can be a multiple of the free spectral range 

of the optical comb.      

Two major challenges are associated with the approach shown in Fig. 2.12: The challenge to 

generate the optical comb signal with certain coherence between the modes and a required free 

spectral range and spectral width on the one hand and the selection of the desired two comb lines 

on the other hand.  
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Many approaches aiming at optical frequency comb generation have been presented in the recent 

past based on the usage of passive semiconductor mode-locked lasers as discussed in the section 

above, femtosecond solid state mode-locked lasers [71] or erbium-doped fiber lasers [72]. Other 

optical comb approaches rely on the inclusion of an E/O modulator in an optical fiber loop [64, 

70, 73], into the Fabry-Perot cavity of a laser [74] or even into a passive Fabry-Perot waveguide 

cavity [69]. A simple, compact, all fiber comb generator offering exact referencing to an 

arbitrary supplied reference frequency and tunable microwave frequency comb-line pacing is 

presented by Seeds’ group in [64]. This optical comb generator is based on phase modulation 

within an amplified fiber loop, which offers exact referencing to an arbitrary supplied reference 

frequency and tunable comb-line spacing. At a reference wavelength of 1529 nm up to 103 comb 

lines within a 40 dB power envelope were generated with free spectral ranges adjustable from 1 

to 25 GHz, limited only by the bandwidth of the phase modulator. 

After generating the optical comb signal, it is required to select the desired two comb lines. This 

can be achieved by using tunable optical filters such as Fabry-Perot filters (microsystem, fiber or 

liquid crystal based), fiber gratings or acousto/electrooptic filters. Such passive filters, however, 

do not provide sufficient isolation between adjacent channels for optical combs with very small 

free-spectral ranges in the order of or below 0.5 nm. Here, active filters exploiting the resonant 

features of e.g. FP, DFB or DRB semiconductor lasers operated below threshold have been 

shown to exhibit narrow filter bandwidth (0.1nm) [75]. Besides passive or active filtering of the 

 

Fig. 2.12 Principle of frequency synthesis scheme [70]. 
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desired comb line, another possible approach is to optically injection lock the optical comb to 

two slave lasers. Provided the slave laser’s cavity modes corresponds to the desired two comb 

lines or can be adjusted to them, this approach is advantageously as the selected lines maintain 

an exact phase lock to the master comb laser and the output power is about that of the free 

running slave lasers. In the next section, optical injection locking (OIL) will be discussed in 

more detail.  

 

2.1.4 Optical injection locking 

As discussed above, the beating of the optical output waves from two free-running lasers would 

lead to a signal with high phase noise since the phases of the two individual optical waves are 

not correlated. This poor phase noise performance will of course be transferred to the generated 

mm-wave or THz signal. In order to generate a high-spectrally pure signal, the two constituent 

optical waves must be phase locked. This can be achieved by optical injection locking (OIL). 

Injection locking is an interesting approach not only to synchronize lasers for microwave signal 

generation [76, 77], but also to reduce laser linewidth [78] and enhance the laser’s modulation 

bandwidth [79-81]. A conceptual set-up of an injection locked laser system is shown in Fig. 2.13. 

The output light of a slave laser can be injection locked by using light from a master laser. In 

order to prevent optical reflections back into the master laser, an isolator is placed between the 

 

Fig. 2.13 Conceptual diagram of optical injection locking (OIL): free running slave laser (a), free 

running slave laser with injected light from a master laser (b), and injection locked slave laser (c). 
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master and the slave lasers. To achieve optimum performances, it is necessary to either place a 

polarization controller between the two lasers or to use polarization maintaining fibers and two 

lasers having the same linear polarization. When running freely, the amplified spontaneous 

emission (ASE) in the slave laser’s cavity captures the gain and dominates the laser emission 

wavelength (or wavelengths in case of a multi-mode laser), its spectral width and the modulation 

bandwidth (Fig. 2.13(a)). With external injection from a master laser which must not necessarily 

have the same wavelength as the slave laser’s free running mode, the injected light competes 

with the spontaneous emission of the slave laser. In case the master laser’s wavelength is outside 

the locking range of the slave laser or the injected power level is not strong enough to dominate, 

the slave laser will continue lasing at its natural mode, but some residual spectral power density 

of the injected mode might be observed in the slave laser’s output spectra (Fig. 2.13(b)). In case 

the injected wavelength is within the locking range and its power level is large enough to 

dominate over the spontaneous emission of the slave laser’s natural mode(s), the injection mode 

will capture the slave laser’s gain and the ASE of the other modes is suppressed. At this point, 

the slave laser locks to the master laser, i.e. its lasing frequency and output phase now equals that 

of the master laser (Fig. 2.13(c)).  

Theoretical properties of injection locked lasers and especially semiconductor lasers [79, 82] 

were derived from Adler’s original work on injection locked on vacuum tube microwave 

oscillators [83]. Experimental studies on injection locking in VCSEL and FP lasers have been the 

subject of several publications, but also injection locking in DFB lasers or even more complex 

structures have been investigated [77, 84, 85]. As regards the usage of OIL to synchronize lasers 

for optical mm-wave and THz generation and transport, early work has been carried out by 

Goldberg et al. in [76, 77]. They have applied a high-power frequency modulated signal to the 

master laser’s DC bias, thus, the master laser emits an optical multimode signal where the mode 

spacing equals the applied sub-harmonic RF frequency. By injecting locking this signal to a 

long-cavity FP slave laser with a longitudinal mode spacing equal to a multiple of the sub-

harmonic RF reference signal, they succeeded in generating a 35 GHz mm-wave signal with a 

linewidth of less than 10 Hz [77]. Very recently, OIL has also been applied to a 60 GHz RoF 

system link (see also chapter 5) [85]. Here an OIL VCSEL was employed to generate an optical 

60 GHz RF wireless carrier modulated by a 3 Gb/s ASK data signal which was further 

transmitted via optical fiber and air. It is worth mentioning that of course OIL could potentially 

also be used in conjunction with the optical comb approach shown in Fig. 2.12. When replacing 

the two filters shown in Fig. 2.12 by two wavelength adjustable slave lasers, one could 

potentially lock the slave lasers to two desired comb lines of an MLLD and thus develop a 

frequency adjustable and low phase noise optical mm-wave source. Among others, this approach 

is currently being investigated by the author’s group within the PHOMIGEN project in 
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cooperation with THALES Research and Technology and the European Space Agency (ESA) 

[54].  

 

2.1.5 Optical phase lock loops 

The optical injection locking (OIL) technique discussed in the section above is a quite common 

approach to correlate the phase fluctuations of two lasers for coherent optical heterodyne 

detection. One of the key challenges associated with using OIL laser systems for low-phase noise 

mm-wave and THz signal generation is the limited frequency locking range. Even for high 

optical injection ratios, the locking range is only in the range of a few gigahertzes [79]. Thus, 

assuming OIL of standard DFB lasers with a frequency stability of typically ~10 GHz/K, a slight 

temperature shift of a few Kelvin or even a fraction of a Kelvin can cause an OIL system to 

become unlocked. An alternative technique for achieving frequency synchronization is to use an 

optical phase locked loop (OPLL) as sketched in Fig. 2.14. 

Generally, an OPLL is a negative feedback control loop that forces an optical slave laser to track 

the frequency and phase of a reference master laser when locked. In case there exists a difference 

frequency between the lasing frequencies of the slave and the reference master laser, additional 

control over phase and frequency is provided. Such OPLLs where the slave and master laser 

frequencies differ are referred to as heterodyne OPLLs [86, 87] whereas OPLLs where slave and 

master laser have the same emission frequency are termed homodyne OPLLs [88, 89]. 

 

Fig. 2.14 Block diagram of a heterodyne optical phase locked loop (OPLL).  
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Since the first successful demonstrations of an OPLL [90], there has been a remarkable interest 

in OPLLs, not exclusively but also for microwave photonic applications such as high-frequency 

signal generation [86, 91]. Synchronization of narrow linewidth solid state lasers can be achieved 

using an OPLL, but the approach gets more complicated once semiconductor lasers are to be 

employed due to the large optical linewidth of semiconductor lasers. Of course, the linewidths 

can be reduced using external cavity lasers (ECL), but this involves mechanical stability issues 

and ECLs are quite bulky and power consuming. Another option is to increase the OPLL loop 

bandwidth to compensate for the wider noise spectrum, but this reduces the loop propagation 

delay time. According to theoretical studies carried out by Ramos et al. in [92], it can be 

concluded that for a summed optical linewidth (i.e. the sum of the master laser and slave laser 

linewidth) of only 2 MHz, the loop delay must better be shorter than 1 ns (corresponding to a 

300 mm free space path length) and the loop bandwidth must be larger than 100 MHz. For a total 

optical linewidth of 10 MHz, loop delay and bandwidth must even be shorter than 0.5 ns and 

greater than 300 MHz, respectively.  

Within the IPHOBAC project, one objective was to develop an integrated heterodyne OPLL that 

would not just allow synchronization of two fixed-frequency semiconductor laser diodes but also 

allow tuning the frequency between 30-300 GHz. This was to be achieved by using a MLLD 

instead of a single-mode laser as reference master laser and a second DFB or DBR slave laser. 

The schematic of the IPHOBAC OPLL set-up is shown in Fig. 2.15 [36]. 

In the OPLL system shown in Fig. 2.15, the photodetector will detect the heterodyne optical 

signal formed between one of the comb lines of the reference master laser and the slave laser 

output. This heterodyne output is compared with an electrical reference in a phase detector. The 

 

Fig. 2.15 Schematic of the optical phase lock loop developed within IPHOBAC [36].  
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phase detector output is processed by a loop filter and is used to tune the laser for achieving 

phase-lock conditions. By tuning the lasers to select different comb lines (the master source 

being a comb generator) and setting the electrical reference frequency, an exact frequency 

synthesis can be carried out. The combined signal of two locked lasers with a beat frequency in 

the range of 30-300 GHz could then be used to illuminate the THz photodetector with integrated 

antenna   (see chapter 4.1) to complete the ultra-wideband synthesizer. The required high speed 

short delay loop electronics was provided by the University of Ljubljana. It consists of a fast 

proportional loop and a slow integral loop built on a 4-layer printed circuit board (PCB) and has 

a total delay of less than 1ns. This is sufficient to lock lasers with combined linewidth of 2MHz 

[36]. 

The OPLL was tested for frequency offsets from 2 GHz to 7 GHz (limited by the loop 

electronics) and frequency generation of up to 300 GHz. The spectral performance was assessed 

using fast photodetectors (see also section 4.1.1) for frequencies up to 110 GHz. The measured 

phase noise is less than -80 dBc/Hz at 100 kHz offset and is better than -75 dBc/Hz at 10 kHz 

offset. For frequencies between 110 GHz and 300 GHz only the generated power could be 

measured using an antenna integrated fast photodetector. This way, operation up to 300 GHz has 

been successfully confirmed [36].   

 

2.1.6 Optical injection phase lock loops 

For further improving the phase noise of the generated high-frequency signal, Ramos et al. have 

proposed a combined optical injection (see section 2.1.4) and phase locked loop (see section 

2.1.5) system (OIPLL) in [93]. As shown in Fig. 2.16, in an OIPLL system the output light from 

a reference master laser is divided into two paths: one to optically injection lock a slave laser and 

the second one to be mixed with the slave laser’s output light and detected in a photodiode. In 

case of a homodyne OIPLL, i.e. in the case the output frequencies of the reference master and 

slave lasers are identical, the DC output of the PD is fed back via an electrical loop filter to 

control the phase and frequency of the slave laser. In the case of a heterodyne OIPLL, the RF 

output signal of the PD is first mixed with a reference LO using a phase detector before the 

electrical output signal of the phase detector is fed back via the loop filter to the slave laser.   
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Theoretical studies in [93] have shown that the proposed OIPLL system can provide the wide 

frequency locking range of an OIL system provided the optical injection ration into the slave 

laser is sufficiently high. Also, an OIPLL system takes advantage of the low phase noise in an 

OPLL system at low offset frequencies. In other words, at low offset frequencies in the Hz to 

MHz-range the OIPLL phase error spectrum follows that of an OPLL system which is much 

better compared to an individual OIL system. At higher offset frequencies in the MHz to GHz 

range, the phase error of the OIPLL system can follow that of an OIL system which can be 

significantly better as compared to an individual OPLL. This, however, requires a substantially 

high optical input power into the slave laser in order to achieve optical injection rates of -30 dB 

and higher. Finally, in an OIPLL system the locking capabilities are principally improved 

compared to individual OIL and OPLL systems, as slow long term drifts of the reference master 

laser’s output frequency can be compensated by the electronic loop filter whereas fast phase 

fluctuations are followed by the optical injection locking path. In summary, an OIPLL can 

provide better phase noise and locking capabilities in comparison to individual OIL and OPLL 

systems that provided the optical injection ratio is high and of course the OIPLL set-up is 

somewhat more complex compared to OIL or OPLL systems.  

In [88], individual OIL and OPLL systems were experimentally studied and compared to 

homodyne and heterodyne OIPLL systems in order to prove the theoretical predictions and 

requirements. It was found that the OIPLL approach allows the realization of high-performance 

loops without the necessity of using very narrow-linewidth lasers as well as broadband and short 

delay loop electronics. Experimentally, a 26 GHz wide frequency locking range was found for a 

homodyne OIPLL using DFB lasers with a summed linewidth of 36 MHz, a loop bandwidth of 

 

Fig. 2.16 Block diagram of an OIPLL system [88]. The phase detector and offset frequency LO are 

necessary in heterodyne OIPLL systems but are not required in homodyne OIPLLs with a DC output 

signal of the PD. 
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36 MHz, a loop propagation delay of 15 ns and an injection ratio below -30 dB. For heterodyne 

OIPLL using the same lasers with a summed linewidth of 36 MHz and an RF difference 

frequency larger than 6 GHz, a phase error variance of 0.003 rad
2

 in a 100 MHz bandwidth and a 

single sideband phase noise level of -94 dBc/Hz at 10 kHz offset were achieved for loop 

propagation delays of 20 ns and an injection ratio of –30 dB. 

 

2.2 Optical intensity modulation and direct detection 

In addition to the above described techniques employing optical injection locking and coherent 

heterodyne or homodyne detection, high-quality RF signals can also be generated using optical 

modulation and direct detection. In the case of an analog optical intensity modulation (IM) and 

direct detection (DD) this approach is also referred to as an IMDD link. Here, direct detection 

means that the received optical signal impinges directly onto a photodetector. Due to the 

modulation bandwidth limitation of direct modulated laser diodes which is typically in the 

microwave region, external intensity modulators are used for external high-frequency RF signal 

modulation in the mm-wave range.  

The most common used modulators for accomplishing intensity modulation are Mach-Zehnder 

modulators (MZM) and electro-absorption modulators (EAM). In an MZM, the incoming cw 

light from the laser is typically split equally and fed into two ideally equal length waveguide 

arms whose outputs recombine to feed the modulators’ output waveguide. With zero voltage 

applied to the modulator electrodes, the light in the two arms experience the same phase shift  
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while travelling through the arms and thus, they interfere constructively in the modulators’ 

output waveguide, resulting in maximum optical output power. If, however, a voltage is applied 

to one arm or different voltages to both arms of the modulator, a relative phase shift between the 

light in the two arms is induced. For a sufficient large voltage the phase of the two arms will be 

180° out of phase, and thus, the two optical waves will interfere destructively, resulting in 

minimum optical output power.  

 

Fig. 2.17 Schematic illustration of a Mach-Zehnder modulator based upon LiNbO3.   

 

Fig. 2.18 Nonlinear transfer characteristic of an MZM. The maximum transmission point (MATP) might 

not be achieved exactly at zero Volt applied bias due technological imperfections, e.g. in the case of not 

equally long waveguides.   
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Fig. 2.17 and Fig. 2.18 schematically show the topology of a Lithium Niobate (LiNbO3) based 

MZM and the typical non-linear transfer function of an MZM, respectively. 

Assuming an ideal MZM with zero optical insertion loss, ideal 3dB couplers, and equally long 

waveguide arms, the complex electrical field strength of the optical wave in the modulators’ 

output waveguide can be expressed as: 
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where Ê0 is the output field, Ê1 is the input optical field, 1 and 2 are the propagation constants 

in the two parallel optical arms of the interferometer, L is the arm’s length and 
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Using Maxwell’s equations and some trigonometric relations (see Annex III), the output 

intensity related to the input intensity for an ideal MZM can be shown to be: 
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where V is the applied modulating voltage signal and V is the voltage required to swing the 

modulator from its maximum transmission point (MATP) to its minimum transmission point 

(MITP).  

Assuming the modulation signal V is a sinusoidal voltage with angular frequency m and 

amplitude vm superimposed on a DC voltage VDC, we get: 

 )sin( tVvV mDCmm  . (16) 

Using eq. (28) and some trigonometric relations we obtain (Annex III):  
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where  = cos(VDC/V), and  = sin(VDC/V). The terms J0, J2n, and J2n-1 represent Bessel 

functions of the respective order. 

At the particular voltage VDC = V/2 also known as the “quadrature” point (Fig. 2.18), becomes 

zero ( = 0) and  becomes one (  = 1). Thus, if the modulator is operated at quadrature, only 

the modulation frequency m and its odd harmonics are present and although the transfer 

function of the modulator is nonlinear (cosine square), the harmonics’ content at quadrature is 

low to moderate even at high modulation indices. Thus, in this case the major spectral 

components of the intensity modulated double sideband (DSB) optical signal comprise the 

optical carrier, as well as the upper and lower sidebands at the fundamental frequency m, apart 

from the optical carrier frequency.  

Another important particular operating voltage is VDC = V; at this voltage the MZM is operated 

at MITP where becomes one ( = 1) and  becomes zero ( = 0). Note, that in the case of a 

non-perfect MZMs, the voltage for operating at MITP might slightly deviate from V due to 

technological imperfections. When operating at the MITP, only the even order harmonics are 

present according to eq. (17). Neglecting higher order modes in a first instance, this results in a 

double sideband signal with a suppressed carrier (DSB-SC) in the frequency domain. From the 

theory, the original carrier at m should completely disappear but in reality, due to technological 

imperfections and the finite optical linewidth of the carrier, the fundamental optical frequency 

gets significantly suppressed but it does not completely disappear. Nevertheless, the two major 

spectral output components of the output signal are the lower and the upper sidebands at 2c0/0-

m and 2c0/0+m, with 0 being the input optical wavelength. Thus, when heterodyning the 

optical output signal of an MZM operated at MITP in a photodiode, the generated RF signal 

would have twice the modulation frequency m, according to eq. (9). This way, all-optical 

frequency-upconversion (frequency-doubling) is achieved.  

Further modulation options exist when using an MZM with two electrodes that can be modulated 

individually. For example, when operating such a two-arm MZM at quadrature and a phase shift 

of /2 between the two modulating voltages, a single sideband (SSB) intensity modulated optical 

signal is generated [94].  
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In standard single-mode fiber, each optical frequency travels through the fiber at different 

velocities due to the chromatic dispersion properties of the fiber. Thus, each beating signal 

between two spectral components has a different phase depending on the fiber length, the 

dispersion of the fiber, the optical wavelength and the modulating frequency. Because of this 

fact, DSB-SC and SSB modulation are more advantageous with regard to chromatic dispersion 

penalties as in these cases only one beating frequency is generated by the photodiode, provided 

that higher order optical harmonics can be neglected. In contrast, an optical DSB signal 

generates two beating components at the modulating frequency in the photodetector; the lower 

sideband beating with the optical carrier and optical carrier beating with upper sideband. In case 

the phase difference between these two beating signals equals , they cancel each other out. This 

will be theoretically and experimentally studied in more detail in section 3.2.  

Similar to the photonic synthesizer concept based upon optical heterodyning shown in section 

2.1, the optical generation of a DSB-SC carrier signal using an MZM can also be exploited for 

constructing photonic synthesizers. In [42], Fedderwitz et al. have demonstrated wideband (W-

band) and a broadband (DC-110 GHz) photonic mm-wave synthesizer using advanced 

photodetectors. For W-band operation, they achieved a 3 dB frequency range of 69-112 GHz, a 

saturated maximum output power of 0 dBm, a 1 dB compression point of about -4 dBm as well 

as a dynamic range of 32 dB. For broadband (DC-110 GHz) operation, a photodiode coupled to a 

W1 coaxial connector was used. Continuous frequency tunability from DC up to 110 GHz was 

achieved with a power roll-off of less than 6 dB and a maximum output power of about -3 dBm. 

By constructing a photonic synthesizer employing external modulation using an MZM as shown 

 

Fig. 2.19 Optical heterodyne set-up for testing photodiodes up to highest frequencies [42]. 
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in Fig. 2.19, low-phase noise mm-wave generation was demonstrated with a phase noise level of 

only -70 dBc/Hz at 10 kHz offset from a 100 GHz carrier [42]. 

 

2.3 Opto-electronic oscillator 

A rather new concept for optical microwave signal generation was first reported by Lewis in 

1992 and later in 1996 experimentally demonstrated by Yao and Maleki [96]. Although Yao and 

Maleki were not the first, they provided a thorough theoretical study about the new approach and 

named it opto-electric oscillator (OEO) because it is based upon the utilization of an optical fiber 

loop as a long true time delay (TTD) element. Generally, an OEO is an oscillator that converts 

optical energy from a cw laser source into a pure and stable microwave signal [95-97]. The 

general set-up is depicted in Fig. 2.20. As can be seen, an OEO consists of an E/O-converter 

(optical modulator) and an O/E-converter (photodiode) at both ends of a long optical fiber. 

Together with the electrical feedback loop, this forms an electrical resonator which makes use of 

optical fiber as a low-loss transmission element allowing for long propagation times (and thus 

large energy storage). The long optical fiber thus acts as a delay line for achieving a high quality 

factor (Q) or low-loss energy storage element and thus, it provides the fundamental requirement 

for generating a high-spectral-purity and high-stability RF signal. In other words, an OEO can be 

seen as a long IMDD link (see section 2.2) with an additional electrical feedback loop. It differs 

from the OPLL approach (discussed in section 2.1.5) in that it relies on incoherent rather than 

coherent optical detection.  

 

Fig. 2.20 Concept of an opto-electric oscillator (OEO) set-up [95]. 
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The major challenges coming along with the long optical fiber in an OEO are the stringent 

requirements on the intra-loop electrical RF filer and the total loop length stability. This is due to 

the fact that any oscillating RF frequency fosc (or longitudinal mode) in an OEO with voltage 

gain must be a multiple of the reciprocal total delay  of the OEO loop (optical group delay plus 

electrical phase shift), i.e. fosc = k/ [96]. For achieving a high Q factor, the fiber length should be 

in the range of several 1000s of meters and consequently the total group delay  is long. This, 

however, yields a very small free spectral range (FSR) or closely spaced modes and thus puts 

very stringent requirements on the intra-loop frequency discriminating filter, as well as on 

preserving the total loop length constant in order to prevent from mode-hoping and other 

instabilities.   

Several improvements to the basic OOE have been demonstrated in the recent past [98]. In [97], 

Yao and Maleki presented a dual-loop OEO configuration in which the fiber lengths and thus the 

total group delays of the individual loops were significantly different. Since any oscillating 

frequency must be in resonance to both loops, i.e. fosc = m/1 = k/2, the shorter loop with the 

larger FSR acts as an RF filter for the longer loop with the higher Q factor. This way, all 

parasitic side-modes within the FSR of the shorter loop are suppressed. Additional side-modes 

outside the FSR of the shorter loop can be suppressed by the electrical RF filter. This approach 

could potentially be extended to multi-loop OEOs, of course at the expense of providing enough 

gain and an overall higher expenditure.  

Another feature of an OEO subject to optimization is frequency tunability. In a conventional 

OEO with a very short FSR, the electrical phase shifter is only used for achieving optimum 

phase locking. Several tuning schemes have been presented, providing either limited continuous 

tuning [99] or intra-modal switching [100]. However, in all those recent approaches the total 

frequency tuning range is somewhat limited to a few MHz only, e.g. in 2008, researchers from 

Technion demonstrated a tunable OEO, but with a limited frequency tuning range and phase 

noise level of less than 3 MHz and -90 dBc/Hz to -110 dBc/Hz at 100 kHz offset, respectively 

[98]. In 2010, the authors’ group has demonstrated a novel dual-loop OEO approach which was 

principally based upon using two loops with similar but not equal length, as well as an electrical 

phase shifter for nearly continuous frequency tuning [101]. This way, we have succeeded in 

demonstrating a significantly improved frequency resolution and total tuning range of 320 kHz 

and 1.1 GHz, respectively. Also, the output power variation over the full tuning range is < 1 dB 

and the linewidth and the phase noise of the generated RF signals, which are < 3 Hz and -105 

dBc/Hz at 10 kHz offset, respectively, represent better than state-of-the-art figures. Within the 

IPHOBAC project, OEOs have furthermore been demonstrated for the generation of higher mm-

wave frequencies by using mode-locked semiconductor lasers [39].  
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2.4 Nonlinear optical frequency generation techniques 

2.4.1 All-optical frequency up-conversion using MZM 

Among the different techniques for optical mm-wave signal generation, IMDD using an external 

modulator is among the most robust techniques. As has been shown in section 2.2, one can even 

make use of the nonlinear transfer characteristic of an MZM in an IMDD link to achieve all-

optically frequency up-conversion. If for example the MZM is operated at V, i.e. MITP, the 

optical carrier gets suppressed and a DSB-SC signal is generated. This way, frequency doubling 

is achieved when directly detecting the optical DSB-SC signal in the photodiode. This approach 

was first proposed in [102] in 1992. A 36 GHz signal was successfully generated when the MZM 

was driven at half the frequency, i.e. 18 GHz. A key advantage of this approach is that very high 

spectral purity and low phase noise mm-wave signals can be achieved. However, the generation 

of mm-wave signals in the W-band or at even higher mm-wave frequencies would require 

modulators with bandwidths in excess of 50 GHz which are extremely expensive and not quite 

commercially available. In 1994, an approach to generate a frequency quadrupled electrical 

signal was proposed. By suppressing the optical carrier, as well as the 1
st
 and 3

rd
 order sidebands 

by operating the MZM at V, only the even order side modes appear in the output spectrum. By 

using an additional optical filter, e.g. a Fabry-Perot filter, one can furthermore suppress the 2
nd

 

order side modes and yield frequency quadrupling. This way, a 60 GHz signal was generated in 

[103] using a 15 GHz LO to drive an MZM.    

An approach for all-optical frequency sextupling based upon the use of cascaded modulators was 

reported in [104]. Here, an electrical drive signal was applied to a first MZM biased at 

quadrature to completely suppress the even-order optical sidebands and the optical carrier. This 

way, two coherent carriers are generated which are then modulated by the same microwave 

signal with a phase deviation of /2 in a second cascaded phase modulator. This way, many 

optical side modes are generated at the output of the second modulator. By adjusting the drive 

power level of the second phase modulator, one can furthermore optimize the efficiency for all-

optical frequency sextupling.  

Within the ESA funded PHOMIGEN project, UDE is currently investigating approaches with 

cascaded MZM or the use of MZM in a fiber loop for all-optical frequency up-conversion with 

multiplication levels higher than sextupling. First results will be presented in [105]. 
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2.4.2 Four wave mixing in SOA and in highly nonlinear fibers  

Recently, novel ultra-long semiconductor optical amplifiers (UL-SOA) have been developed 

which exhibit strong optical nonlinearities. These nonlinearities in the UL-SOA are mainly due 

to carrier heating (CH) and spectral hole burning (SHB), however, there is no key “non-

linearity” device parameter describing the nonlinearity of an SOA. Unlike short SOAs, ultra-

long-SOAs are saturated after a certain length by the amplified optical signals and by the 

amplified spontaneous emission (ASE) noise. For this reason, UL-SOAs can be approximately 

considered to be consisting of two sections: a linear amplifying section and a nonlinear saturated 

section. Thus, UL-SOAs can be theoretically studied using a lumped element model. At first, the 

optical field at the SOAs’ input is amplified by the SOAs’ (lumped) gain. The resulting field then 

enters the SOAs (lumped) nonlinear section. A schematic illustration for the “lumped model” for 

studying FWM in SOAs is shown in the following figure. 

In typically dimensioned bulk SOAs, the transition between these sections takes place after 

approximately 1 mm of propagation [106, 107]. This is why in most applications SOAs shorter 

than 1 mm are employed because optical amplification (as well as cross gain modulation (XGM) 

and cross phase modulation (XPM)) is saturating for longer SOAs. In UL-SOA, the amplifying 

section can be considered to have the same properties as in a short SOA while the lumped 3
rd

 

order nonlinear section can be regarded as an additional section exhibiting highly nonlinear 

properties. In the amplifying section, the carrier density cannot follow a high-frequency 

modulated optical input signal because of the long carrier lifetime of the inter-band effects. Thus, 

the carrier density experiences only the average optical signal power. In the lumped 3
rd

 order 

nonlinear section, however, the carrier density is clamped to the net transparency level because 

of the high optical power after the amplifying section. Therefore, fast nonlinear intra-band 

effects such as spectral hole burning (SHB) and carrier heating (CH) dominate and influence the 

optical signals. Compared to the slow carrier density pulsation in the linear gain section, the 

 

Fig. 2.21  Lumped element model for an UL-SOA consisting of a linear gain section and a nonlinear 

section exhibiting a 3
rd

 order non-linearity.  
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response time of the fast intra-band effects in the nonlinear section is expected to be about 1000 

times shorter [106, 107].  

Besides XGM and XPM, an important nonlinear effect observed in the nonlinear section of an 

UL-SOA is four-wave mixing (FWM) [106-110]. FWM in general is the generation of optical 

side modes from an optical heterodyne input signal, i.e. from the superposition of two primary 

optical input waves. Assuming the two constituting optical input waves of the heterodyne signal 

have a difference frequency of , then the intensity of the heterodyne signal contains a beating 

signal with a frequency of  (see also section 2.1). This beating signal causes free carrier 

density pulsations [106] especially in the nonlinear section where carrier density is highest and 

fast intra-band effects dominate. These carrier density pulsations in turn transform into beating 

oscillations of the wave number, coupling the different partial waves and thus cause FWM. This 

way, additional side modes separated by multiples of  from the two optical input waves are 

created.  

Recently, the capability of UL-SOAs for pulse compression was presented in [108] raising hope 

that due to their tremendous FWM efficiency, UL-SOAs can generate broad optical combs 

having an equidistant frequency spacing of  Compared to the previously discussed methods 

of generating short pulses, this scheme should be widely tunable. Initial experimental 

demonstration of millimeter-wave optical generation using FWM in SOA was reported in [109, 

110] up to 60 GHz, but with rather limited phase noise performance and conversion efficiency. 

FWM has also been exploited in highly nonlinear dispersion shifted fibers (HN-DSF) for optical 

comb generation, e.g. by Sefler and Kitayama in [111]. By managing the dispersion in 35 km 

long DSF, they succeeded in generating an optical comb with a spectral width exceeding 1 THz.  

In the PHOMIGEN project funded by ESA, the author’s group in cooperation with THALES is 

investigating novel approaches for optical mm-wave generation in the W-band (75-110 GHz). 

By exploiting FWM in UL-SOA in conjunction with a cascaded MZM, the aim is to generate 

very low phase noise mm-wave signals in the W-band for sensor applications. First results are 

presented below and the applicability of optical signal generation for sensor applications is 

further discussed in chapter 6.  
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Fig. 2.22 shows a schematic diagram of the experimental set-up for photonic millimeter-wave 

generation based upon an optical multiplication scheme. The MZM is operated at Vπ for 

generating an optical double-sideband signal with a suppressed carrier (DSB-SC), i.e. the 

difference frequency between the upper and the lower optical side modes equals twice the LO 

frequency. This optical signal is injected into the SOA for producing higher-order harmonics 

which will be separately transmitted through single fibers due to the use of an arrayed waveguide 

grating (AWG). Then two of the fibers from the output of the AWG are combined using a 3-dB 

coupler which will result in a double-sideband signal with a difference frequency determined by 

the wavelength spacing of the used fibers. By beating the two wavelengths at a high-frequency 

PD, an electrical millimeter-wave signal having a frequency determined by the difference 

frequency of the optical signal is generated. The SOA is driven at high optical input power levels 

for generating a large number of higher harmonics. The difference frequency of these higher 

harmonics is determined by the difference frequency of the two output pump modes of the MZM 

(i.e. twice the LO frequency). An AWG is used to filter out the desired optical modes before 

heterodyning them in the PD.  

At first the phase noise of the optically generated signal has been experimentally investigated to 

identify any additional noise resulting from the FWM in the SOA. Fig. 2.23 shows the measured 

phase noise of the LO signal at 4 GHz as well as of the quadrupled signal at 16 GHz and 

octupled signal at 32 GHz. Also the different noise floor levels of the measurement set-up are 

indicated. It should be mentioned that an electrical spectrum analyzer had been used for the 

measurements, i.e. strictly speaking the results represent an all-noise measurement.  

 

Fig. 2.22 Schematic illustration of the experimental set-up used optical multiplication of a microwave LO 

frequency by using the carrier-suppression in the Mach-Zehnder modulator as well as nonlinear FWM in 

the SOA. An arrayed waveguide grating (AWG) is used to filter out the desired optical modes. 
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In case no additional noise is added by the nonlinear optical multiplication process, an increase 

of the phase noise level of the LO signal of 12 dB and 18 dB is expected when quadrupling or 

octupling the LO frequency. As can be seen from Fig. 2.23, this agrees very well with the 

measured results (e.g. at 10 kHz offset from the carrier) and is a clear indication that no further 

significant noise power is added. At higher offset frequencies the measurements are limited by 

the noise floor which varied with the carrier frequency as can be seen in Fig. 2.23.  

Fig. 2.24 shows the experimentally determined conversion RF efficiency versus the LO power 

applied to the MZM. It should be noted that for safety reasons, the optical input power into the 

SOA was fixed to +11 dBm and the optical input power into the photodiode was fixed to + 

5dBm, corresponding to about 2 mA photocurrent. As can be seen, quadrupling and octupling 

the LO frequency has been achieved. For the SOA-1117 a maximum RF conversion efficiency 

for quadrupling and octupling was found to be -38.6 dB and -58 dB, respectively. Of course, 

when operating at higher optical input power levels resulting in photocurrent of 20 mA, the 

conversion efficiency would increase by 20 dB.  

 

Fig. 2.23 Measured phase noise of the 4 GHz LO signal, as well as of the quadrupled (N=4) optically 

generated signal at 16 GHz and the 8-times optically multiplied signal at 32 GHz. The measurement 

noise floor (MNF) levels at 16 GHz and 32 GHz are also shown. 
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2.4.3 Cross phase modulation in highly nonlinear optical fibers 

Like FWM, also cross phase modulation (XPM) results from the third order electric 

susceptibility (3)
 in a nonlinear medium such as optical fibers. Due to the third order 

nonlinearity in optical fibers, the refractive index n(,I) not only depends on the angular 

frequency of the light  but also on the intensity of the propagating optical wave I(t) (optical 

Kerr effect). 

 )()(),( 0 tInnIn NL   .
 

(18) 

Thus, the phase NL at the output of a nonlinear optical fiber with length L becomes 

 LtInNLNL  )(
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 . (19) 

An optical wave thus modifies its own phase, which is called self-phase modulation (SPM). In 

case two optical waves with different angular frequencies 1 and 2 propagating along the fiber, 

the nonlinear refractive index seen by one wave also depends on the intensity of the second wave 

and vice versa, i.e. 

 

Fig. 2.24 RF conversion efficiency vs. LO drive power for different SOAs. 
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Here, the cross phase efficiency b depends on the nonlinear material properties and on the 

difference frequency 1 - 2. From eq. (24), one can observe that an optical wave not only 

influences its own phase but also the phases of other co-propagating optical waves. This effect is 

called cross-phase modulation (XPM).  

Fiber dispersion has two major impacts on the effect of XPM. In the absence of chromatic 

dispersion, the modulation of the nonlinear refractive index nNL would only result in optical 

phase changes, but the intensity of the optical waves would not be affected. Only in the presence 

of dispersion, phase fluctuations are continuously converted into intensity fluctuations. On the 

other hand, due to dispersion the two signals travel at different velocities through the fiber (see 

also section 3.2). Considering e.g. the case of two co-propagating optical pulses, it is obvious 

that efficient XPM only occurs as long as the walk-off in time between the two optical pulses is 

not too large. The latter is also the reason for employing dispersion shifted fiber (DSF) 

exhibiting zero dispersion in the third optical window whenever telecom 1.55 µm laser diodes 

are being used.  

With respect to optical signal generation, XPM can be exploited for performing all-optical up-

conversion of high-frequency RF signals. By using a highly nonlinear dispersion shifted fiber 

(HNL-DSF) in combination with telecom laser diodes, XPM can be used for all-optical 

frequency doubling. This concept is schematically shown in Fig. 2.25. Here, an optical double 

 

Fig. 2.25 Concept of exploiting XPM in a straight HNL-DSF. The optical input signal into the HNL-DSF 

is composed of a DSB-SC optical control signal around c and an additional cw optic probe signal at 

ps. 
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sideband signal with a suppressed carrier (DSB-SC) (see section 3.2.2 for details on DSB-SC 

generation) and an additional cw optical probe signal at ps are injected into an HNL-DSF. 

According to eq. (10), the intensity of the input control signal varies with cos(2RFt). Provided 

that the optical intensities are sufficiently high for efficient XPM, the nonlinear refractive index 

change will thus be modulated at 2
.RF according to eq. (24) and the RF modulated refractive 

index will further affect the electric field of the optical probe signal at ps. Thus, because of 

XPM as well as phase-to-intensity modulation due to fiber dispersion, two additional waves are 

generated that can be observed at the output of the HNL-DSF. As can be seen from Fig. 2.25, 

these newly generated optical waves represent the lower and the upper sideband to the original 

probe signals at ps - 2
.RF and ps + 2

.RF. By using a fast photodiode at the output of the HNL-

DSF, this optical heterodyne signal around sp can be converted back into an RF signal at 2
.RF, 

i.e. at twice the RF frequency of the input DSB-SC beat signal.     

The XPM in the HNL-DSF can even be exploited for all-optical up-converting (frequency 

doubling) an RF signal simultaneously onto a number of input probe signals. In, altogether 16 

optical cw signals with a frequency separation of about 200 GHz were multiplexed using an 

arrayed waveguide grating (AWG). The 16 optical probe signals were further transmitted via a 

10 km long SMF for signal de-correlation before they were injected into a 1 km long HNL-DSF 

together with an optical DSB-SC signal at 1.563 µm and a carrier-to-sideband difference 

frequency of 20 GHz. With this set-up, all-optical up-conversion onto the 16 optical input 

carriers was successfully demonstrated. 

Cross phase modulation for optical signal generation and up-conversion has also been exploited 

by making use of the third order nonlinearities of the electric susceptibility in SOAs. However, 

in this context the term XPM typically refers to a kind of cross-phase modulation which is not 

based on the Kerr effect where nNL~|E|² (eq. (20)), but rather on changes in the refractive index 

via the carrier density as discussed in section 2.4.2. 

 

2.4.4 Cross absorption modulation in EAM & cross gain modulation in SOA 

Cross absorption modulation (XAM) in electro-absorption modulators (EAM) as well as cross 

gain modulation (XGM) in semiconductor optical amplifiers represent nonlinear effects that can 

also be exploited for all optical signal processing including optical signal generation and all-

optical up-conversion.  
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Generally, the inter-band or fundamental absorption process in EAM can be controlled via the 

internal electric field across the active section, i.e. via the externally applied electrical bias 

voltage. This is due to the Franz-Keldysh effect (FKE) in bulk or the QCSE in multiple quantum 

well (MQW) EAM [112]. At low optical input power levels, the influence of the carrier density 

on the FKE or QCSE efficiency is negligible. At higher optical input power levels when the 

density of the photo-excited carriers is also high, nonlinear effects can significantly affect the 

dynamics of the fundamental absorption process. There are two sources that contribute to the 

change in absorption dynamic: band filling and internal field screening. Especially in MQW 

EAM when carriers are excited into the wells, the fundamental absorption is reduced due to band 

filling effects. At high carrier densities in the wells, when the occupation density is approaching 

100%, photons cannot be absorbed anymore as all available states are already occupied. In 

addition, the photo-generated carriers in the wells affect the internal electric field and this leads 

to a significant reduction in the carrier escape time from the wells.  

Besides exploiting XAM in EAM, or XPM in HNL-DSF or in SOAs it is also possible to up-

convert an optical signal by exploiting cross gain modulation (XGM) in semiconductor optical 

amplifiers. By injecting an optical heterodyne signal into a nonlinear SOA, the free carrier 

density in the SOA gets modulated by the optical beating signal provided the beating frequency 

is below the carrier lifetime determined SOA gain modulation bandwidth. If one now 

additionally injects an optical cw probe signal, similar to the approach shown in Fig. 2.25, the 

carrier density modulated at the beat frequency will start affecting the electrical field of the probe 

signal and thus create a lower and an upper optical sideband at twice the beat frequency. This 

way, all-optical frequency doubling is achieved. However, due to the long carrier lifetime, 

efficient XGM is limited up to a few GHz only. Of course, there exist much faster nonlinear 

effects in saturated SOA such as spectral hole burning (SHB) or carrier-heating (CH) that allow 

to exploit XGM also at higher frequencies but with rather limited efficiencies.  

An approach to up-convert a rather low frequency IF signal to a very high frequency RF signal 

beyond the SOAs’ gain modulation bandwidth is shown in [113]. Here, an optical intensity 

modulated, i.e. an optical DSB control signal with angular frequencies around 2c0/IF is injected 

into an SOA together with an optical heterodyne signal with sidebands at 2c0/LO – RF/2 and 

2c0/LO + RF/2. In the experiment, the IF frequency was set to 1 GHz whereas the RF signal 

was set to 60 GHz, i.e. significantly higher than the gain modulation bandwidth of the SOA 

which is typically in the order of a few GHz up to 10 GHz. Because of that, the carrier density 

gets modulated by the IF signal only whereas the effect of the RF signal on the carrier density in 

the SOA is rather limited due to the long carrier lifetimes. This means that the two optical 

sidebands of the optical heterodyne signal become modulated by the carrier density modulation 

due to the XGM effect. This way, a lower and an upper optical sideband are generated next to 
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each sideband of the optical heterodyne LO signal resulting in altogether four optical waves at 

the SOAs’ output besides the injected optical IF modulated control signal: 
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By mixing these four optical signals in a linear photodiode as described in section 2.2, the IF 

signal gets up-converted to the 60 GHz mm-wave RF frequency.  
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3 Fiber-Optic Millimeter-Wave and THz Transport 

3.1 Attenuation in fiber-optic RF transmission systems  

Attenuation in an optical fiber is caused by absorption, scattering, and bending losses. Attenu-

ation generally refers to the loss of optical power as light travels through an object.  

For electromagnetic waves at optical frequencies, the attenuation coefficient is related to power 

or intensity and not to the electrical field as it is done in the microwave domain. Thus, in optics, 

the intensity change dI caused by attenuation through an object of infinitely short length dz is 

expressed as: 

 dzIdI in    . (22) 

This leads to the well-known Beer’s law: 

 
)()( z

in eIzI  
, (23) 

with the attenuation coefficient  given in cm
-1

. Especially for long objects such as optical fibers 

it is, however, more convenient using the attenuation coefficient given in decibel per length. 

Thus, eq. (23) is changed into: 

 

Fig. 3.1 Schematic of Beer-Lambert absorption of a light beam as it travels through a material.  
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For optical fibers, where the length z is usually given in kilometer, dB is given in decibels per 

kilometer (dB/km).   

As previously stated, attenuation in an optical fiber is caused by absorption, scattering, and 

bending losses. Each mechanism of loss is influenced by fiber-material properties and the fiber 

structure. Absorption is a major cause of signal loss in an optical fiber. It is defined as the 

portion of attenuation resulting from the conversion of optical power into another energy form, 

such as heat. Absorption in optical fibers is mainly due to the following:  

 Imperfections in the atomic structure of the basic fiber material,  

 The intrinsic or basic properties of the fiber-material, 

 Presence of impurities from extrinsic materials introduced during fiber fabrication. 

Imperfections in the atomic structure induce absorption by the presence of missing molecules or 

oxygen defects. Absorption is also induced by the diffusion of hydrogen molecules into the glass 

fiber.  

Intrinsic absorption is caused by basic fiber-material properties, it sets the minimum level of 

absorption. If an optical fiber were absolutely pure, i.e. with no imperfections or impurities, then 

absorption would be completely intrinsic. In fiber optics, silica (pure glass) fibers are used 

predominately. Silica fibers are used because of their low intrinsic material absorption within the 

operation wavelength region which ranges from 700 nm to 1600 nm. For short wavelengths, this 

region is limited due to Rayleigh scattering and ultraviolet (UV) absorption which becomes 

significant below 400 nm. For long wavelength, infrared (IR) absorption in the region above 

1700 nm sets an upper limit. Fig. 3.3 shows the attenuation levels in silica fiber for the operating 

wavelength region. The intrinsic absorption in the UV region is caused by electronic absorption 

bands. Here, high-energy photons interact with electrons, exciting them to a higher energy level. 

The tail of the ultraviolet absorption band can be seen in Fig. 3.3. Within the operating 

wavelength region, Rayleigh scattering (named after Lord Rayleigh) is dominating for 
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wavelength below 1200 nm, as can be seen from Fig. 3.3. Rayleigh scattering is the scattering of 

light or other electromagnetic radiation by particles much smaller than the wavelength of the 

light. It occurs when light travels in transparent solids and liquids. Rayleigh scattering is 

dependent upon the size of the particles and the wavelength of the light; in particular, the 

scattering coefficient, and hence the intensity of the scattered light, varies for small size 

parameter inversely with the fourth power of the wavelength (~
-4

). This explains the increasing 

scattering loss for lower wavelength in Fig. 3.3. For long wavelengths in the IR region, the main 

cause of absorption is due to vibrational modes of atomic bonds. In silica glass, absorption is 

caused by the interaction of photons with silicon-oxygen (Si-O) bonds.  

Extrinsic absorption is caused by impurities originating from external materials introduced into 

the fiber material during the fabrication process. Metal impurities, such as iron, nickel, and 

chromium, are introduced into the fiber during fabrication and give rise to absorption.  Extrinsic 

absorption also occurs when hydroxyl ions (OH
-
) are introduced into the fiber. Water in silica 

glass forms a silicon-hydroxyl (Si-OH) bond and this bond has a fundamental absorption line in 

the Far-IR at 2700 nm. However, harmonics of the fundamental absorption line occur in the 

 

Fig. 3.2 Attenuation coefficient (solid line) for a standard single mode glass fiber versus optical 

wavelength. Dashed lines are representing individual loss contributions such as Rayleigh scattering, OH
-
 

absorption and other effects.  

 



58 Chapter 3 – Fiber-Optic Millimeter-Wave and THz Transport 

  

region of operation, increasing extrinsic absorption at 1383 nm, 1250 nm, and 950 nm. Fig. 3.2 

shows the presence of the three OH
-
 absorption lines.  

As can be seen from Fig. 3.2, the total attenuation in silica fiber shows several windows with 

relatively low attenuation. In the past, these low-absorption regions defined three windows of 

preferred operation. The first window was centered at 850 nm, which is obviously not due to 

low-attenuation but to the historical fact that the first laser diodes had been grown on GaAs in 

the early 60s of the last century and were used around 850 nm. The second window was centered 

at 1300 nm where the fiber’s chromatic dispersion crosses the zero level. The third window was 

centered at 1550 nm where attenuation in silica fibers is minimum. With the invention of new 

optical amplifiers also those wavelength regions with comparably high fiber attenuation became 

accessible for fiber-optic transmissions. Consequently, the wavelength windows were broken 

down into smaller regions similar to the microwave domain. In Fig. 3.2, the most important 

optical bands are indicated. The previously named second window is now called O-Band where 

“O” stands for original, and the third window around 1.55 µm is now named the C-Band (“C” 

for conventional). The terms E-Band, S-Band, L-Band and UL-Band stand for extended, short, 

long and ultra-long band, respectively (see 0 for wavelength definitions).  

 

3.2 Dispersion induced power penalties in fiber-optic RF transmission systems 

Generally, fiber loss is not the major limitation regarding the maximum fiber length in a high-

frequency fiber-optic transmission system due to the very low transmission loss (<0.2 dB/km @ 

1.55 µm) and the availability of Erbium-doped optical fiber amplifiers. In fact, dispersion D of 

optical fibers and the chirp parameter  of light emitters are the parameters that actually set an 

upper limit to the product modulation frequency squared times length, i.e.  

f
 2.

Lmax, in high-frequency fiber-optic transmission links. 

Light chirping is a parasitic property of intensity modulated light. It originates in light emitters 

that produce a phase shift as the intensity is varied. The electric field of the light wave can be 

written 

 
)( Ij

eIE





,  (25) 

were I is the light intensity and (I) is the phase of the electric field. For electro-absorption, 

directional coupler type, Mach-Zehnder and reflection modulators, Koyoma and Iga showed that 

the chirp parameter  relates how phase varies with intensity [114] 
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Note that the above definition assumes small-signal conditions and that  also depends on I 

through bias voltage or current.  

In the following, an electro-absorption modulator (EAM) will be used to experimentally 

investigate the maximum achievable product f
 2.

Lmax in the millimeter-wave region. In case that 

an EAM is used for optical intensity modulation, the chirp parameter is the derivative of the n 

versus k curve, where n and k are the real and imaginary parts of the modal index of the electro-

absorption waveguide, respectively [114], 

In [115], Devaux et al. have shown that the chirp parameter and the average dispersion of the 

dispersive media can be found from the resonance frequencies in a high-frequency analogue 

fiber-optic transmission experiment.  

Assuming small signal modulation, the modulated optical intensity can be written as 

with m being the modulation depth and f the modulation frequency. The electric field of the 

corresponding light wave is a periodic function of time and can thus be developed into a Fourier 

series: 

where 0 is the light pulsation. Equation (25) can be developed into a Fourier series by using 

equation (26) and (28). Developing E into an m power series yields the first three Fourier 

coefficients when restricted to the first power of m: 
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These three spectral components represent the optical carrier, as well as the lower and upper 

optical sidebands of the electric field spectra at the output of the light emitter. Such an optical 

signal with carrier and the two sidebands is also referred to as optical double sideband (DSB) 

signal.  

Each spectral component of eq. (30) travels at a slightly different velocity. The propagation 

constants of the two first order sidebands are: 

with vg being the group velocity. Using eqs. (29) and (31), the electric field at the output of the 

optical fiber with length L and dispersion D can be expressed as: 
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Here, fiber absorption was not taken into account as it only stands for a constant factor. In 

general, the intensity component at frequency f is given by:  
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By inserting eqs. (30) and (31) into (32), the component at frequency f of the light intensity can 

be found by:  

Experimentally, this frequency response can be measured using a high-frequency light source, a 

fiber with dispersion coefficient D, and a high frequency photodetector. As can be seen from eq. 

(34), resonance frequencies will appear each time the argument of the cosine function equals 

u
.
with u being an integer. This is a result of the interference between two different beating 
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products, the beating between the lower sideband and the carrier as well as the beating of the 

upper sideband with the carrier. If the phase difference between those two beating products 

equals , destructive interference occurs at the photodetector and the frequency response exhibits 

a minimum. 

From eq. (34), it can be seen that the resonance frequencies fu follow the following law: 

According to the above equation, fiber dispersion and modulator chirp can be experimentally 

characterized by measuring the resonances in the frequency response of an analogue fiber-optic 

link with a fixed fiber length L. 

 

3.2.1 Optical double sideband (DSB) signals  

In the following, the maximum product of fiber length times modulation frequency squared for 

standard single mode fiber (SMF) will be experimentally investigated. Further, it will be 

experimentally shown for a millimeter-wave fiber-optic transmission link that by adjusting the 

chirp value of the intensity modulator, a distinct extension of the maximum fiber-length and a 

reduction of the dispersion penalty can be achieved. This technique is well-known in digital 

optical communications (see for example [116]). However, it represents the first experimental 

study of a modulator’s chirp value at 60 GHz mm-wave frequency and its optimization in order 

to extend the fiber length and reduce the dispersion penalty in an mm-wave fiber-optic system.  

The modulator used for the following experiments is a high-speed waveguide InGaAsP electro-

absorption modulator (EAM) [117]. The optical insertion loss is 7 dB and the polarization 

dependence is less than 0.5 dB. As discussed above, if the optical DSB spectrum generated by 

the EAM is transmitted over fiber, each of the three spectral components experiences a different 

phase shift depending on the fiber dispersion coefficient D. Thus, the phase shift sets a limit to 

the maximum fiber-length, which is defined as the fiber length L where the RF beat signals after 

detection exhibit a phase shift of  and thus interfere destructively. This dispersion limited fiber-

length L can be derived from equation (35) to be  
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where fRF denotes the RF frequency,  the optical wavelength and  the modulator’s chirp value. 

From eq. (36), the dispersion limited fiber-length L can be extended when the modulator exhibits 

a large negative chirp value . In principle, EAMs based on multiple-quantum wells (MQW) 

exhibit negative chirp values if they are either operated at wavelengths just above the excitonic 

resonance or driven with a large reverse bias. In these cases, the refractive index change due to 

the quantum confined Stark effect (QCSE) is negative and thus the chirp value which is 

proportional to the refractive index change is also negative. 

To experimentally determine the chirp value  of the EAM at mm-wave frequencies, the 

frequency-domain method described above was used. In Fig. 3.3, the chirp value is shown versus 

the applied reverse bias voltage at different wavelengths. As can be seen, the chirp value varies 

between +5.5 and -1.5 depending on the optical wavelength and the applied reverse bias. This 

clearly demonstrates that the EAM’s chirp is not independent of the bias condition and thus, 

optimum system performance must be identified by adjusting both, the wavelength of the light 

source and the modulator’s reverse bias. The small signal modulation index shown in Fig. 3.3(b) 

was determined from DC modulation characteristics for an applied RF peak-to-peak voltage of 1 

Vp-p, which corresponds to an applied RF power of 4 dBm. From there it can be seen that the 

 

 

Fig. 3.3 Chirp value (a) and modulation index (b) of high-speed EAM versus reverse bias [118]. 
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maximum modulation index of m = 48% is achieved at 1540 nm wavelength and even for a 

negative chirp value of -1 the modulation index is still m = 42%. 

Since this work is concerned with the fiber distance extension, an experimental test-bed of a 

60 GHz fiber-optic transmission system was set-up (see Fig. 3.4). This set-up includes two 

156 Mb/s channels each using a NRZ (PRBS, 2
23

-1) in a DPSK format at IF’s of 2.6 and 3.0 

GHz. These signals are frequency multiplexed and up-converted by a 57 GHz local oscillator in 

the transmitter. The mm-wave modulated optical carrier generated by the high-speed EAM is 

transmitted through non-dispersion shifted fiber having a dispersion coefficient of ~17 ps/nm/km 

at 1540 nm wavelength. The electrical mm-wave signal is recovered by a photodetector with a 

3 dB cutoff frequency of f3dB = 50 GHz. 

In Fig. 3.5, the measured bit-error rate (BER) of channel 1 is shown versus the modulator’s chirp 

parameter at different optical wavelengths. The fiber length used in this experiment was 503 m, 

the received optical power at the PD input was fixed to -12 dBm and the RF voltage applied to 

the EAM was 1 Vp-p. 

 

Fig. 3.4 Experimental set-up of a 60 GHz fiber-optic link [118]. 
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As can be seen, the BER drastically depends on the precise adjustment of the chirp value. As an 

example, operating at 1540 nm with a chirp of about -0.5 reduces the BER by about four orders 

of magnitude compared to a chirp-free modulation. 

In order to demonstrate the extension of the fiber-optic transmission distance using chirp 

adjustment, the minimum received optical power at the PD required for BER = 10
-10

 was 

measured versus the fiber length. These measurements were performed at 1540 nm wavelength 

for a chirp value of  = -1.45 and  = 0.9 corresponding to a reverse bias of  

-2 V and -0.75 V, respectively. 

The experimental results shown in Fig. 3.6 clearly indicate a distinct extension of the maximum 

fiber length from 600 m at = +0.9 to about 1600 m at = -1.45. These lengths are also in good 

agreement to theoretical values calculated from eq. (36) (see also arrows in Fig. 3.6). The 

maximum admissible fiber length for a BER = 10
-10

 that was achieved equals 1409 m, 

corresponding to a system bandwidth as high as 5072.4 GHz
2.
km. From the viewpoint of 

effective power management, the smallest optical power required for BER = 10
-10

 is about  

-12 dBm. It is achieved at 550 m fiber length, where optimum interference of the RF beat signals 

 

Fig. 3.5 BER versus chirp parameter for fixed received optical power of -12 dBm [118]. 
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after detection occur for the given chirp value of  = -1.45. It should be noted that the optimum 

chirp value  is shifted to larger negative values for a longer fiber distance. 

To determine the sensitivity of the optical receiver we measured the BER of both channels 

versus the received optical power using 503 m of non-dispersion shifted fiber at 1540 nm 

wavelength. The results are presented in Fig. 3.7 where also the optical spectrum of the DSB 

signal generated by the EAM is plotted. 

As can be seen from Fig. 3.7, a BER of 10
-10

 is achieved for both channels and no error floor was 

observed. The slight difference in required optical power for BER = 10
-10 

between both channels 

is due to a larger phase noise of channel 2. From the optical spectrum shown in Fig. 3.7, no 

significant higher order optical sidebands were observed. This result in addition to IM3 

measurements indicate that this set-up probably allows an upgrade to more than two IF channels. 

 

 

Fig. 3.6 Minimum required received optical power for BER = 10
-10

 versus fiber length. 
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The above experiment reveals that for a 60 GHz modulation frequency a maximum fiber length 

of 1409 m can be achieved for low error rate transmission (BER = 10
-10

) using non-dispersion 

standard SMF. This length is achieved without the need for any dispersion compensation 

technique or more complex modulation formats and this length is also expected to be sufficient 

not only for most indoor or inter-building applications, but also for broadband wireless appli-

cation scenarios in mobile backhauling. However, other applications might require much longer 

fiber spans and thus, from a general system’s point of view, it is necessary to predict the fiber 

length at which the received power is attenuated by a certain figure as compared to the case of no 

dispersion. Usually, a 3 dB penalty in the received electrical power is taken as reference. For 

determining this dispersion induced 3dB power penalty DIPPDSB for a chirped optical DSB 

signal with a carrier frequency f, it can be generally stated that 

 
222 ~)(~)(~)( foptipel IfPfifP . (37) 

 

 

Fig. 3.7 BER versus received optical power and optical DSB spectrum. 
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Using eqs. (34) and (39), the DIPPDSB can be expressed as 

Using the following identity 

the length of the fiber L3dB after which the received electrical power Pel(f) at the carrier frequency 

f suffers a dispersion induced power penalty of 3dB can be determined to be: 

From the above equation, the fiber length causing a 3 dB power penalty when transmitting 

chirped 1.55 µm optical DSB signals via standard SMF with dispersion D = 17 ps/nm/km are 

indicated versus the carrier frequency. As can be seen from Fig. 3.8, for chirp free ( = 0) optical 

60 GHz DSB signals the maximum fiber length is about 500 m. When the signal is pre-chirped 

( < 0), e.g. by an EAM operating closer to the excitonic resonance, longer fiber spans up about 

2 km are possible. For positive chirped ( > 0) DSB signals, which is the usual case in normal 

fiber-optic RF transmission systems using standard MZM direct modulated lasers, the maximum 

fiber length is significantly reduced, down to below 100 m for  = 2. This once again clearly 

shows the importance of considering the chirp-value when designing a fiber-optic RF 

transmission link.  

As already stated above, fiber lengths of several 100 meters are sufficient for many applications 

including mobile backhauling, but for applications calling for much longer spans, either 

dispersion compensating techniques or more dispersion tolerant modulation formats must be 

applied, such as optical double sideband with suppressed carrier (DSB-SC) modulation. The next 

section will discuss the dispersion induced penalties for DSB-SC optical modulation.  
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3.2.2 Optical double sideband signals with suppressed carrier (DSB-SC) 

In the previous section, it has been theoretically and experimentally demonstrated that the output 

intensity in an IMDD fiber-optic link with DSB modulation varies with the cosine of the RF 

frequency squared and the fiber length squared. This is due to the fiber’s chromatic dispersion 

and it leads to significant restrictions in the fiber length, e.g. for a chirp free modulation the first 

cancellation already occurs at around 500 m of standard SMF. Although the length can be 

extended to a few kilometers [118], the length limitation is not acceptable in many applications 

including mobile backhauling and other outdoor wireless applications (see chapter 5).  

Physically, the observed power fluctuations in an IMDD link can be explained from the 

frequency spectrum of a DSB-SC signal. The two RF beating products (lower sideband with 

carrier and carrier with upper sideband) propagate at different speeds through standard SMF 

 

Fig. 3.8  Dispersion limited (3dB penalty) SMF transmission length for chirped mm-wave modulated 

(DSB) optical signals at 1.55 µm wavelength. 



 Chapter 3 – Fiber-Optic Millimeter-Wave and THz Transport 69 

because of chromatic dispersion. When being detected, they cancel out each other whenever the 

phase difference gets an odd multiple of . This is why at certain fiber lengths and modulation 

frequencies, substantial power penalties occur, as can be seen from Fig. 3.6. 

According to the above discussion, it would thus be beneficial generating an optical double-

sideband signal that has no optical carrier in order to cope with fiber dispersion. This way, only 

one beating product exists (lower sideband to upper sideband). Assuming complete carrier 

suppression, the Fourier coefficients according to eq. (30) can be expressed as 
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and the propagation constants of the lower and upper sidebands are 
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The output intensities can then be determined according eq. (33) to be 
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(43) 

From eq. (43) one can firstly observe that the intensity at the modulation frequency f becomes 

zero. Secondly, for de-correlated optical signals, i.e. for incoherent detection, the exponential 

term in eq. (43) can be neglected and thus, the output intensity at the spectral component with 

twice the modulation frequency becomes a constant. It does neither depend on the modulation 
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frequency nor on the fiber length. In other words, no dispersion penalties are observed in IMDD 

links employing DSB-SC modulation with strong carrier suppression. A similar derivation could 

be made for optical single sideband (SSB) modulation.  

 

3.2.3 Optical combs 

There exist several techniques for generating optical combs, i.e. an optical signal consisting of 

multiple longitudinal modes with a constant beat frequency between the longitudinal modes. An 

all-optical technique to generate an optical comb that has been used in this work and was 

described in section 2.1.2 is to use a passive mode-locked laser diode (MLLD). Generally, i.e. 

independent of the generation approach, it can be stated that due to chromatic dispersion, each 

mode runs at a different speed through optical fiber and consequently, all the beat notes exhibit 

different phases after being transmitted, which results in power fluctuations with respect to fiber 

length or beat note frequency. To study this in more detail, it is necessary to theoretically 

describe the output electrical field of an MLLD. As has been shown in [60], the electrical field of 

a MLLD can be expressed as 
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where 0 is the highest optical wavelength, Êp is the amplitude of the p
th

 longitudinal laser mode, 

and p is the relative phase of the p
th

 mode. The difference frequency between the longitudinal 

modes, i.e. the free-spectral range of the MLLD, is denoted as fRF. Assuming that the 

longitudinal modes have the same polarization (which usually is the case) and further assuming 

TEM modes, we can state from eq. (4) that the optical intensity is proportional to 
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 Thus, the generated photocurrent at the fundamental beat frequency fRF is given by 
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where OE,RF denotes the opto-electrical conversion efficiency at the beat frequency fRF, while  

p,p-1 is the phase difference between the p
th 

and (p-1)
th

 longitudinal mode. As was shown in 

section 3.2.1 (see especially eq. (31)), each longitudinal mode exhibits another relative phase 

after propagation through a dispersive fiber. Consequently, the phase of the different beat notes 

p,p-1 varies depending on e.g. the fiber length and chromatic dispersion (see eq. (31)). 

Therefore, during the heterodyne detection process in the photodiode, some beat notes might be 

in phase with others whereas others might be out of phase, thus interfering destructively. As the 

total power converted from a mode-locked laser source is obtained thanks to the beating of all 

the couples of optical modes having a beat frequency fRF during the photodetection process, it is 

clear that if there is a phase difference between the optical modes it will also affect the electrical 

beat notes and thus the power of the sum of all the beat notes. If the phase dispersion in the 

optical spectrum is compensated using the group index dispersion of an optical fiber, it is 

possible to minimize the phase dispersion between all the electrical beat notes and hence to 

maximize the generated power at the fundamental beat frequency fRF.  

To demonstrate this, the electrical power at the output of a photodetector was measured using a 

mode-locked laser as input signal to the photodetector. Here, the electrical power was measured 

using an Agilent E4448A ESA coupled to a V-band (50-75 GHz) HP 11974V preselected 

harmonic mixer. The measurements were performed after propagation through different lengths 

of standard single-mode fiber. The results of these measurements are presented in Fig. 3.9 

(squares).  

 

Fig. 3.9 Corrected photodetected electrical power as a function of fiber length. 



72 Chapter 3 – Fiber-Optic Millimeter-Wave and THz Transport 

  

It can be seen that it is possible to increase the electrical power generated by detecting the 

MLLD’s output signal by about 20 dB just by adding 78 m of standard single-mode optical fiber. 

This way, the phase difference between the different beat modes is compensated up to a certain 

extent, resulting in a significantly higher output power. However, the above experiment also 

shows that when transmitting optical combs with a free-spectral range in the millimeter-wave 

region, the fiber length must be carefully designed to achieve optimum performances.   
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4 Photonic Millimeter-Wave and THz Transmitter and Transceiver 

Today, the term terahertz is commonly applied to sub-millimeter-wave (submm-wave) energy 

that fills the wavelength range of 1000 - 100 µm (300 GHz - 3 THz). Below 300 GHz, we enter 

into the millimeter-wave (mm-wave) regime covering the wavelength region of 10-1 mm (30-

300 GHz). Beyond 3 THz and up to 30 THz (100-10 µm) we enter the far-infrared (far-IR), but 

the exact border between sub-millimeter and far-infrared is still rather blurred since the 

frequency range between 3 and 10 THz is a more or less unclaimed territory. Above 30 THz 

there is the infrared region covering the wavelength span between 10 and 1 µm (frequency 30 -

300 THz). In Fig. 4.1, the commonly assigned terms for the various frequency bands of the 

electromagnetic spectrum between 30 GHz and 3 PHz are indicated. 

So far, the mm-wave and the submm-wave or THz frequency regimes have been of interest for 

some more or less niche applications requiring such high frequency ranges. Today, however, we 

notice a significantly increasing interest in mm-wave and THz technologies. This has last but not 

least been stimulated by some recent space and earth exploration experiments such as the 

Atacama large millimetre array (ALMA) telescope project [119]. Yet today, with the evolution 

of mm-wave and THz technology, more and more key applications with potentially large market 

volumes appear on the horizon, some are even already in the phase of being regulated and 

standardized. This includes communication applications such as 60 GHz broadband short-range 

wireless (IEEE 802.3c), 100 Gb/s Ethernet (802.3ba) and even Terahertz communications (IEEE 

802.15.THz), but also sensing and imaging applications such as T-ray imaging for security 

 

Fig. 4.1 The electromagnetic spectrum between 30 GHz and 3000 THz. The term THz region is commonly 

applied to the submm-wave frequency range which extends from 300 GHz up to about 3 THz. 
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applications or mm-wave and THz signal generation in instrumentation and aerospace 

applications. An excellent overview on potential applications – mainly within the THz frequency 

band can be found in the review paper by Peter Siegel [120]. More information on applications 

can also be found in recent and emerging THz research networks and research projects such as 

the “Terahertz Science and Technology Network” in the USA, the “THz technology forum” in 

Japan and in various white papers published by key European projects including “Teranova” and 

“IPHOBAC”.     

However, despite the growing number of new mm-wave and THz applications, the deployment 

of mature and compact continuous-wave (cw) sources in that frequency range is just beginning 

to emerge. Consequently, one of the key scientific and technological challenges that must be 

tackled is the development of ultra-wideband and tunable local oscillators (LO) operating in the 

mm-wave and THz frequency regimes. When comparing the currently existing high-frequency 

LO technologies, it is noticed that all electronic solutions such as Gunn diodes, IMPATT diodes, 

resonant tunneling diodes (RTD) or frequency doublers and triplers are widely used in the 

microwave and lower mm-wave regions. On the other hand, all optical sources, such as p-doped 

Ge lasers or Quantum Cascade Lasers (QCLs) are employed in the far-IR, leaving a gap in the 

higher mm-wave and THz frequency ranges. For this frequency range, there is almost no 

compact power source available so far. In addition, purely electrical LO sources such as Gunn 

diodes with subsequent frequency multiplier chains suffer from their poor frequency coverage 

and limited tunability. To overcome these technological limitations of all-electronic LOs, there 

has been increasing interest in developing photonic LOs (PLOs) capable of operating in these 

high-frequency bands. Photonic LOs exhibit a number of unique advantages such as ultra-

wideband tunability, compactness and the ability to operate over a broad temperature range. 

Thus, photomixing has attracted a lot of interest, and according to a recent study initiated by the 

European Space Agency (ESA), photomixing is considered to be one of the most promising 

candidates for the generation of mm-wave and THz signals [121]. 

The recently invented photonic techniques (heterodyning, OIL, OPLL etc.) and technologies 

(external modulation, MLLD etc.) for the generation of such high-frequency LO signals in the 

optical domain, as well as the theory of optical heterodyning such signals in a photodiode or 

photomixer have already been discussed in chapter 2. The transport of such optical mm-wave 

and THz signals has been elucidated in chapter 3. This chapter will focus on recent achievements 

in ultra-wideband photonic mm-wave and THz transmitter technologies and will report on some 

key application oriented demonstrations. Here, the term transmitter shall refer to a high-

frequency photodiode or photomixer integrated with some passive or active circuitry, as well as a 

respective output connector. Depending on the operational frequency range, the output connector 

might either be a simple coplanar waveguide (CPW) output, a rectangular waveguide (WR) or a 
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coaxial output connector. Especially for THz transmitter, the output might be realized in form of 

integrated antenna structures.   

 

4.1 Millimeter-Wave and Terahertz Photomixer  

The key component in a high-frequency mm-wave or THz transmitter is the photodiode or 

photomixer. The most important requirement for this kind of component is a high responsivity at 

mm-wave or THz frequencies, not necessarily a large 3 dB-bandwidth. The physical effects 

determining the photomixers high-frequency performances are usually represented by time 

constants describing the dynamics of the photo-generated carriers. Most important are the transit 

time and the carrier lifetime. Conventional lumped photomixers are further limited by RC time 

constants. At very high frequencies (>100 GHz), also electrical wave propagation effects must be 

considered and further on, propagation losses become more significant. 

Looking at the various types of photomixers, the conventional vertically illuminated photomixer, 

such as the pn or the pin photomixer, exhibit a tradeoff between quantum efficiency and 

bandwidth. For short transit times the absorbing layer of a conventional pn-PD or pin-PD needs 

to be thin which on the other hand results in a low quantum efficiency and a large capacitance. 

Thus, the RC time constant is large, preventing conventional vertical PD for having a high 

quantum-efficiency at very high frequencies.  

A promising approach for achieving a high-efficiency at high frequencies is to utilize an uni-

travelling carrier (UTC) concept [122]. In the UTC-PD the absorbing layer is p-doped and 

therefore only the minority carriers, i.e. the electrons, travel across the depletion layer. Due to 

the much higher drift velocity of electrons and due to the fact that electrons can travel at 

overshoot velocity, the space charge effect which is dominated by electrons is significantly 

reduced. This principle allows high-saturation currents. The bandwidth of a UTC-PD is restricted 

by transit time effects mainly determined by the diffusion time of electrons travelling in the p-

doped absorbing layer and of course it is also limited by the RC time constant. Recently, high 

bandwidths UTC PDs have been demonstrated and in terms of the bandwidth-efficiency product, 

UTC PDs have been shown to exhibit better performances than conventional pin-diodes [123].  

To circumvent the transit time limitation one can also utilize a material with a very short carrier 

lifetime. For several years, research has been carried out to grow GaAs layers at low 

temperatures. Due to the low growth temperature, the GaAs layers contain lots of impurities 

which capture free carriers and thus reduce the carrier lifetime. Recently, low temperature grown 



76 Chapter 4 – Photonic Millimeter-Wave and THz Transmitter 

  

GaAs operating around 850 nm wavelength were utilized for high-frequency signal generation in 

the THz range [124], work on LT-InGaAs and other LT-materials for 1.55µm is underway. 

Edge-coupled or waveguide photomixers can overcome some of the above discussed limitations 

by enabling longitudinal optical wave propagation perpendicular to the vertical transport of the 

photo electrical carriers. In principle, this concept allows for a long but narrow absorption layer 

having both, a low transit time and a high quantum efficiency. On the other hand, the detector’s 

RC time constant becomes significantly large due to the long absorbing layer, leading to the 

well-know lumped element RC time limitation. 

In all approaches discussed above, the RF responsivities are mainly determined by transit time 

and RC time constants and thus, the photomixers’ responsivity decrease with frequency with f
-4

. 

To overcome the RC time limitation of lumped photomixers, distributed or travelling-wave type 

photomixers have been investigated since the early 1990’s. In a travelling-wave photomixer the 

photo-absorption process occurs in a distributed manner along the length of the device such that 

it contributes to the overall electrical signal in the contact transmission line. Thus, travelling-

wave photomixers are not limited by the normal RC time constant since electrically the device is 

not a lumped element with a concentrated capacitance but an electrical waveguide (typically 

microstrip or coplanar) with a given characteristic impedance. The responsivity is therefore 

mainly determined by its transit time and electrical wave propagation losses. Although 

travelling-wave photomixer exhibit a couple of challenges that need to be solved, they do offer a 

great advantage: for high power THz signal generation, namely the prospective to independently 

optimize its quantum efficiency and saturation photocurrent. The various physical effects 

determining the high-frequency performance of a pin travelling-wave photomixer are discussed 

in more detail in [125-127]. 

In the following sections, photonic transmitter modules based upon travelling-wave photomixer 

structures are reported yielding either quasi optical free space radiation of the generated 

(sub)mm-wave signals or guided transmission within a coaxial or rectangular metallic 

waveguide. In detail, broadband (DC-110 GHz), wideband (30 GHz - 0.3 THz), narrow band 

0.46 THz slot antenna integrated travelling-wave photomixers and ultra-wideband rectangular 

waveguide and bow-tie antenna coupled TWPD that enable (sub)mm-wave generation up to 

1 THz will be presented. 

 



 Chapter 4 – Photonic Millimeter-Wave and THz Transmitter 77 

4.1.1 100 GHz broadband travelling-wave photomixer 

A sketch of a travelling-wave photodetector (TWPD) or optical heterodyne mm-wave generation 

investigated is shown in Fig. 4.2. The detector consists of an optical channel waveguide and an 

electrical transmission line. The optical heterodyne signal launched into the optical channel 

waveguide is gradually absorbed, resulting in a distributed current generation along the 

detector’s length that contributes to the overall current propagating along the electrical trans-

mission line of the TWPD. The traveling-wave detector differs from a lumped element in a non 

RC time limited response exhibiting superior high-frequency performances which has recently 

been demonstrated experimentally [40, 128, 129].  

A cross-section including the relevant geometrical parameters of the TWPD layer structure 

studied in this section is shown in Fig. 4.3. The waveguide structure was grown on InP:S 

substrate by metal organic vapor phase epitaxy. The optical core is embedded in the intrinsic 

region of a p-i-n diode. The absorptive region of the optical core consists of a multiple quantum 

well (MQW) section. A small strain is applied to the wells and the barriers of the MQW section 

to reduce the splitting of the valence band degeneracy resulting in identical electro-absorption 

properties for both, the TM and TE modes. This way, the waveguide core of the TWPD exhibits 

a polarization insensitive absorption coefficient at 1.55 µm wavelength. In detail, the waveguide 

core mainly consists of ten periods of 10 nm 0.3% tensile strained InGaAs quantum wells 

separated by 9 nm thick 0.2 compressively strained 1.15 µm InGaAsP barriers. To increase fiber-

to-chip coupling efficiency, the overall thickness of the optical core is increased by transparent 

1.15 µm quaternary InGaAsP layers adjacent to the MQW-region. The waveguide cladding 

layers consist of p- and n-doped InP, together with 50 nm of non-intentionally doped InP layers 

adjacent to the core. The non-intentionally doped InP sections prevent diffusion of the dopants 

 

Fig. 4.2 Schematic diagram of the fabricated 1.55µm TWPD. 
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into the waveguide core and therefore increase the total thickness of the intrinsic region to 

di = 409 nm. On top of the upper cladding a thin p-doped lattice matched InGaAs contact layer 

finalizes the optical waveguide structure. 

The technological realization of the optical waveguide together with the hybrid 

microstrip/coplanar transmission line consists of a self-aligned etching process and two 

metallization steps for the p- and n-type ohmic contacts. At first e-beam evaporation of the p-

type TiPtAu center contact is performed which is also used as a mask for the subsequent etching 

processes of the waveguide mesa. Selective wet-chemical etching of the contact layer, the top 

cladding and the optical waveguide region is performed, followed by the GePtAu metallization 

to form the n-type ground contact of the electrical waveguide. 

In order to study the detector’s high-frequency limitations and to further improve the design of 

the TWPD with respect to higher frequency operation, it is inevitable to identify the relevant 

physical effects limiting the frequency response of the TWPD and to study the impact of design 

variations on the detector performance. For this purpose a theoretical analysis is developed in the 

following including all relevant phenomena of the photo-generated carriers, together with optical 

and electrical wave propagation effects. Recently, several groups reported on theoretical studies 

 

Fig. 4.3 Detailed cross section of the fabricated TWPD. 
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on the high-frequency and high-current limitations of TWPD. A time domain model describing 

the picosecond pulse response of a TWPD has been reported in [130]. An analytical description 

of a travelling-wave photodetector in frequency domain can be found in [131]. This model 

describes the photo-generated current source per unit length and also includes wave propagation 

effects. However, this work did not consider velocity mismatch effects. Furthermore, the 

limitation due to the transit time was reduced to a single time constant similar to [122]. Other 

groups employed frequency domain models using a frequency independent distributed current 

source per unit length inside the electrical transmission line [132]. The model presented here 

uses a quasi-static equivalent circuit for the electrical transmission line with a distributed current 

source which is more accurately as the dynamics of the photo-generated carriers are considered.  

At first, a theoretical analysis based upon the carrier continuity equations is used to describe the 

frequency dependent distributed photo current generated at any point along the detector. This 

current includes the intrinsic effects such as the transit time limitation due to the propagation 

through the intrinsic layers. Next, a model based upon the transmission line method (TLM) is 

used in order to describe the contribution of the distributed photo current to the total electrical 

power delivered to the load impedance. Limiting effects due to the electrical wave propagation 

along the hybrid coplanar/microstrip transmission line of the TWPD are included in the TLM 

model. To verify the reliability of the developed model, the theoretical calculations are compared 

with the experimental results and the limiting contributions of the different physical effects are 

identified.  

Fundamentally, the photo-generated carrier transport in the TWPD waveguide structure can be 

described by the continuity equation. By neglecting the transversal carrier transport and 

assuming harmonic time dependence, the one-dimensional (1-D) complex continuity equations 

for the electron and hole densities n(x) and p(x) are given by 
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The first term in the continuity equations describes the carrier diffusion with the electron and 

hole diffusion constants represented by Dn and Dp. These diffusion constants are functions of 

carrier velocity and electric field and it has been shown [133] that the carrier diffusion constants 

get very small in value for high electric fields in excess of 20 kV/cm. Assuming that the typical 
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thickness of a high-frequency p-i-n detector is well below 1 µm and assuming further that a 

reverse voltage of a few volts is applied, strong electric fields well above 20 kV/cm occur. Thus, 

for calculating the photo-generated current we can neglect carrier diffusion in the intrinsic region 

of the reverse biased TWPD. The second term in eqs. (47) and (48) describes the respective 

carrier drift in the presence of an electric field with vn(x) and vp(x) representing the electron and 

hole velocity, respectively. The carrier recombination rate represented by Rc can also be 

neglected for our purposes, since the carrier lifetime in InGaAsP strained MQWs is in the order 

of a few nanoseconds [134] which is about three orders of magnitude larger than the average 

transit time of the investigated structure. The last term Gc, representing the carrier generation 

rate, is a function of the optical intensity at any point along the detector and it can be determined 

to be 

 )exp(0 zGG optc    (49) 
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Here, denotes the external quantum efficiency, opt is the complex propagation constant of the 

optical heterodyne input signal and Iopt represents the optical intensity. It should be noted that the 

carrier generation rate is a function of the longitudinal coordinate z due to the optical wave 

propagation determined by the complex heterodyne optical propagation constant opt.  

Since diffusion can be neglected as discussed above, the electron and hole current densities in 

the absorbing layer are given by  

 )()()( xnxvqxJ nn  , (51) 

 )()()( xpxvqxJ pp  . (52) 

Here, it is assumed that electrons and holes in the intrinsic region travel at constant saturation 

velocity vn and vp, an assumption neglecting carrier escape times, which is valid and appropriate 

for reverse biased TWPDs with strong internal electric fields. Although there exists some 

uncertainty about the absolute carrier escape times in reverse-biased MQW structures, 
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experimental investigations have been published demonstrating that the carrier escape times 

drastically decrease with the bias field indicating that carrier escape times for strong reverse-

biased structures are below 1 ps [135, 136].  

Introducing eqs. (49)-(52) into the continuity eqs. (47), (48), we derive two first order 

differential equations with constant coefficients describing the carrier densities in the absorbing 

layer 
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To solve the above differential equations we make use of the fact that electrons only travel in 

positive x-direction and thus, the electron carrier density at x = 0 needs to be equal to zero. 

Similarly, we can state that the hole current density is equal to zero at x = d0: 
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By using the two boundary values in eqs. (66) and (68), we can solve the differential eqs. (53) 

and (54) and derive the electron and hole current densities in the absorbing layer: 
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In a similar way, we can now proceed to find the current densities in the adjacent non-absorbing 

intrinsic layers. For simplicity, we only consider the hole current density in the following, the 

procedure for deriving the electron current density is similar. Due to the fact that there is no 

photon absorption in these two layers, the continuity equation for holes eq. (48) becomes quite 

simple 

   .
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This leads to the following simple differential equation for the carrier density: 

   p

p

p
d

d
J

v

jω
J

x
 . (60) 

The required boundary values to solve eq. (72) are given by the consistency of the current 

density at the boundary. From eq. (58) it follows that 
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and we derive the hole current density in the non-absorbing intrinsic layer  
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By summing the electron and hole current contributions from the active and the the non-

absorptive intrinsic regions, one gains the total photo current per unit length generated at any 

point z along the TWPD [127]: 
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Here, w represents the width of the detector and din and dip are the thicknesses of the intrinsic but 

non-absorbing layers. Equation (75) not only comprises the carrier transport and generation 

within the intrinsic absorptive layer of the TWPD, but also the carrier transport through the 

adjacent non-absorptive intrinsic regions of the waveguide core.  

Next, a model describing the contribution of the distributed current source to the overall 

electrical wave propagating along the transmission line of the TWPD is developed. The type of 

transmission line formed in this TWPD is a slow-wave hybrid coplanar/microstrip waveguide 

[137]. Generally, such transmission lines require “full-wave” analysis for rigorous modeling 

[135]. However, for our purposes the quasi-TEM analysis using a quasi-static equivalent circuit 

model as shown in Fig. 4.4 satisfactorily describes the millimeter-wave properties of the TWPD 

transmission line. Here, the photo-generated current per unit length is represented by the current 

source i'(z). R' and L' are the resistance and the inductance of the metal center conductor per unit 

length, respectively. Rs' represents the semiconductor losses associated with transverse current 

flow in the doped cladding layers and Ci' and Gi' are the capacitance and the conductance of the 

intrinsic core layer per unit length. The air capacitance which is typically very small in value is 

neglected. By transforming the current source i'(z), we can convert the equivalent circuit into a 

form where the active current source is parallel to the completely passive electrical transmission 

line of unit length represented by its characteristic impedance Z0 and propagation constant el 

[127]. For the transformed current source i0'(z) and the relevant microwave properties of the 

TWPD, we obtain 



84 Chapter 4 – Photonic Millimeter-Wave and THz Transmitter 

  

   .exp'
''''1

)('
)(' 00 zi

RCjGR

zi
zi opt

siis




 


 (65) 

 

The contribution of the distributed photo-generated current i0'(z) at any point of the detector to 

the overall current propagating along the transmission line can be described by the transmission 

line model (TLM) as shown in Fig. 4.5. Here, ZE represents the impedance at the input port and 

ZL is the load impedance of the coplanar probes at the output port. In order to increase the output 

power of a travelling-wave PD delivered to the load impedance, it is a fundamental requirement 

to reduce the mm-wave reflections at the output port. However, in millimeter-wave 

measurements using commercially available coplanar probes the load impedance ZL is fixed to 

50  impedance which is significantly larger than the typical characteristic impedance Z0 of 

ultra-high frequency TWPDs of typically 10 - 20 . To overcome this impedance mismatch in 

the experiment an open ended long (lPTL = 450 µm) passive transmission line with a 

characteristic impedance Z0 is used in parallel to the load impedance ZL. This way the impedance 

mismatch at the output port is reduced, keeping in mind that the power delivered to ZL is of 

course not the total power generated by the TWPD.  

 

Fig. 4.4 Quasi-static equivalent transmission line circuit for unit length TWPD. 
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Based on the TLM model, the RF output power delivered to the load impedance ZL can be 

analytically determined by 
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and with  
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representing the reflection coefficients at the input and output ports, respectively. 

Fig. 4.5 TLM model describing the distributed current generation along the TWPD. 
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The presented frequency domain model allows considering the relevant limiting intrinsic effects, 

such as transit times limitations and limitations due to propagation effects such as, microwave 

losses and the mismatch between the optical group velocity and the electrical phase velocity. By 

applying this model to the investigated TWPD, the contribution of the different effects on the 

total roll-off at high-frequencies can be identified and the impact of design variations of the high-

frequency performance can be studied in detail. 

In order to numerically calculate the generated power, the circuit parameters of the TWPD 

equivalent circuit must be determined first. Generally, these parameters are frequency dependent 

but for frequencies in excess of 20 GHz, the parameters L', Rs', Ci' and Gi' are considered to be 

constant. Only R' increases with the square root of frequency due to the skin effect. In good 

approximation, Ci' can be determined by Ci'=w/di, resulting in 1.7 pF/mm for the 

investigated TWPD structure. The constant conductor resistance per unit length at frequencies 

below 10 GHz is given by R' = Auwdmet), resulting in 18.5 /mm. For frequencies in excess of 

10 GHz, R' is considered to increase with the square root of the frequency. The series resistance 

of the doped semiconductor layers for a 6 µm wide rib waveguide with 15 µm separation 

between the center and the ground electrode is approximately R's~0.25 mm. The parallel 

conductance G'i~20 mS/mm and the transversal inductance L'~0.1 nH/mm were experimentally 

determined from S-parameter measurements. With all the equivalent circuit parameters known, 

the complex characteristic impedance Z0 and the complex electrical propagation constant el of 

the TWPD transmission line can be calculated. The theoretically determined complex 

characteristic impedance for microwave frequencies is shown in Fig. 4.6 and is compared with 

experimental values obtained from on-wafer S-parameter measurements. As can be seen, there is 

 

Fig. 4.6 Experimentally (circles) and numerically (solid lines) determined characteristic impedance of 

the hybrid coplanar/microstrip transmission line. 
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a good agreement between the experimental and theoretical data indicating that the 

approximations used to determine the equivalent circuit parameters are appropriate.  

In Fig. 4.7, the theoretically determined characteristic impedance and the propagation constant 

are plotted up to 200 GHz millimeter-wave frequency.  

For measuring the frequency response of the fabricated TWPD, an optical heterodyne set-up 

with two 1.55 µm cw laser diodes is used. The beat frequency fRF of the generated RF signal can 

be tuned by varying the wavelength of one of the lasers while keeping the wavelength of the 

second laser fixed (see also section 2.1). A schematic of the experimental set-up can be found in 

[40]. The linear polarized optical output signals of two free-running external cavity laser diodes 

are combined using a 3 dB optical coupler. The polarization state of both lasers is adjusted to 

each other by tuning the polarization state of the tuned laser using a polarization controller. The 

combined optical heterodyne signal is amplified by a high-power erbium doped fiber amplifier 

(EDFA). A variable optical attenuator is employed for performing power dependent 

measurements. A second polarization controller is used to adjust the input polarization 

heterodyne optical signal to determine the polarization dependence of the RF output signal. 

Optical input power to the TWPD is monitored by coupling 5 % of the optical heterodyne signal 

to a dual-purpose optical spectrum analyzer/power meter. The TWPD is reverse biased, using a 

DC voltage source with internal current monitoring. A cleaved optical single mode fiber is used 

for fiber-to-chip coupling. For on-wafer measurements over the wide frequency span up to 

160 GHz, different calibrated coplanar probes are used. For frequencies up to 50 GHz the 

 

Fig. 4.7 Theoretically determined characteristic impedance and electrical propagation constant of the 

hybrid coplanar/microstrip transmission line. 
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generated electrical power is directly measured using a mm-wave spectrum analyzer. 

Measurements at frequencies within the U-, W- , F- and G-band are performed utilizing the 

calibrated external mixers.  

The active waveguide section of the TWPD measured was 50 µm long with a width of 6 µm. 

The device exhibits a DC responsivity of 0.2 A/W at a reverse bias of 7 V and a maximum 

breakdown voltage in excess of 9 V. Frequency response measurements were performed keeping 

a fixed optical wavelength of 1.54 µm, while tuning the other laser towards larger wavelengths. 

A reverse bias of 7 V was applied to the TWPD and the overall optical input power was set to 

+15 dBm (+12 dBm per carrier).  

The measured frequency response from 25 GHz to 160 GHz is shown in Fig. 4.8. As can be 

seen, a flat and broadband frequency response is achieved with a total signal roll-off from 25 to 

160 GHz of about 10 dB. To our knowledge, this is the first time optical heterodyne cw mm-

wave generation using a photodetector is demonstrated up to 160 GHz. The different physical 

phenomena contributing to the overall roll-off of the TWPD are discussed in detail in section IV.   

 

 

 

Fig. 4.8 Broadband Ka to G-band mm-wave generation using the TWPD. The associated frequency bands 

of the applied coplanar probes and mixers are shown. 
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In Fig. 4.9, the measured mm-wave output power at a beat frequency of 110 GHz is plotted 

versus the optical input power. A maximum mm-wave power level of -11.5 dBm is achieved 

representing the highest mm-wave power level ever reported for 1.55 µm waveguide 

photodetectors. Furthermore, it should be noted that the power delivered to the 50  probe is 

measured. The total power generated by the TWPD is about 8 dB larger, as will be explained in 

the next section. No saturation effects are observed up to electrical power levels of  

-13 dBm where electrical mm-wave power exhibits the expected quadratic dependence on the 

optical input power. At electrical power levels in excess of -13 dBm, saturation effects can be 

observed.  

The power conversion efficiency of the investigated TWPD is bias dependent as can be seen 

from Fig. 4.10. Here, the measured mm-wave power at a beat frequency of 132 GHz is shown 

versus the applied reverse bias. Clearly, the generated power gets smaller if the reverse bias is 

reduced below 4 V. Previous experiments have already shown that the nonlinear saturation 

behavior of ultrahigh frequency p-i-n photodetectors under high power illumination can be 

overcome by applying a large external bias [40, 129, 133]. Physically, the nonlinear power 

dependence is mainly attributed to a reduced carrier velocity in the intrinsic waveguide core of 

the detector. The photo-generated carriers induce a space charge field reducing or even screening 

out the applied bias field at low biases and thus resulting in a significantly reduced carrier 

velocity [133]. According to equations given in [131], the generated space charge field in the 

investigated TWPD can be estimated to be in the order of 20-30 kV/cm. Thus, for reverse  

 

Fig. 4.9 Generated mm-wave power at 110 GHz versus the optical input power. 
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voltages below 4 V the space charge field screens out the applied bias field, leading to saturation 

effects due to reduced electron and hole velocities.  

Also, the dependence of the conversion efficiency was investigated. For this purpose, the 

polarization angle of the linear polarized input signal was rotated using a half-wave plate inside 

the second polarization controller. In Fig. 4.11, the measured mm-wave power at a beat 

frequency of 132 GHz is shown versus the relative polarization angle of the heterodyne signal. 

As can be seen, the maximum polarization penalty is only 1.3 dB, which can be attributed to the 

 
Fig. 4.10 Generated mm-wave power at 132 GHz versus the applied reverse bias. 

 

Fig. 4.11 Generated mm-wave power at 132 GHz versus the polarization angle. 
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polarization insensitive design of the absorption region by using strained QWs as discussed 

above. 

Finally, in Fig. 4.12, the theoretically calculated power delivered to the load impedance ZL is 

compared with the experimental data already presented in Fig. 4.8. The excellent agreement 

between measured and simulated data with a maximum variation of only 3 dB proves the 

accuracy and reliability of the analytical model. The total roll-off for a frequency span from 

20 GHz to 200 GHz is 13.1 dB. For future design optimizations with respect to a higher 

electrical output power, it is of great importance to identify the physical reasons causing this roll-

off. By identifying the contributions of the different physical phenomena considered in the 

developed model, we can state that the total roll-off is composed of a 6.5 dB penalty due to 

transit time effects and a 1.1 dB penalty due to intrinsic effects resulting from carrier transport in 

the doped sections of the TWPD. The remaining penalty of 5.5 dB originates from propagation 

effects, namely microwave losses and velocity mismatch. In order to further improve the TWPD 

performance one has to address primarily the penalty caused by transit time and wave 

propagation effects. A more detailed discussion on the optimization of the p-i-n TWPD design 

for high-power (sub-)millimeter-wave generation will be presented elsewhere. 

As discussed above, the measured and calculated power shown in Fig. 4.12 represents the power 

delivered to the probe. It does not represent the total power generated by the TWPD. Referring to 

Fig. 4.7, the absolute value of the characteristic impedance at 110 GHz is Z0 = 9 Thus, the 

 

Fig. 4.12 Experimentally (circles) and numerically (solid line) determined broadband mm-wave 

generation using the TWPD. 
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total power generated by the TWPD is estimated to be 8.16 dB larger than the measured power 

delivered to the probes. 

 

4.1.2 300 GHz wideband travelling-wave TW photomixer 

In this section, we report on a compact antenna-integrated photonic mm-wave transmitter 

employing a travelling-wave (TW) photomixer based upon an InP-based pin double waveguide 

structure. 

Fig. 4.13 shows a schematic of the antenna-integrated photomixer. An optical heterodyne signal 

is coupled via a single mode fiber (SMF) into a passive optical waveguide (POW) which further 

guides the optical signal to the antenna integrated photomixer operating within the whole mm-

wave range (i.e. 30-300 GHz). After photomixing of the optical heterodyne signal, the converted 

electrical signal is coupled to an electrical coplanar waveguide connecting the photomixer to the 

feeding point of a planar antenna. Due to the large difference in the dielectric constant between 

air and semiconductor substrate, the generated mm-wave is mainly (~92 %) radiated through the 

substrate. For efficient beam-forming and coupling to free-space, an additional hemispherical 

Silicon lens is used as reported in [138]. To achieve a wide frequency tuning range, the 

photomixer was integrated with a broadband planar log-periodic toothed antenna (LPTA), as can 

be seen in Fig. 4.13. 

 

Fig. 4.13 Operation principle (left hand) and schematic structure of the developed component 

comprising passive optical waveguide, photomixer, low-loss antenna feed and a broadband LPTA-

structure (right hand). 
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The cross section of the InP layer structure used for the photomixer is schematically shown in 

Fig. 4.14. Our approach comprises a travelling-wave pin waveguide structure using a partially p-

doped absorbing layer and a partially non-absorbing intrinsic layer. This structure, in conjunction 

with a thin absorber in the drift region, is expected to exhibit high photocurrent saturation 

without compromising the frequency response [139, 140]. Another key benefit is the applied 

travelling wave principle which differs from a lumped element in a non-RC time limited 

response, exhibiting superior high-frequency performances. This was already demonstrated e.g. 

in [125, 141, 142]. 

In detail, the active core consists of a partially p-doped absorbing InGaAs layer (50 nm) and of a 

non-intentionally doped absorbing InGaAs layer (50 nm). The drift region featuring three 

InGaAsP spacer layers and the InP layer are located below the intrinsic absorber. The thickness 

of the non-absorbing InP drift layer is 220 nm. 

This layer ensures that the applied field is dropped across the whole drift region. By varying the 

thickness of this layer, the overlap of the optical mode with the absorber can be adjusted. As a 

result, a lower overlap factor and thus a longer absorption profile and in turn a more uniform 

distribution of photo-generated carriers along the length of the active photomixer section is 

achieved. This reduces saturation effects at the front facet and enhances the overall photocurrent  

 

Fig. 4.14 Schematic cross section (middle) of the developed travelling-wave photomixer, enlarged active 

section (left hand) and 3-dimensional model (right hand). 
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saturation of the photomixer. For guiding the optical heterodyne signal from the SMF to the 

active section which is located at the feeding point of the antenna, an additional strip-loaded 

InGaAsP/InP POW consisting of two InGaAsP layers has been grown underneath the active 

waveguide which is shown in Fig. 4.13 and Fig. 4.14. BPM CAD simulations were carried out to 

calculate the overall optical coupling efficiency from a lensed SMF to the active photomixer. 

Here, it was found that the maximum efficiency is as high as 73%, provided a proper geometrical 

design is applied. Photoluminescence wavelength for the non-absorbent core was determined to 

be 1.21 μm at room temperature which indicates that the photomixer can be operated not only at 

1.55 μm but also at 1.3 μm. 

Fig. 4.15 shows the realized antenna-integrated photomixer comprising of a 2x2 mm
2
 log-

periodic antenna and an approx. 1 mm long POW for optical feed, extending from the front 

surface to the active photomixer section. The photomixer, exhibiting a 100 µm microstrip feed 

line between the active photomixer section and the antenna center, is positioned close to the 

antenna center for low electrical losses between photomixer output and antenna feeding point. 

Calculated results show an input return loss around -20 dB up to 300 GHz for the integrated 

electrical waveguide circuitry. 

The pattern and directivity of the integrated planar LPTAs were studied using FEM and FDTD. 

It was found that the directivity increases from 8 dBi at 30 GHz up to 25 dBi at 300 GHz and 

that the input antenna impedance is in the order of 74 Ω [138]. 

For measuring the power generated by the fabricated device from 30-300 GHz, a set of narrow-

band waveguide-coupled Schottky diode power detectors (WR22, WR15, WR10, WR8, WR5, 

 

Fig. 4.15 SEM-Photographs of the developed photonic transmitter chip. Top view of the fabricated 

antenna-integrated photomixer (left hand) and close-up view of the center of the LPTA structure with 

microstrip circuitry, active photomixer section and passive optical waveguide (right hand). 



 Chapter 4 – Photonic Millimeter-Wave and THz Transmitter 95 

WR3) with attached horn antennas was used. The measured relative frequency response of the 

fabricated antenna integrated photomixer is shown in Fig. 4.16. As can be seen from that figure, 

the received power drops only by approximately 16 dB over the full frequency range of 30-300 

GHz which is traced back to the travelling wave concept. Additionally, we investigate the 

polarization dependency between the receiving horn antennas and the transmitter modules. 

Experimentally, a maximum polarization dependent variation of the output power of 3-5 dB was 

found. 

For comparison, all chips were measured at a photocurrent level of only 1 mA. Here, the 

maximum power received in the Schottky detectors was -23.3 dBm at 33 GHz, -26.6 dBm at 100 

GHz, -33.4 dBm at 200 GHz and -38.3 dBm at 300 GHz.  

As can be extracted from Fig. 4.23, the received power increases linearly with the photocurrent 

up to 6 mA. Thus, approx. 15.6 dB higher output power levels are achieved when operating at 6 

mA. Currently, the maximum photocurrent is limited to 6 mA due to the POW and a lack of a 

high-output power EDFA, for PDs without the POW photocurrent levels of 30 mA have been 

achieved. 

 

Fig. 4.16 30-300 GHz characterization of the developed photomixer using a set of narrow-band Schottky 

diode power detectors. 
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For packaging the antenna-integrated photomixer, a quasi-optical transmitter module with an 

SMF input was constructed, comprising techniques for an efficient antenna beam generation, 

which was already reported in [138]. This module consists of a high-resistive (HR) silicon spacer 

and a hemispherical HR silicon lens for focusing the generated THz beam and is shown in Fig. 

4.18. The package also features two DC pins for biasing the antenna-integrated photodetectors, 

as well as means to couple the SMF to the POW of the antenna-integrated PD chip. 

 

Fig. 4.17 High-power chip-level measurements of an LPTA-integrated photomixer at a DC-bias level of  

-2V and a photocurrent up to -6 mA at 33 GHz, 100 GHz, 200 GHz and 300 GHz. 

 

Fig. 4.18 Top view of a packaged antenna-integrated photomixer (left hand) and bottom view (right hand) 

showing the quasi-optics for efficient radiation pattern generation. 
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4.1.3 460 GHz antenna integrated travelling-wave TW photomixers 

This section reports on an integrated resonant 460 GHz photonic transmitter module employing 

an ultra-broadband travelling wave (TW) waveguide InP photodetector which is monolithically 

integrated with a resonant dipole antenna. Optical heterodyne submm-wave generation at 460 

GHz is experimentally reported. At first, the configuration of the monolithically integrated 

photonic transmitter chip and the hybrid transmission module is described. Next, the ultra-

broadband performance of the developed 1.55 µm photodetector is experimentally investigated 

and finally, the classical solid state Gunn oscillator and tripler chain of an astronomical 

heterodyne receiver is completely replaced by the photonic transmitter module. In the 

experiment, the photonic module is used to generate a 460 GHz submm-wave local oscillator 

(LO) signal which is further utilized to pump the superconductor-insulator-superconductor (SIS) 

junction of the astronomical receiver. It is shown that the photonic transmitter module meets the 

LO power requirements for such an astronomical receiver.  

 

Fig. 4.19 Schematic drawing of the integrated 460 GHz photonic transmitter. 
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A sketch of the integrated photonic transmitter module is shown in Fig. 4.19. The module 

contains an ultra-broadband waveguide InP-based TW photodetector designed for operation at 

1.55 µm wavelength which is similar to the photodetectors presented in the sections above. The 

InP-based waveguide structure of the p-i-n detector consists of a quaternary InGaAsP passive 

core and a 100 nm thin ternary InGaAs absorbing layer adjacent to the p-doped top InAlAs 

cladding layer. The bottom cladding layer was realized using an n-doped InP layer. The 

waveguide photodetector was monolithically integrated with a planar full-wave slot antenna 

resonant at 460 GHz. Furthermore, a passive bias-T was integrated employing radial stubs as 

low-pass filters. The SEM picture in Fig. 4.20 shows a top view of the waveguide photodetector 

with the integrated planar slot antenna, as well as the radial stubs and the bias feed line. Finally, 

the integrated photodetector chip was mounted on a hemispherical silicon lens with a diameter of 

10 mm. This lens couples the antenna to free space, producing a near Gaussian submm-wave 

beam that can be re-imaged on any receiver optics. Details on the antenna geometry, bias-T 

circuitry and mixer block will be presented elsewhere. 

 

 

 

Fig. 4.20 SEM picture of waveguide photodetector with integrated slot antenna and bias-T circuitry. 
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The frequency response of the TW photodetector was characterized using an experimental set-up 

for optical heterodyning. A description of the set-up, allowing for frequency response 

measurements up to 170 GHz, can be found in [125]. For those measurements, cleaved rib 

waveguide detectors without antenna and bias-T were fabricated and tested using commercial 

coplanar on-wafer probes to contact the detectors. The length and width of the investigated 

devices were 50 µm and 6 µm, respectively. The detector exhibits a DC responsivity of 0.2 A/W 

at a reverse bias of 7 V and a maximum breakdown voltage in excess of 9 V. 

Fig. 4.21 shows a typical broadband frequency response from 25 GHz to 160 GHz with a total 

signal roll-off of about 10 dB between 25 and 160 GHz. It also shows the measured mm wave 

output power at a fixed beat frequency of 110 GHz versus the optical input power. The 

maximum mm wave power level achieved is as high as -11.5 dBm. It should be noted that the 

measured power levels only indicate the power delivered to the coplanar 50  probe. Due to the 

impedance mismatch between the electrical characteristic impedance of the photodetector 

(ZPD = 9 ) and the probe we expect the total power generated by the TWPD to be about 8 dB 

larger [125].  

 

Fig. 4.21 Generated mm-wave power versus beat frequency and versus optical input power at a beat 

frequency of 110 GHz. 
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Fig. 4.22 shows the photonic LO configuration in which the photonic transmitter module is used 

to pump an astronomical 460 GHz SIS-receiver. Two semiconductor lasers with a beat frequency 

of 460 GHz are used for optical heterodyne generation of the sub-mm signal in the photonic 

transmitter. The silicon lens transforms the sub-mm signal into a near Gaussian beam that is 

imaged on the receiver optics (lens and horn) and the SIS junction. All receiver components are 

at liquid helium temperature. For comparison, a 460 GHz solid state oscillator chain consisting 

of a Gunn oscillator with a subsequent tripler was first used to pump the SIS-junction. The 

output power of the solid state oscillator was adjusted for optimum sensitivity (i.e. lowest noise 

temperature) of the SIS-receiver, and the corresponding DC bias curve of the SIS-junction was 

recorded (solid line in Fig. 4.23). Hereafter, the solid state oscillator signal was replaced by the 

LO signal generated by the photonic transmitter module. Different DC bias curves of the SIS-

junction were recorded as a function of laser input power level, i.e. as a function of the detector’s 

photocurrent. As can be seen from Fig. 4.23, for a photocurrent of about 20 mA the sub-mm 

wave power generated by the photonic LO is sufficient for optimal pumping of the SIS-junction. 

Thus, the developed photonic transmitter fulfills the power requirements of a local oscillator for 

SIS-receivers at this high sub-mm wave frequency. In fact, the generated power is not at the limit 

yet; the photocurrent of the detector can be increased to a maximal value of about 60 mA. 

To my knowledge, at the time of publication this was the first time an InP-based photonic LO 

has been successfully employed to replace a solid state oscillator at sub-mm wave frequency. A 

fact offering promising perspectives for a distinct simplification and cost reduction, e.g. of 

astronomical heterodyne receivers for large telescope arrays like ALMA [143]. It should be 

noted that the photodetector itself is a broadband device and thus, the operating frequency band 

 

Fig. 4.22 Set-up for 460 GHz sub-mm wave generation and transmission into the SIS-junction of an 

heterodyne astronomical receiver. 
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of the photonic transmitter is defined by the resonant antenna. Experiments employing photonic 

transmitters at even higher frequencies up to 1 THz will be carried out in the very near future. 

 

4.1.4 1000 GHz ultra-wideband antenna and WR integrated photomixer 

To investigate the THz performance of photonic transmitters utilizing waveguide photomixers, 

the fabricated TWPD were integrated with an impedance matching CPW circuit having a 50  

output and they connected to a WR10 rectangular waveguide using a CPW-WR transition. The 

output of the WR10 waveguide was free-space coupled to a Golay cell for measuring the 

generated power up to THz frequencies (see Fig. 4.22). Here, neither impedance matching stubs 

nor any imaging quasi optical lenses were employed. Fig. 4.24 shows the measured relative 

output power versus sub-mm wave frequency up to 1 THz.  

As can be seen, below the cut-off frequency (< 59 GHz) of the TE10 mode, no power is detected 

since no mode can propagate within the WR10 at such low frequencies. Furthermore, it can be 

observed that the  

 

Fig. 4.23 DC bias curves of the SIS-junction as a function of optical pump power. Inset: sub-mm signal 

power versus DC-photocurrent. 
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measured power decreases with f 
-4

. This decrease is considered to be caused by the TWPD time 

constants, but also by a reduced coupling efficiency from the CPW to the higher order modes of 

the WR waveguide, as well as to increasing waveguide losses.  

To further study the coupling efficiencies of the CPW to higher order WR modes, the TWPD 

were integrated with WR8 and WR5 rectangular waveguides. This is because WR8 and WR5 

 

Fig. 4.24 Measured THz output power of a WR10 integrated 1.55 µm TWPD. 

Table 4.1  Calculated cut-off frequencies of the various TEmn and TMmn modes in WR8 and WR5 

waveguides. 

TEmn, TMmn waveguide modes TE10 TE20 

TE01 

TE11 

TM11 

TE21 

TM21 

TE30 TE31 

TM31 

Cut-off frequencies in WR8 73.8 147.6 165.1 208.8 221.5 266.2 

Cut-off frequencies in WR5 115.8 231.6 258.9 327.5 347.4 417.5 
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both exhibits a fewer number of higher order modes up to 400 GHz as compared to a WR10 

waveguide. In Table 4.1, the calculated cut-off frequencies are listed.  

The measured output power of these waveguide coupled transmitters is shown in Fig. 4.25. As 

can be seen, for both waveguide types a step-like frequency response is observed where the 

different steps appear in the vicinity of the cut-off frequencies of the higher-order modes. This 

implies that not only the frequency dependence of the TWPD causes the total roll-off of f 
-4

 

observed in Fig. 4.24, but also the frequency dependent coupling efficiencies from the CPW 

output of the TWPD to the higher order modes in the WR8 and WR5 waveguides.  

To further study the THz performance of the fabricated TWPDs and in order to circumvent the 

frequency dependent coupling efficiencies to higher order waveguide modes, the TWPDs were 

monolithically integrated with broadband planar bow-tie planar antenna structures.  

Fig. 4.26 shows the measured output up to 1 THz for a 115 µm long and 3 mm wide TWPD that 

was monolithically integrated with a 30  broadband bow-tie antenna. As can be seen, there is 

no power generated below ~20 GHz which represents the lower cut-off frequency of the 

integrated planar bow-tie antenna defined by the antennas dimensions. Within the frequency 

range from 25 - 100 GHz the frequency response remains reasonably flat, indicating that not 

only the TWPD quantum efficiency and the impedance of the CPW output of the TWPD are 

reasonable flat in that frequency range but also the input impedance of the integrated bow-tie 

 

Fig. 4.25 Measured frequency response of waveguide (WR8 & WR5) integrated photonic transmitter 

employing 1.55 µm TWPD. 
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antenna appears to be constant. At frequencies above 100 GHz up to 1 THz, the generated power 

drops with f
-3

, i.e. the decrease with frequency is somewhat “better” as compared to the WR 

integrated TWPD.  

 

4.2 60 GHz Electro-absorption transceiver (EAT) 

An optical key function in a full-duplex photonic-wireless communication network is the optical 

transceiver function for performing bi-directional and full-duplex conversion between the 

wireless and the optical domain. Several approaches for realizing such transceiver functionality 

exist; the most straight forward approach of course is integrating a laser for wireless-to-optical 

conversion and a photodetector for optical-to-wireless conversion. Within the research projects 

R-EAT 1 and R-EAT 2 funded by the Deutsche Forschungsgemeinschaft, a monolithically 

integrated transceiver component for full-duplex o/e- and e/o-conversion has been developed 

simultaneously. This work was continued in the European IPHOBAC project (annex I). The 

following section describes the development of a monolithically integrated reflective electro-

 

 

 

Fig. 4.26 Measured received power from an TWPD integrated with a planar bow-tie antenna. The THz 

power has been measured using a Golay cell. 
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absorption transceiver (R-EAT), as well as some fundamental component characterizations and 

system experiments. In section 5.5.1, the use of an EAT in a full-duplex mm-wave photonic 

wireless system is reported.  

With respect to dual-function (o/e- and e/o-converter) photonic components, Wood et al. from 

British Telecom previously reported on a dual-function vertical Fabry-Perot multiple-quantum-

well (MQW) modulator for bi-directional digital fiber-optic transmission [144] and Welstrand et 

al. [145] demonstrated a waveguide electro-absorption device as a modulator/detector element 

for analog fiber-optic links. However, in both cases, the electrical bias had to be adjusted to 

achieve either efficient optical modulation or detection. This requires a bias control circuitry and 

only allows half-duplex transmission. Full-duplex optical transmission using an MQW EA 

waveguide device in a frequency-division-multiplexed fiber-wireless system is reported in [146-

148], but the approach reported here requested some significant compromises with respect to the 

component’s layer structure which allowed only moderate maximum data rates up to 120 Mb/s. 

A solution to that problem was achieved in this work by developing a reflective electro-

absorption transceiver (R-EAT) employed in a looped-back configuration.  

 

Schematically, the functionality of an R-EAT in a looped-back configuration in is shown in Fig. 

4.27. For down link transmission, modulated light at a wavelength 1 (dashed blue arrow) is 

 

Fig. 4.27 Schematic set-up of a full-duplex transceiver function using individual optical components 

(upper, a) and the developed monolithic integrated R-EAT component (b) which fulfills the same function. 
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detected by the R-EAT and simultaneously, un-modulated light at wavelength 2 (solid red line) 

is modulated with the uplink data and reflected back into the fiber by the R-EAT. This way, full 

duplex communication is established. In that context, the term lopped-back configuration refers 

to the fact that no laser is integrated in the transceiver element but the R-EAT “just” modulates 

the incoming continuous-wave (cw) light. It is worth mentioning that the term “electro-

absorption transceiver” and its respective abbreviation “EAT” was first introduced in this work 

in [149] and is now widely used worldwide, e.g. in 2008 and as a result of the IPHOBAC project, 

first EAT and R-EAT components were commercialized by CIP Technologies Ltd. [150].   

As mentioned above, a “straight forward” optical transceiver would usually consist of a hybrid 

integrated laser and a photodetector. In this work, the idea was to develop a reflection type 

transceiver consisting of a single optical waveguide section with a sinlge fiber-chip coupling at 

the front facet and a high-reflective back facet coating. This concept relies on the physical 

phenomena of the wavelength dependent electro-absorption effect in multiple quantum well 

(MQW) structures. The fundamental absorption close to the first order quantum well transition 

wavelength in the MQW structure is rather small but can be substantially increased due to the 

quantum confined Stark effect (QCSE) by an electric field. On the contrary, the fundamental 

absorption at smaller wavelengths can be as large as 10
2
-10

4 
cm

-1
 and it remains high, even in the 

presence of an electrical field [151, 152]. This physical phenomenon allows to efficiently detect 

(by fundamental interband absorption processes) modulated light with a wavelength somewhat 

smaller than the first order QW transition and to simultaneously modulate light with a 

wavelength close to the first order QW transition. The term “electro-absorption transceiver” thus 

refers to the underlying physical mechanism employed.  

First, a simulation tool entitled “InGaAsP” was developed for designing the active MQW layer 

of the R-EAT in such a way that light at 1.3 µm is absorbed, whereas efficient modulation occurs 

at 1.55 µm wavelength. For achieving efficient modulation at 1.55 µm wavelength, it was 

decided to grow a pin double hetero-structure waveguide layer with an active intrinsic  

In1-xGaxAsyP1-y MQW layer on InP substrate. With the developed simulation program it is 

possible to calculate the absolute energy positions of the conductance and valence band edges, 

the effective masses of the electrons and of the light and heavy holes in dependence of the 

material composition.  
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Fig. 4.28 shows the calculated band 

gap energies in meV for bulk  

In1-xGaxAsyP1-y grown on InP as a 

function of the Gallium content x and 

the Arsenide content y. The modeled 

band gap energies were compared to 

available data in the literature [153]. 

Here, a very good agreement was 

found within the strain region between 

-1% to +1% with a maximum 

deviation of the band gap energies 

below 10 meV, only. Using the 

additionally developed programs QW-

Sim and R-EAT, the QW energy 

levels, the fundamental absorption in 

the MQW structure, the absorption 

change due to the QCSE and  the 

behavior of the optical cavity of the R-

EAT were simulated [154]. Finally, the 

designed InGaAsP/InP double hetero 

structure was grown using metal organic vapour phase epitaxy (MOCVD) by the project partner 

Fraunhofer Heinrich-Hertz Institut (FhG-HHI).  

The optical mode evolution in the double hetero-structure waveguide was investigated using a 

commercial simulation tool BPM-CAD from OptiWave Inc. which is based upon the beam-

propagation method (BPM). Fig. 4.29 shows the simulated confinement factors for the 

fundamental and first order TE- and TM-modes as a function of the ridge height. As can be seen 

from Fig. 4.29, the strip-loaded waveguide with a maximum ridge height of about 650 nm 

ensures single-mode operation.  

 

Fig. 4.28 Band gap energies in meV depending on the 

Gallium concentration x and the Arsenide concentration y. 

Indicated are also relations for lattice matched InGaAsP on 

InP as well as for -1% tensile and +1% compressive 

strained bulk InGaAsP on InP.  
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To simulate the modulation and detection performance of the R-EAT, a further model based 

upon the transfer-matrix method was developed. Here, the R-EAT is considered as a quasi-one-

dimensional electroabsorptive Fabry-Perot resonator (FPR) with a length L and a front and back 

intensity reflectivity Rf and Rb, respectively. The absorption and reflection coefficients of the 

active materials  and n were also considered. Given that the absorption coefficient is not too 

large, multiple interferences between the front and the back facets occur, which is studied by 

using the developed model.  

The power reflectivity R at the front facet, as well as the power transmitivity T at the rear facet 

can be derived using the Airy-functions [155] 
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Fig. 4.29 Optical confinement factor for fundamental and first order TE and TM modes as a function of 

the rib height. The inset schematically shows the cross section of the double hetero structure waveguide 

layer. 
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Here,  denotes the optical confinement factor as shown in Fig. 4.29,  the fiber-chip coupling 

efficiency,  the absorption coefficient and n the refractive index. The voltage dependency of  

and n is considered using the following approximations

In the following the refractive index, variation was neglected and the field-induced absorption 

changes were modeled using the following approach 

Here, the constants C and n are depending on the operating conditions, as well as on the applied 

voltage.  

The multiple propagation in the cavity of the R-EAT results in the fact that the reflective 

approach improves the modulation performances of the R-EAT as compared to those of a single 

path EA modulator (EAM) having the same length. This can be easily demonstrated using the 

developed model. For an ideal single-path modulator with input and back facet reflectivities of 

0%, the extinction ratio can be derived from eq. (71) to be 

Contrary, the extinction ratio for an ideal reflective type R-EAT with a front reflectivity Rf = 0% 

and a back reflectivity of Rb = 100% is 

Thus, for the same length and for the same absorption changes, the extinction ratio is twice as 

large or, in other words, the required voltage swing according to eq. (74) is somewhat smaller, as 

can be seen from eq. (74) 
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A drawback of the reflective approach is seen in the spectral modulation performance, especially 

in the on-state, i.e. when no voltage is applied and the absorption is at its minimum. In that case, 

the spectral response of the R-EAT cavity results in an unwanted spectral modulation of the 

reflected light with a maximum power variation L given by the following equation:  

In Fig. 4.30 (left), the maximum power variation L of the light reflected at the front facet is 

shown as a function of the front facet reflectivity and the on-state single-path loss for a back 

facet reflectivity of 95%. As can be seen, to suppress the unwanted power spectral variation, the 

front facet reflectivity should be as small as possible. Given the fact that the on-state single-path 

loss typically is about 1-2 dB because of light scattering at the rough ridge edges, the front facet 
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Fig. 4.30 Maximum power variation L of the light reflected at the front facet as a function of the front 

facet reflectivity and on-state single-path loss for a back facet reflectivity of 95% (left). Measured front 

facet spectral reflectivity after AR coating, using a 215 nm thick SiO /4 layer.   
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reflectivity must not be larger than 1%. To achieve this, the front facets were AR-coated using a 

215 nm thick SiO /4 layer. As can be seen from Fig. 4.30 (right), the front facet reflectivity was 

below 1%, as necessary. 

The technological processing of the R-EAT chip was carried out within the clean room facilities 

of Universität Duisburg-Essen. The photolithographic masks were designed and digitalized 

using AutoCAD R14, the Chromium masks were fabricated using a HeCd-Laser lithograph 

process. Since the minimum resolution was in excess of 1 µm, standard contact lithograph and 

wet chemical etching were used for the chip fabrication process. Also, the Ti/Pt/Au and 

Ge/Ni/Au metal contacts were fabricated using contact lithograph and electron-beam evaporation 

in an ultra-high vacuum chamber. Schematic drawings and scanning electron microscopic (SEM) 

photos can be seen in Fig. 4.31. A special V-groove technology was developed for fiber-chip 

coupling [156, 157]. 

  

  

Fig. 4.31 Schematic top view of the R-EAT showing the V-groove in front of the active R-EAT section 

supporting the fiber-chip coupling and the bended coplanar 50  transmission lines, ensuring high-

frequency operation (top left), close-up drawing of the R-EAT front facet with anti-reflection (AR) 

coating (top right), SEM photo of the T-shaped front facet (bottom left), and SEM picture of the front 

facet with V-groove (bottom right). 
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The active section of the fabricated R-EAT is typically about 100 µm long, the average 

reflectivity of the AR-coated front facet was Rf = 0.6% at a wavelength of 1.55 µm. The 

reflectivity of the high-reflective (HR) coated back facet is about ~96% at 1.55 µm wavelength. 

This way, the maximum spectral input power variation was below 1 dB.  

The fabricated R-EAT typically exhibits a 100 µm long EA section, the average the reflectivity 

of the anti-reflection (/4-SiOx) coated front facet was as low as 0.6% at a wavelength of 1.55 

µm. The reflectivities of the high-reflection coated back facet (SiOx/Au) were typically in the 

order of ~96% at 1.55 µm wavelength. Because of this, the maximum variation of the spectral 

insertion loss was reduced to below 1 dB. For high-frequency operation, the active EA section of 

the R-EAT was connected via CPW structures. For electrical passivation of the center conductor, 

a polyimide passivation layer was used [154]. Fiber coupling of the active EA section to an SMF 

has been achieved using an special InP V-groove technology and ball lenses [156-158]. In 

comparison to coupling the EA section to cleaved SMF, the coupling efficiency could be 

improved by 6.4 dB. 

As designed, the operating optical input wavelength region is around 1.55 µm, precisely it was 

found to be 1.52-1.57 µm. At a reverse DC bias of only 2.5 V, a maximum modulation contrast 

in excess of 12 dB has been achieved at 1.55 µm wavelength and a maximum responsivity of 

0.37 A/W at 1520 nm wavelength [154]. The maximum modulation speed for the transmit and 

receive function was higher than 3.5 GHz. A further improvement of the modulation contrast up 

to 10 GHz appears feasible when using an additional electrical impedance matching circuitry. 

In order to experimentally verify the system compatibility of the fabricated R-EAT, the 

components were used for different fiber-optic transmission systems.  

  

Fig. 4.32 Fundamental and third order output power versus electrical input power for transmit (left) and 

receive (right) operation. 
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 In [159], the simultaneous transmission of a 

1 Gbit/s base band signal and a full-duplex 

WLAN signal at 2.4 GHz was successfully 

achieved. The receiver sensitivity of the R-EAT 

was below -9 dBm for 1Gbit/s (NRZ, 2
31

-1, 

BER < 10
-9

) ASK signal. The measured spurious 

free dynamic ranges (SFDR) for transmit and 

receive operations were measured to be 

75 dB/Hz and 90 dB/Hz in a 1 Hz bandwidth, 

respectively. Furthermore, the fabricated R-

EATs were successfully employed for base band 

transmission up to 5 Gbit/s. The usage of R-

EAT in broadband millimeter-wave photonic 

wireless systems will be discussed in detail in 

section 5.5.1.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.33 Bit error rate versus received optical 

power for a 1 Gb/s ASK signal using either the  

R-EAT as receiver or a commercial PD.  
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5 Broadband Photonic Millimeter-Wave Wireless Systems 

This section puts a focus on today’s importance of broadband fixed wireless communications 

and the role and advantages Microwave Photonics can bring to this application field. At first, it 

will be shown that there is a great economical need for broadband wireless systems that could 

offer much higher data rates than today’s wireless systems. Next, new broadband wireless 

architectures based upon advanced photonic technologies and components will be presented and 

discussed. Experimentally, world record performances in terms of maximum wireless data 

capacity and spectral efficiency will be reported in this section.  

The total throughputs of today’s communication systems continue to increase at a more or less 

constant rate which is not at the least driven by the raising demand in multimedia services and 

the ever increasing number of new applications. This can be seen e.g. from internet traffic. For 

instance, the worldwide leading Internet exchange note; the German Internet Exchange (DE-

CIX) located in Frankfurt am Main, frequently reports new traffic records [160]. DE-CIX is 

connecting all major German internet services providers, many international ISPs and 

organizations like the National Research Network and DFN. Fig. 5.1 shows the peak and average 

traffics at DE-CIX. As can be seen, average traffic has quadrupled within two years; from about 

95 Gbit/s in June 2007 up to 380 Gbit/s in June 2009. Also, the peak traffic has quadrupled in 

 

Fig. 5.1 Average internet traffic and peak internet traffic at the worldwide leading internet exchange 

note (DE-CIX) located in Frankfurt am Main [160]. Courtesy from DE-CIX. 
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that time period. It is noteworthy mentioning that the highest peak traffic in 2009 has already 

approached the 1 Tbit/s margin.  

Obviously, the ever increasing inter-

net traffic has required frequent 

advances of the maximum data 

capacities of the underlying physical 

transport layer. With respect to 

wired internet access, this has been 

made possible by using fiber-optic 

communication technologies which 

have played a crucial role in enabl-

ing broadband internet access. 

Fiber-optics is advantageous com-

pared to copper and other wired 

technologies whenever high aggre-

gate data rates or long transmission 

distances are involved. Consequent-

ly, as optoelectronic component and 

integration technologies have matur-

ed, fiber-optic communications has 

gradually replaced electronic 

solutions in the long-haul inter-

continental and continental links as 

well as in many metropolitan area 

networks. With massive fiber-to-

the-home (FTTH) deployments in 

Asia, the US and some countries in 

Europe, fiber-optic communications 

is now underway to replace electronic transport systems even in the shorter-reach access 

networks.  

 

5.1 Applications and worldwide markets 

The emergence of the many new “bandwidth hungry” multimedia applications is not only 

influencing the capacity of fiber-optic communication systems. Also mobile data service is 

booming today, and there is no doubt that wireless networks will face a capacity crunch soon. 

 

Fig. 5.2 Distribution of handsets by network generation for 

Western Europe [161]. 

 

Fig. 5.3 Mobile data use in Hong Kong [162]. 
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Indeed, a 2008 market study from the ICT advisory brand of the Datamonitor Group OVUM 

forecasts mobile broadband (or mobile internet) users in excess of 2 billion worldwide by 2014 

[163] (just under one third of the total earth population!) – an increase of about 1100% as 

compared to figures in 2008. For Europe, the forecasted number varies a lot from one study to 

the other and ranges between 140 and 440 million users in 2014 [161, 164, 165]. Whatever is the 

most realistic forecast, the growth in data usage that mobile operators will have to face in the 

near future is enormous. 

Currently worldwide mobile data and internet traffic is doubling about every 18 months and 

operators encourage subscribers to migrate from previous generation mobile standard GSM with 

a bandwidth of a few hundred kilobits per second over HSPA to LTE, offering a peak bandwidth 

of up to 150 Mbit/s. This rapid migration from traditional voice only subscription to broadband 

enabled ones is illustrated for Western Europe in Fig. 5.2. In densely populated areas, the traffic 

increase is even stronger. For example in Hong-Kong [162], the mobile internet traffic has 

quadrupled in only one year, reaching an average of 60 MB in mid-2009 per user per month (Fig. 

5.3). This in turn has caused quality of service issues as users have started to use peer-to-peer file 

exchanges via their mobile broadband connections. This trend is certainly going to continue and 

even probably be reinforced in the coming year as the difference between fixed broadband and 

mobile broadband services/usages is decreasing [165]. Indeed, the market price for mobile 

broadband is decreasing faster than its fixed counterpart with ever increasing data rates available 

leading to people switching their internet habits and usages from DSL to mobile. 

The combination of all these factors, i.e. the worldwide 

trend towards more mobile broadband services and a 

higher number of users using these broadband services, 

induces a very strong predicted growth on data capacity 

to be transported over the wireless backhaul networks 

for mobile telephony. In [164], it is forecasted that 

mobile telephony downlink traffic per month and per 

10 million users will increase over the capacity of 3G+ 

mobile standard by 2012. This traffic metric is directly 

linked to the one that the wireless backhaul network 

will have to carry in the coming years.  

This exploding capacity requires new paradigms for the wireless backhauling systems in mobile 

networks. Today, the backhaul in mobile network is primarily constructed with microwave 

point-to-point links. On average over all operators, the proportion of wireless links in the mobile  

 

Fig. 5.4 Wireless backhaul global mix in 

2010 [166]. 
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backhaul network is around 56% (Fig. 5.4) [166]. The main driver to install wireless connections 

for mobile backhauling is the reduced necessary investments compared to installing a new cable 

between the base station and the backhaul network connection point. Furthermore, the evolution 

of mobile standards towards higher bandwidth, as well as the necessity to reduce the power 

radiated by base stations in the future will require the densification of the base station 

installations. This will lead to an important extension of the backhaul network towards denser 

points of presence and shorter links, around 2 km long (see Fig. 5.6). This is completely 

compatible with the capabilities of mm-wave radio links. In this prospect, it is vital for future 

wireless backhauling that high capacity wireless links approaching today 1 Gbit/s and in the near 

future 10 Gbit/s are being developed (especially as the traffic from many cells will be aggregated 

when transported to the nearest point of presence). This is seen as an enabler for a major market 

[167]. Future wireless backhauling for broadband access in rural areas where fixed lines are 

 

Fig. 5.5 Schematic architecture of a wireless system. Courtesy from Alcatel-Lucent. 

 

Fig. 5.6 Example of the average hop length variation across Europe, North Africa and western parts of 

Russia calculated with ITU rain model in km for 1 Gbit/s and 99.999% availability. Courtesy from 

Alcatel-Lucent. 
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unavailable (fiber extension) will even require radio systems offering today 10 Gbit/s and 40 

Gbit/s in the future.  

The current limitation in capacity is likely to becoming a bottleneck in wireless networks soon. 

When looking at the architecture of a typical wireless system architecture depicted in Fig. 5.5, it 

becomes clear that with increasing rates in the last mile, e.g. due to the evolution of mobile 

systems, the backhauling fixed wireless systems e.g. in the aggregation part of the networks will 

have to handle much higher capacities in the future, requiring gigabit or even multi-gigabit per 

second wireless systems. 

But those future “Gigabit Wireless” systems would not only be useful and necessary for mobile 

backhauling. Broadband wireless systems are also expected to play an important role in future 

internet access for providing an alternative technology to FTTH deployments. Such an 

alternative is strongly required. Even when assuming 1 Mio. FTTH access note deployments a 

year, which is far from reality, it would last for about 40 years to connect all households in 

Germany. Obviously, an alternative fast deployable access technology would be very beneficial, 

especially for remote areas.  

Other scenarios requiring an almost instant deployment are e.g. disaster recovery or bridging 

failed out Gigabit Ethernet fiber-optic links. For such applications, Gigabit wireless links would 

also offer an attractive alternative to existing fiber-optic but also to free-space optic 

communication systems, provided the capacities of wireless systems can eventually cope with 

those of fiber-based communication systems.  

As stated above, mobile backhauling is one of the key markets for broadband millimeter-wave 

wireless systems fuelled by mobile broadband expected revenues where tremendous growth is 

forecasted. For instance (Fig. 5.7), OVUM forecasts that mobile broadband revenues will have 

doubled by 2013 with a total market of over 110 billion dollars [163]. It is key for operators to be 

able to respond to the increasing service demand over mobile telephony as this market growth is 

today compensating for the stagnant more traditional market for voice and messaging services 

[163]. 
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In [168], it is forecasted that a traffic higher than 140 Mbit/s is to be available at each base 

station by 2012. This will result on an increase of the number of base stations and associated 

backhaul links in urban areas of developed countries (which represents one fifth of the actual 2.3 

Million cell sites as reported in [168]) by a factor that operators already estimate between 5 and 

10 compared to the actual situation [169]. As immediate obvious consequence, this will reduce 

the distance between one base station to the other which is today on average as small as 1 to 2 

km for urban and sub-urban areas and will potentially lead to reduced radio emission levels for 

the users and to higher energy efficiency for the operators (see also Fig. 5.6).  

This booming mobile telephony market pushes the market for mobile wireless backhaul 

equipment by 19% year-on-year for 2008 [170]. The forecast for the mobile backhaul equipment 

market is shown in Fig. 5.8. The market was evaluated in 2008 to be 5.8B$ with 54% share for 

wireless, while for 2013, it is estimated to be 14.3B$ with 49% share for wireless. Similar trends 

are forecasted in [168] and [170]. This decline in the share of the market for wireless backhaul 

systems is partly due to the need for increased capacity and the perceived limited bandwidth 

offered by today’s wireless systems.  

 

Fig. 5.7 Revenue from mobile broadband per geographic region for years 2008 to 2014 [163]. 
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The time frame needed for this increase will obviously depend on the success of those new 

services (which is already much higher than expected a year ago), but also on the capability of 

operators to invest and to get a rapid return on investment despite the low increase of revenues 

linked to a data rate increase. Without risk of error, it can be stated that this has to be 

accomplished before the next ten years, and operators will not be able to wait for the arrival of 

fiber (with the appropriate bit rate >100 Mbps) to all their future potential base station sites but 

must find other backhaul solutions potentially representing a lower TCO (Total Cost of 

Ownership) portion than the 25% that laying new cables represents today on the actual networks. 

For this reason, today, point-to-point broadband wireless systems operating in the millimeter-

wave bands have become a real chance due to their larger channel capability as compared to 

microwave wireless systems, their easy licensing rules, their gaseous attenuations which are in 

the same range as for microwave frequencies and due to the fact that they have been hardly used 

up to now enabling the definition of engineering rules to maximize their usage. Unfortunately, 

the few actual millimeter-wave products available on the market are not in line with most 

operators’ expectations for a large deployment due to their relatively high cost per link and poor 

spectral efficiencies (~0.5-1.0 bit/s/Hz). If one adds to that the actual apparent limitation of those 

commercial wireless systems in reaching higher data rates like 10 or even 40 Gbit/s, which 

would be necessary in the future, operators may decide to opt anyway for the installation of an 

optical infrastructure for mobile backhauling, hence leading to massive investments and delay in 

implementing successfully the necessary evolution of future mobile networks. 

 

 

 

Fig. 5.8 Global mobile backhaul equipment market by media type for 2006-2013. Market data on the 

right hand side graph is in million dollars [171]. 
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In summary, the major outdoor applications that can potentially be addressed by broadband 

wireless systems can be summarized as follows: 

 Millimeter-wave mobile backhauling 

 Fiber-extension 

 Wireless access 

 Shot-range secure wireless transmission 

 Fast-deployable wireless systems, e.g. for disaster recovery 

 Fiber-repair  

 

 

5.2 Worldwide regulations and standardizations 

In view of the future market for broadband wireless as discussed in the section above, regulatory 

bodies in Europe, Japan, the United States, and other countries have allocated frequency bands in 

the millimeter-wave frequency range for such services. For enabling future “Gigabit Wireless” 

systems, larger channel bandwidths allowing more simple modulation formats (e.g. OOK) and 

thus the use of simple and cost effective transmitters and receivers, were necessary. Because of 

the congestion in the microwave bands, millimeter-wave bands were allocated. Especially the 60 

GHz band has been regulated for unlicensed use and the 71-76 GHz and 81-86 GHz bands are 

allocated for licensed use.  

In this section, the issued and proposed frequency allocations and main specifications for radio 

equipment in a number of countries worldwide will be summarized. As those regulations were 

issued already in view of a potential market before any technical system was available, it is 

obvious that they are frequently adapted by regulatory bodies for harmonization reasons, but also 

for technical and safety reasons. Thus, the following summary reflects the actual situation in 

some key countries while intense efforts in other countries are currently underway.  

As the general objective of this work is in realizing RoF systems providing gigabit or even multi-

gigabit per second data speeds, only the regulations and standardizations in the millimeter-wave 

range offering sufficient bandwidth will be covered. Therefore, regulations for wireless services 

in frequency bands below 57 GHz offering a maximum channel bandwidth of 56 MHz (50 MHz 

in North America) will not be looked at. For Europe, more information on those microwave 

point-to-point systems operating in bands between 1 GHz and 58 GHz can be found in a single 

multi-part regulation [172].  
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5.2.1 Unlicensed wireless services in the 60 GHz band 

The 57-64 GHz band has been set for license-free usage of fixed wireless services in many parts 

of the world. In 2000, the Ministry of Public Management, Home Affairs and Posts and 

Telecommunications (MPHPT) in Japan issued 60 GHz radio regulations for unlicensed 

utilization in the 59-66 GHz band [173]. The maximum transmission bandwidth within the 

60 GHz band was limited by MPHPT and must not exceed 2.5 GHz. The maximum transmit 

power and antenna gain are 10 dBm and 47 dBi, respectively. In 2001, the United States Federal 

Communication Commission (FCC) allocated 7 GHz in the 57-64 GHz band also for unlicensed 

use of wireless services. These allocations were last modified in 2008 [174], specifying a 

maximum transmit power (for emission bandwidth greater than 100 MHz) and a maximum 

equivalent isotropic radiated power (EIRP) of  27 dBm and 43 dBm, respectively. In contrary to 

Japan, the bandwidth in the US is not limited, i.e. the use of a total bandwidth of 7 GHz is 

permitted. The 60 GHz regulations in Canada regulated by Industry Canada Spectrum 

Management and Telecommunications (IC-SMT) is harmonized with the US [175]. With respect 

to regulation, the situation in Europe is somewhat more complex. In 2005 (revised in 2009), the 

Electronic Communications Committee (ECC) within the Commission for European Post and 

Telecommunications (CEPT) released recommendations for a European-wide frequency band for 

fixed services using the 64-66 GHz band [176]. In 2007, the European Telecommunication 

Standards Institute (ETSI) released technical specifications for wireless systems operating in the 

60 GHz range [177]. Based upon these specifications, the Bundesnetzagentur (BNetzA) in 

Germany allocated the 59-63 GHz band for unlicensed fixed wireless services but limited the 

maximum bandwidth to 2 GHz. Finally and very recently, in 2009, ECC released new 

recommendations for fixed wireless services in the 57-64 GHz range [178]. These 

recommendations provide power limits for radio equipment being used for short distance 

(approx. 1 km), high capacity wireless links operating at 57-64 GHz, in conjunction with the 64-

66 GHz band specified in [176]. According to these recommendations, maximum transmit 

power, maximum EIRP and minimum antenna gain are 10 dBm, 55 dBm, and 30 dBi, 

respectively. Also in 2009, the Australian Communications and Media Authority (ACMA) 

provided power limits for data communication wireless transmitters operating in the 57-66 GHz 

region [179] and in South Korea, the 57-64 GHz is allocated for unlicensed use [180].  

Table 5.1 summarizes important worldwide regulations for wireless services in the 60 GHz band. 

As can be seen from that table, the maximum permitted bandwidth in the 60 GHz band is 

significantly larger than for any microwave wireless system [172]. In many parts of the world, 

there is no channel segmentation in place and aggregation of the total bandwidth is permitted, 

resulting in a maximum usable bandwidth of up to 7 GHz, in some places even 9 GHz are 

possible. This huge bandwidth allows for the deployment of cost effective single channel 
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wireless systems with rather simple modulation schemes (e.g. OOK) providing gigabit per 

second speeds. Even 10 gigabits per second are feasible with single channel systems using a 

more complex modulation scheme (e.g. 8-QAM).  

5.2.2 Licensed wireless services in the 71-76 GHz and 81-86 GHz bands  

In the United States, the FCC made a historic ruling in 2003 [181], opening up 12.9 GHz of 

spectrum at frequencies much higher than had been commercially available before. In detail, 

FCC allocated the 71-76 GHz, 81-86 GHz and 92-95 GHz except the 94-94.1 GHz portion which 

is for exclusive Federal Governmental use. These regulations were last modified in 2005 [182]. 

Canada has adopted the same bands with the same technical specifications and licensing 

regimens as the USA in 2005 [183]. Also in 2005, the ECC within the Commission for European 

Post and Telecommunications released a European-wide frequency channel plan for fixed 

service systems in these bands, which was last modified in 2009 [184]. In 2006, the European 

Technical Standards Institute (ETSI) released technical specifications covering the 71-76 GHz 

and 81-86 GHz bands [185]. Similar specifications are also effective or proposed for the United 

Kingdom [186] and Australia [187]. 

Of particular interest is the 10 GHz of bandwidth at 70 and 80 GHz bands. Designed to coexist 

together, the 71 to 76 GHz and 81 to 86 GHz allocations allows up to 5 GHz of full duplex 

transmission bandwidth; enough to transmit a gigabit of data even with the simplest modulation 

schemes. With more spectrally efficient modulations, full duplex data rates of 10 Gbit/s can be 

envisaged.  

Table 5.2 summarizes relevant worldwide regulations and recommendations for radio equipment 

to be used in those frequency bands. As can be seen from that table, for the E-band altogether 

nineteen 250 MHz channels are defined within each 5 GHz band in Europe (four 1.250 MHz 

channels in North America), with a 125 MHz guard band at the bottom and the top of the band. 

Also, aggregation of any number of channels, from 1 to 19, is permitted. Standards also permit 

pairing, i.e. using one RF channel in the 70 GHz for down- and another RF channel in the 80 

GHz band for uplink transmission.  
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Table 5.1 Worldwide frequency allocation for unlicensed wireless services in the 60 GHz band. 

Region 

 

Unlicensed 

frequency 

range 

 

Channel 

segmentation 

Maximum 

bandwidth 

RF  

tolerance 
Modulation 

max. Tx 

power 
EIRP 

min. antenna 

gain 
Reference(s) 

Europe 57-66 GHz 

various seg. 

240 MHz LGB 

120 MHz UGB 

8,640 GHz  

Various incl. 

OOK,  

OFDM-16QAM 

10 dBm 55 dBm 30 dBi [178], [188] 

Germany 59-63 GHz  
2 GHz 

(min. 150 MHz) 
not spec. not spec. not spec. 40 dBm 35 dBi [189] 

USA 57-64 GHz not spec. 
7 GHz 

(min. 100 MHz) 
 not spec. 27 dBm 43 dBm not sepc. [174] 

Canada 57-64 GHz not spec. 
7 GHz 

(min. 100 MHz) 
 not spec. 27 dBm 43 dBm not spec. [175] 

Japan 59-66 GHz  2.5 GHz 
+/- 

500 ppm 
 10 dBm  max. 47 dBi [173] 

Australia 57-66 GHz  9 GHz  not spec. 13 dBm 
43 dBm

1
 

51.7 dBm
2 not spec. [179] 

Korea 57-64 GHz  7 GHz   10 dBm   [180] 

1,2 In Australia, two different maximum EIRP levels are defined; for indoor max. EIRP is 43 dBm, for outdoor use it is 51.7 dBm. 
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Table 5.2 Worldwide frequency allocations for licensed wireless services in the 71-76 GHz and 81-86 GHz frequency bands. 

Region 

Licensed 

frequency 

range 

Channel 

segmentation 

Maximum 

bandwidth 

RF  

tolerance 
Modulation max. Tx power EIRP 

min. 

antenna 

gain 

Reference 

Europe 

71-76 GHz 

19x250 MHz 

125 MHz LGB  

125 MHz UGB 

4.75 GHz
+ +/- 

150 ppm 

Various incl. 

OOK, 128-QAM 
30 dBm 75 dBm 43 dBi [184], [185] 

81-86 GHz 

19x250 MHz 

125 MHz LGB 

125 MHz UGB 

4.75 GHz
+ 

+/- 

150 ppm 

Various incl. 

OOK, 128-QAM 
30 dBm 75 dBm 43 dBi [184], [185] 

USA 

Canada 

71-76 GHz 4x1250 MHz 5 GHz* not spec. 

Various incl. 

OOK 

min. 0.125 bit/s/Hz 

27 dBm 

1.5 mW/Hz 
85 dBm 43 dBi 

[181], [182], 

[183] 

81-86 GHz 4x1250 MHz 5 GHz* not spec. 

Various incl. 

OOK 

min. 0.125 bit/s/Hz 

27 dBm 

1.5 mW/Hz 
85 dBm 43 dBi 

[181], [182], 

[183] 

92-94 GHz no segmentation 2 GHz*  min 1 bit/s/Hz.     
[181], [182], 

[183] 

94.1-95 GHz no segmentation 0.9 GHz*  min. 1 bit/s/Hz    
[181], [182], 

[183] 

Australia 

71-76 GHz 

no segmentation 

125 MHz LGB 

125 MHz UGB 

4.75 GHz
+ 

  t.b.d. t.b.d. t.b.d. [187] 

81-86 GHz 

no segmentation 

125 MHz LGB 

125 MHz UGB 

4.75 GHz
+ 

  t.b.d. t.b.d. t.b.d. [187] 

LGB and UGB stand for lower and upper guard band, respectively. 

+ In Europe and Australia, 70 and 80 GHz bands can be aggregated resulting in a total bandwidth of 8.5 GHz. 

* In the USA and Canada it is permitted to aggregate all 70-80-90 GHz bands resulting in a total bandwidth of 12.9 Hz. 
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5.2.3 Industrial standardization efforts 

With respect to the 60 GHz band, the first international industry standard that covered the 60 

GHz band is the IEEE 802.16 Standard for local and metropolitan area networks. This standard 

is for line of sight (LoS) wireless access systems. It was first published in 2001 and revised in 

2004; its actual 2
nd

 revised version IEEE 802.16-2009 was published in May 2009 [190]. In 

Japan, two standards related to the 60 GHz band were issued by the Association of Radio 

Industries and Business (ARIB) in 2001, that is the ARIB-STD T69 [191] and the ARIB-STD 

T74 [192]. The former is the standard for millimeter-wave video transmission equipment while 

the second one is for high-speed wireless LAN. Both standards cover the 59-66 GHz range 

defined in Japan. Both standards were updated in 2005. In 2005, the IEEE 802.15.3c task group 

(TG3c) was established to develop a millimeter-wave alternative physical layer for the existing 

IEEE 802.15.3 Standard for wireless personal area networks (WPAN). However, the IEEE 

802.15.3c group was somehow outpaced by ECMA International, a European association for 

standardizing information and communication systems. At the end of 2008, ECMA published a 

standard for high-rate unlicensed 60 GHz wireless systems for WPAN [188]. This standard 

covers video streaming and WPAN applications in the 10 meter range, video and data LoS 

applications over shorter range (1-3 meters), and data applications over PtP LoS wireless links at 

less than 1 meter range.  

 

5.3 Rationale for using photonics for future broadband wireless systems 

This section will explore the generic advantages of using Microwave Photonics and more 

specifically Radio-over-Fiber (RoF) techniques for future broadband fixed wireless systems 

operating in the millimeter-wave frequency range.  

Generally, the term “Radio over Fiber” (RoF) refers to a technology whereby light is modulated 

by a radio frequency (RF) signal and transmitted over an optical fiber link to facilitate wireless 

systems. Although radio transmission over fiber is used for multiple purposes, such as in cable 

television (CATV) networks and in satellite base stations, the term RoF is usually applied when 

this is done for broadband wireless networks. 

In RoF systems, wireless signals are transported in optical form between a central station (CS) 

which is also called base station controller (BSC) and one or a set of radio base stations (BS) or 

radio transceiver stations (BTS) before being radiated through the air. Each base station is 

adapted to communicate over a radio link with at least one receiving station or at least one user's 

mobile station. 
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RoF transmission systems are usually classified into three main approaches or categories: 

baseband over fiber, IF over fiber, or RF over fiber (see Fig. 5.9). This is differentiated, 

depending on whether the transported radio signal can be directly transmitted after o/e-

conversion (RF or radio over fiber) or requires electrical IF to RF or even baseband to RF up-

conversion after o/e-conversion before being transmitted via air. Since RF over fiber allows for 

the most compact BSs and thus the lowest [193, 194], only this approach will be studied in the 

following. 

In comparison to electronic baseband or RF transmission systems, RoF generally has the edge 

whenever high aggregate bit rates and/or long transmission distances are involved. Both 

advantages are deeply rooted in physics: First, the high optical carrier frequencies allow for high-

capacity systems at very small relative bandwidths. For example, a mere 2.5% bandwidth at a 

carrier frequency of 193 THz (1.55 μm wavelength) opens up a 5 THz chunk of continuous 

communication bandwidth. Such “narrow-band” systems are much easier to design than 

baseband or RF systems with a large relative bandwidth. To further emphasize this: The cost for 

an optical modulator (Mach-Zehnder type) for performing a 10 Gbit/s modulation of a 

millimeter-wave carrier, e.g. at 60 GHz or 70/80 GHz, in the optical domain is about a few 100€. 

On the contrary, doing the same in the electrical domain is not just much more expensive, it is 

almost impossible with current electronic technology.  

 

Fig. 5.9 Schematics of photonic techniques for signal generation and transmission of Gb/s wireless 

signals. Baseband over fiber with baseband to RF up-conversion in the BS (a), intermediate 

frequency (IF) over fiber with IF to RF up-conversion in the BS (b), and RF over fiber (RoF) (c).  
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Besides the ability to process high bandwidth signals, another key advantage of RoF is that it 

allows transporting high-frequency RF signals at low loss. Today’s optical telecommunication 

fibers can transmit an RF signal, e.g. 60 GHz, with less than 0.2 dB/km loss, the loss of a coaxial 

V-cable for 60 GHz is 6000 dB/km; more than four orders of magnitude larger. Obviously, this 

leads to very different system configurations. Whereas in all-electronic RF wireless systems all 

high-frequency electronics must be located in immediate proximity to the antenna, RoF systems 

enable centralizing costly electronics and optics required for high-frequency generation, 

modulation and processing in the BSC. This opens a path for so-called remote radio antennas 

reducing cost as it becomes possible to support more than just one antenna with the same 

centralized equipment.   

Another cost advantage of photonic wireless systems expected by mobile system vendors 

(private discussions with Nokia Siemens Networks) is due to the fact that a photonic approach 

can generally address different carrier frequencies with only just small variations. This is due to 

the fact that the photonic approach offers much wider bandwidth, i.e. in the photonic domain the 

actual RF carrier frequency can vary over large frequency ranges. Thus, it appears at least 

possible to provide a photonic wireless system that could operate at microwave as well as 

millimeter-wave frequencies. 

Furthermore, RoF greatly simplifies the configuration of BS, since each base station has only to 

perform optical to RF conversion and vice versa. Apart from the above mentioned three major 

advantages, other considerations sometimes come into play, such as the absence of 

electromagnetic interference or the low weight of optical fiber.  

It is noteworthy to mention that to the authors’ knowledge the recent demonstrations of 

broadband wireless systems with capacities in the ten gigabit range were all performed using 

photonic techniques.  

 

The following summarizes the key advantages of using RoF for broadband millimeter-wave 

wireless systems as discussed in this section: 

 RoF provides broadband modulation capabilities at low-cost 

 RoF enables the centralization of costly mm-wave components in the BSC 

 RoF allows low-loss RF signal transport over fiber and thus enables remote antenna sites  

 RoF can potentially address different frequency bands  

 RoF is immune to electromagnetic interference 

 RoF utilizes low weight optical fiber  
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5.4 Link model for broadband photonic mm-wave wireless transmission 

It is a challenge to design a wireless communication system that performs better than the state-

of-the-art, especially when the requirements call for very high data rates and high carrier 

frequencies. Not only the wireless channel for broadband communication introduces several 

major impairments, the optical transmission of the radio signal over fiber also introduces several 

limitations. Even when limiting only to LoS PtP wireless links, several radio channel 

impairments, such as spectral bandwidth limitations, free-space path loss, noise, rain and fog 

attenuation, interferences, multi-path fading and various other factors weaken, delay, and distort 

the transmitted signal. On top of that, fiber-optic impairments like chromatic dispersion distort 

the radio signal when being transmitted over fiber as discussed in chapter 3. Obviously, not all of 

these impairments and their impacts on the systems’ performance can be discussed in full detail 

within this work. However, as the focus of the work reported in this chapter is in developing a 

very high data rate photonic wireless system, a focus will be put on those impairments that have 

a major impact on the maximum wireless transmission rate. Knowing those impairments is an 

unconditional requirement for the development of photonic wireless systems operating at 

millimeter-wave carrier frequencies. 

 

5.4.1 Wireless transmission capacity  

Generally, the maximum transmission capacity of any wireless system per antenna polarization 

is determined by the well-known Shannon-Hartley theorem. This theorem or law gives a 

theoretical maximum bit rate that can be transmitted with an arbitrarily small bit error rate 

(BER), with a given average signal power over a channel with a bandwidth B which is affected 

by additive white Gaussian noise (AWGN), which is the case for most wireless as well as for 

most amplified optical transmission systems. Here, “arbitrarily” small BER means that, provided 

the conditions of the theorem are met, for any given BER, however small, we can find a coding 

technique that achieves this BER; the smaller the given BER, the more complicated will be the 

technique. The maximum achievable bit rate or capacity C in the case of a binary input channel 

is defined by the Shannon-Hartley theorem [195, 196] that states: 

 ,/1log 2 sbitin
N

S
BC 








  (79) 

where S/N is the mean square signal to noise ratio. To avoid calculating the logarithm to the base 

2, the maximum capacity C can be written as: 
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Assuming we transmit average signal per bit energy of Eb (Joules per bit) and the AWGN single 

sided power spectral density is N0, we can re-write eq. (80) to 
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where R is the data rate. If R is not too close to C or the BER is not too low, the transmitter and 

receiver may be fairly simple. Otherwise, more and more complex modulation and coding 

formats must be considered to achieve the required performance. If R is greater than C, it is not 

impossible to find a solution for a relatively high BER, but reducing that BER will lead to a 

situation where targets cannot be achieved. Thus, for any real technical system, the system’s bit 

rate R must always be smaller than the maximum theoretical capacity C. Knowing that, eq. (81) 

becomes 
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The solid line in the following Fig. 5.10 depicts the maximum spectral efficiency R/B a 

communication system can accomplish according to the Shannon-Hartley theorem for a given 

signal-to-noise ratio (SNR) per bit (Eb/N0). Fig. 5.10 visualizes the theoretically available 

spectral efficiencies for four different modulation schemes, namely on-off keying (OOK), phase 

shift keying (PSK), quadrature amplitude modulation (QAM), and pulse position modulation 

(PPM). The required SNR per bit figures for the different modulation schemes are extracted from 

[197] for a BER = 2
.
10

-3
. This BER level was chosen as it reflects the minimum requirement, 

provided that modern forward-error-correction (FEC) with a typical overhead of about 7% is 

applied. Note that the data given in Fig. 5.10 represent theoretical limits; additional noise 

sources, nonlinearities and hardware implementation difficulties prevent the formats from 

operating at their theoretical limits, both in terms of spectral efficiency and sensitivity. 
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As can be seen from Fig. 5.10, pulse position modulation (PPM) with M non-overlapping time 

slots per symbol significantly improves the sensitivity, i.e. reduces the signal-to-noise (SNR) 

ratio at the expense of an expanded signal bandwidth by M/log2(M) and thus a reduced maximum 

spectral density as compared to OOK, for example. Therefore, PPM is very suitable for 

sensitivity constrained communication systems, such as long reach free space optical communi-

cations. However, for capacity constrained systems, such as wireless systems, other modulation 

formats like M-ary orthogonal PSK or QAM modulation with M > 2 offering a higher spectral 

efficiency as compared to OOK are more appropriate than PPM. Although both, QAM and PSK 

with the same number of modulation states M, offer the same spectral efficiency, the sensitivity 

requirements for QAM are less stringent, e.g. a 64-PSK modulation requires about 10 dB higher 

SNR than a 64-QAM signal. Thus, QAM modulation is widely used for wireless systems, e.g. 

for 802.11a/g WLAN.  

 

Fig. 5.10 Spectral efficiencies for different modulation schemes: on-off keying (OOK), phase shift 

keying (PSK), quadrature amplitude modulation (QAM), and pulse position modulation (PPM). 

Required SNR per bit for the various modulation formats are all given for a BER = 2
.
10

-3
 [197]. The 

solid line represents the maximum spectral efficiency according to the Shannon-Hartley theorem, as 

given in eq. (82).  



132 Chapter 5 – Broadband Photonic Millimeter-Wave Wireless Systems 

  

Generally, M-QAM is a multilevel modulation format using a combination of phase and intensity 

modulation in which each symbol can be interpreted as a complex phasor with its in-phase (I) 

and quadrature-phase (Q) coordinates. The symbols can be either arranged in different circles 

(Star QAM) or can be positioned in a square (Square QAM). Fig. 5.11 schematically shows the 

constellation diagrams of some selected modulation formats including OOK, 8-PSK as well as 

some square-type QAM modulation formats.  

As mentioned above, conventional short-haul fixed wireless systems operating mostly in the 

microwave region (6-38 GHz) offer capacities from a few Mbit/s up to a few 100 Mbit/s. These 

maximum capacities are determined by the RF channel bandwidth permitted by the regulatory 

agency and the spectral efficiency of the modulation format used. For example, a system 

operating in the 23 GHz frequency band may use up to 56 MHz RF channel bandwidth (50 MHz 

in North America) which is limited by regulation. In such a 56 MHz channel, a simple 

modulation scheme like QPSK (4-QAM) with a maximum theoretical spectral efficiency of 

 

Fig. 5.11 Constellation diagrams for different modulation formats showing the normalized vector 

coordinates for each symbol point and its bit mapping. Constellation is shown for conventional 

amplitude shift keying (ASK) which is usually denoted as on-off keying (OOK) (a). Also, constellations 

of higher modulation formats are shown, including quadrature phase shift keying (QPSK) (b), 8-ary 

phase shift keying (8-PSK) (c) as well as higher order square quadrature amplitude modulation (QAM). 

(d-f). 
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2 bit/s/Hz (see Fig. 5.10) yields a maximum theoretically achievable throughput of ~90 Mbit/s 

considering an FEC with 6% overhead and a typical band roll-off of 10% (private discussions 

with Alcatel-Lucent Wireless Business Unit, Milano). In Fig. 5.23, the throughput capabilities of 

typical (FEC with 6% overhead, 10% band roll-off [198]) short-haul wireless systems is shown 

with respect to the given RF channel bandwidth and the modulation scheme used.  

As can be seen from Fig. 5.12, a typical microwave wireless system with only one radio 

equipment (one transmitter and one receiver), maxes out at about 400 Mbit/s even when using a 

complex 256-QAM modulation scheme. Today, in fact, a 56 MHz channel is used to transmit 

311 Mbit/s (see for instance EN 302 062). Thus, if one aims at carrying a full-duplex 1 Gbit/s 

Ethernet signal, altogether 8 RF channels (for FDD) and 4 radios (i.e. 4 receiver and 4  

transmitter units) would be required which is not only a problem due to high equipment and 

licensing cost but also because of the congestion n the microwave bands [199]. There are simply 

not enough free channels available in many locations, especially those with a dense population.  

This situation is somewhat more relaxed in the millimeter-wave range. As discussed above, the 

available spectrum in the mm-wave region that had been opened up by regulatory agencies for 

wireless services is about 7 GHz in the 60 GHz band and 2
 
times 5 GHz in the 70/80 GHz bands. 

Thus, even for rather simple modulation formats like ASK (direct-detection OOK in the optical 

 

Fig. 5.12 Throughput versus RF channel bandwidth for different modulation schemes. Calculation 

considers an FEC with 6% overhead and a typical band roll-off of 10%. 
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domain) having a comparably low spectral efficiency of up to 1 bit/s/Hz, it would be possible to 

develop a Gigabit wireless link. Even 10 Gbit/s wireless links appear to be feasible when using 

higher-order modulation formats with higher spectral efficiencies.  

 

5.4.2 Wireless channel model 

As discussed above, the maximum theoretically achievable link capacity is primarily determined 

by the RF channel bandwidth and the modulation efficiency. The key parameter deciding upon 

the quality of the receipt signal and thus the key parameter determining the technically 

achievable throughput is the signal-to-noise (SNR) figure at the receiver, i.e. after the receiving 

antenna. Of course, with increasing channel bandwidth or with increasing wireless path length, 

the signal-to-noise (SNR) ratio at the receiver decreases and consequently, the SNR at the 

receiver and the receiver’s sensitivity set an upper limit to the link’s maximum capacity. In order 

to determine the SNR, it is necessary to study the environmental impairments, such as signal 

attenuation by propagation phenomena and weather conditions (e.g. rain). Also, technical 

impairments such as the antenna’s gain, will be investigated in this section. Thereafter, the 

impairing optical, electrical and atmospheric noise contributions will be studied to allow 

describing the signal transport in the optical as well as in the wireless domain.  

Fig. 5.13 illustrates the key components of a PtP LoS wireless link. It typically consists of an 

indoor unit (IDU) housing the photonic baseband and the RF up-conversion modules. In the 

IDU, the optical baseband signal is processed and up-converted to the radio frequency before it 

 

Fig. 5.13 Illustration of the key components for a point-to-point (PtP) line of sight (LoS) wireless 

link using RoF transport between the indoor-units (IDU) and the outdoor units (ODU), i.e. the 

antennas. 
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is sent, using RoF transport to the outdoor units containing the o/e conversion unit and the 

antenna. The data signal is then transmitted over air within an RF channel that can vary 

according to the wireless standard used.  

Free-space wireless path loss 

As discussed above, the radio channel places strong limitations on the performance of wireless 

communication systems because the transmission principles in wireless communications are 

quite complex. The transmission path between the transmitter and the receiver can vary from a 

simpler line of sight (LoS) to one that is severely obstructed by buildings, foliage and the terrain. 

Also, unlike in wired connections, wireless radio channels performance may vary with time. In 

this section, a model for the free-space wireless path loss is developed to support the system 

modeling and to allow for a theoretical investigation of environmental and technical impairments 

limiting the wireless capacity. As the main interest in this work is in high-capacity E-band PtP 

wireless links with LoS propagation, the discussion will be limited to those impairments that 

have a major impact on the capacity of such links. A typical realistic scenario for a broadband 

PtP link is shown in Fig. 5.14.  

For a broadband wireless link used for mobile backhauling the antennas would typically be 

mounted either on an antenna tower or a high building. The height would thus vary between a 

few tens to a few hundreds of meters. The wireless distance very much depends on the channel 

frequency used. As this work is focusing on E-band (60-90 GHz) wireless, the expected average 

wireless path length would be approximately 2 km (see Fig. 5.6) for mobile backhauling and for 

last mile wireless access.  

 

Fig. 5.14 Schematic of a point-to-point wireless link with line of sight (LoS) propagation path. 
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For developing a consistent RoF link model, it is at first necessary to calculate the wireless signal 

power detected by the receiving antenna which is set at a given distance d from the transmitting 

antenna. For doing so, the average power density (in units of W/m
2
) at the receiving antenna site 

must be determined which can be done using Maxwell’s theory. Here, the averaged power 

density is given by the time averaged pointing vector  
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Assuming an isotropic antenna, the wireless signal would be radiated as ball-like waves in all 

directions and consequently, all spectral field components of the Poynting vector would be 

different from zero. However, as the average wireless distance between two antennas is expected 

to be around 2 km (e.g. for wireless backhauling), the distance would be much larger than the 

free space wavelength. Also, the maximum antenna dimension (typically the reflector diameter 

for a high-gain E-band antenna is around Dmax~0.5-2 m) is small compared to the antenna 

distance. Given that the distance d between the antennas fulfills the following requirement 
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it can be assumed that the receiving antenna is located within the Fraunhofer region, i.e. far-field 

conditions apply. For example, when operating at a 60 GHz carrier frequency (i.e. a free space 

wavelength of λ ≈ 0.5 cm) with high-gain 45 dBi antennas (as requested by regulations) having a 

typical diameter of Dmax ≈ 1 m, the distance must be larger than 400 m which is reasonable to 

assume in a typical scenario. If far-field conditions apply, the electrical and magnetic fields at the 

receiving system can be considered as plane transversal electromagnetic (TEM) waves having no 

radial components. Therefore, the resulting Poynting vector only has a radial component Sr 

which can be described as 
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Here, Z0 represents the free space wave impedance  
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Using eq. 54, the total transmitted power Pt can be calculated to be  
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In case of an isotropic transmitting antenna, the power density <Sr(, at a distance r from the 

radiating source is constant, i.e. it is independent of  and and according to the above equation 

the total transmitted power Pt can be expressed as 

 rt SrP  24 . (88) 

Of course, in a PtP wireless link directive antennas must be used instead of isotropic ones. 

Assuming that the maximum lobe efficiency of the transmitting antenna is pointing exactly 

towards the receiving system, which certainly is the case in a real system, then the power density 

Sr at a distance r from the radiating source is given by 

 t
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tr D
r

P
S 

24
 . (89) 

Here, Dt denotes the antennas’ directivity and ηt is the transmitting antennas’ efficiency, 

accounting for conduction and dielectric losses of the antenna. Typically, for parabolic antennas 

the efficiency ranges from 55% to 70% [200]. The antennas’ gain which is often given in the 

specification sheets is defined by 

 ttt DG  . (90) 

In order to calculate the total power detected by the receiving antenna, typical geometrical and 

environmental circumstances of a wireless PtP E-band backhauling link must be taken into 

account. As already discussed above, in a typical E-Band PtP LoS scenario, the antenna’s heights 

ht and hr would be in the order of 50 – 300 m and the average distance between the two antennas 

is approximately 2 km. Furthermore, as discussed in section 5.2.2, very high-gain (~ 45 dBi) 
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“pin-pointing” type antennas must be used to fulfill the regulative requirements. Usually, dish-

like antennas with a high-gain parabolic reflector, such as Cassegrain antenna, are used in those 

cases. In this case, the antenna’s gain can be approximately calculated according to the following 

equation [200]:    

 
2






 


 kG , (91) 

where γ denotes the half power beam width (HPBW), η is the antenna’s net efficiency and k 

depends on the shape of the reflector and the method of illumination. Typical values for the net 

efficiency and the k-factor are η ≈ 0.55 and k = 70°, respectively [200]. Thus, the gain can be 

expressed directly in terms of the half power beam width γ 

  ²
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G , (92) 

where γ° is expressed in degrees. From this well-known engineering approximation for parabolic 

antennas, we can estimate the HPBW of a 45 dBi antenna to be around 0.92°. Considering 

further that the angle for ground reflection according to Fig. 5.14 is about 5.7° for a 100 m high 

antenna tower, it can be seen that the power density transmitted towards the ground is very low 

and thus, ground reflection can be neglected in the first instance. 

Because of that, one can assume only LoS propagation for calculating the total received power, 

reflections from the ground or other large objects, as well as diffraction from edges and corners 

of terrain or buildings can be neglected in the first instance. Also, scattering from foliage or other 

small objects is negligible. However, attenuation from the atmosphere and from rain scattering 

must be considered. 

Consequently, in the case of two antennas ideally pointing to each other, the received power Pr 

can be calculated from the power density at the receiving antenna site 
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Here, AE denotes the effective area of the receiving antenna which is given by 
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where dant represents the diameter of the parabolic antenna. For a sufficient long distance d 

between the transmitting and receiving antennas, i.e. for far-fields conditions, the power density 

can be considered as being constant over the receiving antennas aperture and thus, the received 

power can be calculated using eq. (89) to be 
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Here, at and ar denote the polarization vectors of the transmitting and receiving antennas, 

respectively, taken in the appropriate direction. The total absorption coefficient of the 

intervening medium is denoted as αpl. By introducing eq. (94) into eq. (95), the total received 

power can be expressed as 
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If impedance mismatch of the transmitting and receiving antenna is also considered, the received 

power can be expressed as: 
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Here, Γt and Γr represent the reflection coefficients of transmitting and receiving antennas, 

respectively.  

For a lossless, linear and isotropic medium and for ideal, i.e. reflection-free, antennas that are 

pointing to each other in a perfect way, the above equation can be simplified to the well-known 

Friis transmission formula [201] 



140 Chapter 5 – Broadband Photonic Millimeter-Wave Wireless Systems 

  

 

2

4












d
GGPP rttr




. (98) 

For calculating the frequency dependent free-space path loss for an ideal line of sight (LoS) 

wireless link in decibel, the Friis equation can be expressed as  

 .)log(20)log(2045.92 fdGGL RTSpaceFree 
 (99) 

Here, GT and GR represent the antenna gain in dBi, the distance d is given in km and the 

frequency f in GHz. As can be seen, the free-space loss increases quadratically with the wireless 

carrier frequency f. This can also be interpreted as a reduction of the antenna area of the 

receiving antenna with rising frequency. In Fig. 5.15, the free-space path loss LFree-Space is shown 

for some important wireless frequencies, assuming isotropically radiating antennas. 

As can be seen from Fig. 5.15, even for comparably short distances of about 500 m, the free-

space loss of a millimeter-wave carrier (> 30 GHz) is already in the range of 100 dB and higher. 

Since the free-space loss scales with 1/f
2
, the path loss in a 2.4 GHz WLAN system is about 30 

dB lower than for an E-band (70/80 GHz) wireless link, but those wireless systems are used in 

 

Fig. 5.15 A point-to-point wireless link with line of sight (LoS) propagation path. 
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quite different applications. More important is the comparison between a microwave PtP link 

operating at 26 GHz and an E-band PtP link. Here, the free-space path loss of the E-band system 

is “only” about 10 dB larger, a fact that of course has to be taken into account when designing an 

E-band link, but not at all a fundamental limitation.    

Atmospheric attenuation in the millimeter-wave regime 

In microwave wireless systems, transmission loss is accounted for mainly by the above discussed 

free space loss, gaseous attenuation is negligible for most cases. However, in the millimeter-

wave bands, additional loss factors including gaseous losses and rain attenuation in the 

transmission medium must be considered.  

While propagating through the atmosphere, millimeter-waves are absorbed by molecules of 

oxygen, water vapor and other gaseous atmospheric constituents. These losses are greater at 

certain resonance frequencies, coinciding with the mechanical resonant frequencies of the gas 

molecules. In general, the atmosphere comprises of different gases including N2, O2, H2O, CO2, 

SO2, inert gases and several pollutants. Many of these gases exhibit molecular resonance 

frequencies, i.e. absorption lines, in the millimeter-wave range. Near 60 GHz, many oxygen 

absorption lines merge together at sea-level pressures, forming a single, broad absorption band.  

For frequencies up to about 1000 GHz, the atmospheric attenuation can be most accurately 

described at any value of pressure, temperature, and humidity by means of a summation of the 

individual resonance lines from oxygen and water vapor, together with small additional factors 

for the pressure-induced nitrogen attenuation above 100 GHz and a wet continuum to account for 

the excess water vapor-absorption found experimentally [202]. Fig. 5.16 shows the atmospheric 

attenuation from 0 to 1 000 GHz for a pressure of 1 013 hPa and a temperature of 15 C for the 

cases of a dry atmosphere with a water content of 1 g/m
3
 and a water-vapor density of 7.5 g/m3. 

The later one represents 59% humidity at a temperature of 15°C.  

 

 



142 Chapter 5 – Broadband Photonic Millimeter-Wave Wireless Systems 

  

 

Fig. 5.16 A point-to-point wireless link with line of sight (LoS) propagation path. 
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For lower frequencies up to 

350 GHz and altitudes from 

sea level to 5 km, a good 

approximation for the 

atmospheric attenuation is 

found by considering only the 

specific attenuation of dry air 

and water vapor. The 

absolute difference between 

these results and more precise 

figures considering the 

different gaseous absorption 

sources is generally less than 

0.1 dB/km and reaches a 

maximum of 0.7 dB/km near 

60 GHz [202]. Fig. 5.17 

shows the specific 

attenuation for a water 

content of 1 g/m
3
 and 7.5 

g/m
3
. It shows several peaks 

that occur due to absorption 

of the radio signal by water 

vapor (H2O) and oxygen 

(O2). At these frequencies, 

absorption results in high 

attenuation of the radio signal 

and, therefore, shorter propagation distance. For current technology, the important absorption 

peaks occur at 24 and 60 GHz. The spectral regions between the absorption peaks provide 

windows where propagation can more readily occur. The transmission windows are at about 

35 GHz, 94 GHz, 140 GHz and 220 GHz. 

Rain attenuation in the millimeter-wave regime 

While losses due to free-space propagation and atmospheric gases can be predicted in an 

accurate way, the attenuation due to rain, which is mainly dependent on the rain amount, but also 

on the size of the rain drops, is much more complex. It is especially difficult to assess the 

 

Fig. 5.17 Specific attenuation from 1 to 350 GHz for dry air at sea-

level (air pressure of 1013 hPa, temperature of 15°C) and for water 

vapor with a density of 7.5 g/m
3
. 
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intensity of the rainfall (i.e. the rain rate in mm/h) in specific regions, although a large set of 

empiric datasets is available [203-205]. Even many cities have microclimates where temperature 

and rain rates differ significantly from one area to another.  

 The ITU has published a model that allows calculating the specific attenuation millimeter-wave 

experience due to rainfall. Fig. 5.18, shows the specific rain attenuation between 1-1000 GHz for 

different rain rates [206].  

As can be seen from Fig. 5.18, for microwave frequencies below 10 GHz, rain attenuation can 

almost be neglected. Here, rain attenuation is below 2 dB/km, even for heavy rainfall with 

precipitation amounts of 50 mm/h. At higher frequencies, however, rain attenuation significantly 

contributes to the overall losses. In the E-band (60-90 GHz) for example, rain attenuation 

reaches figures of 20 dB/km for precipitation amounts of 50 mm/h. Consequently, rainfall is the 

dominant factor when designing a millimeter-wave wireless link for the 70 GHz and 80 GHz 

bands, where atmospheric attenuation is below 1 dB/km. Only in the 60 GHz band and for 

moderate rainfall up to 5 mm/h, atmospheric attenuation dominates. This is because several 

 

Fig. 5.18 A point-to-point wireless link with line of sight (LOS) propagation path. 
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oxygen absorption lines merge together, resulting in a maximum gaseous attenuation of up to 16 

dB/km.  

Total wireless path loss for E-band wireless PtP links 

The total path loss LTotalPath is further calculated by adding the specific attenuation coefficients 

for free-space path loss LFree-Space, gaseous attenuation LGas, and rain attenuation LRain discussed 

above.  

The following figures show the total path loss within the E-band for different path lengths and 

different precipitation amounts.     

 
RainGasSpaceFreePathTotal LLLL  

 (100) 

 

Fig. 5.19 A point-to-point wireless link with line of sight (LoS) propagation path. 
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5.4.3 Noise modeling 

This section discusses the relevant noise sources contributing to the overall noise in a photonic 

wireless link. This includes thermal noise, shot noise, noise from optical sources and amplifiers, 

such as relative intensity noise (RIN), noise from amplified spontaneous emission (ASE) and 

atmospheric noise.    

Thermal noise 

Thermal noise consists of additional current fluctuations that occur when a voltage is applied and 

a macroscopic current starts to flow. It can be modeled by a current source in parallel with the 

resistor. The root mean square value of the current source is found to be  

 

Fig. 5.20 A point-to-point wireless link with line of sight (LoS) propagation path. 
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where k is Boltzmann's constant in joules per kelvin, T is the resistor's absolute temperature in 

kelvins, zref is the resistor value in ohms, and Bel is the bandwidth in hertz in which the noise is 

accumulated. 

In a cascaded scenario with several resistors in series, the noise generated at the reference 

resistor can transfer noise to the remaining circuit. The maximum noise power transfer happens 

with impedance matching, i.e. when equivalent resistance zout of the remaining circuit is equal to 

the noise generating resistance zref. In this case, the noise power transfer to the circuit is given by 

where Nel,th and N
dBm

el,th are the noise power in Watt and in dBm, respectively. As can be seen, 

thermal noise power at room temperature within a bandwidth of 1 Hz is -174 dBm. 

Shot noise 

A fundamental limit to the optical intensity noise as observed in many situations is given by shot 

noise. Shot noise is a quantum noise effect related to the discreteness of photons and electrons. It 

results from statistical quantum fluctuations, that is, variation in the number of photons detected 

by a photodetector at a given optical intensity. Thus, it can be interpreted as arising from the 

random occurrence of photon absorption events in a photodetector, not as noise in the light field 

itself, such as relative intensity noise (RIN) which is further discussed below. In addition to 

photon shot noise, there can be additional shot noise from the dark leakage current in the 

photodetector; this noise is sometimes known as "dark shot noise" or "dark-current shot noise". 

Like thermal noise, photon shot noise and dark current noise exhibit Gaussian probability density 

distributions, and the resulting noise power is describes as 
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where Idark denotes the dark current. The terms <i
2

shot> and <i
2

dark> represent the mean-squared 

values of the photon shot noise and the dark noise current.  

Relative intensity noise 

Intensity noise of a laser results partly from quantum noise (associated with laser gain and 

resonator losses) and partly from technical noise sources, such as excess noise of the pump 

source, vibrations of resonator mirrors, thermal fluctuations in the gain medium, etc. The 

resulting intensity noise also depends on the operation conditions; in particular, it often becomes 

weaker at high pump powers, where relaxation oscillations are strongly damped.  

In the context of intensity noise (optical power fluctuations) of a laser, it is common to specify 

the relative intensity noise (RIN), which is the power noise normalized to the average power 

level. The optical power of the laser can be considered to be 

with an average value and a fluctuating quantity δP with zero mean value. The relative intensity 

noise is then that of δP divided by the average power. The relative intensity noise can then be 

statistically described with a power spectral density (PSD) 

which depends on the noise frequency f. It can be calculated as the Fourier transform of the 

autocorrelation function of the normalized power fluctuations P(t), but for real lasers it is 

usually measured with a photodiode and an electronic spectrum analyzer. The factor of 2 in the 

formula above leads to a one-sided PSD. The units of the RIN PSD are Hz
-1

, but it is common to 

specify a laser’s RIN by using its RIN noise figure NFrin given in 10 times the logarithm to base 

10 of the RIN in dBc/Hz.  

 )()( tPPtP optoptopt  , (104) 

  




 detPtP
P

fS j

opt

)()(
2

)(
2

 
(105) 



 Chapter 5 – Broadband Photonic Millimeter-Wave Wireless Systems 149 

 

For an analog optical link employing a laser with a RIN figure NFrin, the noise power resulting 

from the laser’s RIN after o/e-conversion can be calculated as follows: 

Here, Iph is the generated photocurrent, <i
2

rin> the mean-squared value of the RIN-induced 

photocurrent, and zref the reference impedance. The generated photocurrent can further be 

expressed in terms of the optical input power Popt,in and the photodetector’s DC conversion 

efficiency. 

It should be stated, however, that unlike shot or thermal nose, the RIN frequency spectrum is not 

flat over the frequencies of interest. Fig. 5.21 is a plot from Coldren and Corzine (1995) that 

shows the calculated RIN spectrum for a typical waveguide diode laser. As can be seen, the RIN 

spectrum is constant at low frequencies, peaks at the relaxation resonance frequency and then 

falls to the shot noise level above resonance. In the RIN dominated portion of the spectrum, i.e. 

less than the relaxation peak, the noise power should vary at the square of the laser power, as can 

be seen from eq. (106). For frequencies larger than the relaxation peak of the peak, i.e. in the 

shot noise dominated region, the noise power only varies linearly with the laser power. Indeed, 

over the range of optical powers from 0.25 mW to 4 mW we would expect a 24 dB change in the 

RIN noise power but only a 12 dB change in the shot noise power. From Fig. 5.21 we see 22 dB 

and 11 dB, respectively. 
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From the above discussion, it can be concluded that the calculation of the frequency-independent 

RIN noise calculation at the photodetector’s output using eq. (106) with an average RIN noise 

figure NFrin is an approximation which is reasonable only for the RIN dominated frequency 

spectrum. In other words, the laser output power should be well in the mA-range, given that the 

GHz-modulation bandwidths are considered here. Furthermore, for modulation bandwidths well 

in the GHz-range the excess RIN noise at the relaxation frequency must be taken into account 

instead of simply using the usually given RIN noise figure which is typically specified at low 

offset frequencies from the optical carrier.  

Amplified spontaneous emission noise 

The amplified spontaneous emission noise originates from optical amplifiers, such as EDFAs, 

which do not only amplify the desired signal (stimulated emission) but also generate a significant 

amount of amplified spontaneous emission. In the absence of an input signal, the noises detected 

by a PD are thermal noise, ASE-ASE and ASE-shot noise. When a signal is present, the noise is 

increased by signal-shot noise and signal-ASE beat noise contributions.    

Generally, an EDFA is described as a linear amplifier with an optical gain Gopt in conjunction 

with a Gaussian noise source due to amplified spontaneous emission (ASE) acting over the 

optical bandwidth of interest. The resulting optical noise bandwidth is here determined by the 

gain spectrum of the EDFA but may be further limited by optical multiplexers or filters, as well 

 

Fig. 5.21 RIN vs. frequency for an in-plane diode with the laser’s average optical power as a 

parameter [207]. 
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as the responsivity of the photodetector at certain wavelengths. This leads to the above 

mentioned additional noise contributions, mainly ASE-ASE, signal-ASE beating, and ASE-shot 

noise.  

According to the well-known standard field-beating theory [208], describes the ASE noise as a 

Gaussian noise with a narrow-band (bandwidth Bopt) white spectrum of double-sideband spectral 

density ½
.
hf

.
(Gopt-1)

.sp, where sp denotes the spontaneous power density, hf the photon energy 

and Gopt the gain of the amplifier. Using this approach, the noise figure NFopt of an optical 

amplifier, such as an EDFA, can be expressed as [209] 

Assuming that the amplifier’s gain is high, i.e. Gopt>> 1, and assuming further that the receiver’s 

electrical bandwidth is significantly smaller than the optical bandwidth Bopt>>Bel (which is valid 

for most practical systems), the noise power due to ASE-ASE beating can be described as [210] 

where OE,DC is the photodetector’s DC conversion efficiency and zref the reference output 

impedance of the photodiode. The term <i
2

ase-ase> denotes the variance of the noise current at the 

photodetector due to ASE-ASE beating. The generated noise power while the signal is beating 

with the ASE noise can be described as [210] 
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where <i
2

sig-ase> denotes the variance of the photocurrent induced by beating of the signal with 

ASE noise. Finally, the noise contribution due to ASE-shot noise is given by 

 where <i
2

ase-shot> denotes the variance of the photocurrent induced by ASE-shot noise. 

Atmospheric noise  

Anything that absorbs electromagnetic energy is also a radiator. Constituents of the atmosphere 

that cause attenuation, such as water vapor, oxygen and rain, radiate signals which are noise-like. 

When these signals impinge on a receiver antenna, they degrade system performance. For low 

elevation angles, i.e. for horizontal wireless links, the dominant noise will be mostly from 

terrain. For higher elevation angles, also sky noise emanating from atmospheric constituents and 

other sources will be picked-up. 

The terrain and sky noise entering a wireless receiver from the antenna is commonly referred to 

as the antenna noise temperature and it depends on the elevation angle. The antenna noise figure 

NFantenna in decibel and the antenna temperature Ta in Kelvin are related as follows: 

where T0 represents the reference noise temperature of 290 K.  

Fig. 5.22 shows the antenna noise temperature as a function of the carrier frequency for 

horizontal (elevation angle = 0°), as well as for an elevation angle of 10°. As can be seen, the 

noise peaks at the millimeter wave gaseous molecule resonance bands, e.g. at around 20 GHz 

and 60 GHz. For an absolute horizontal wireless transmission in the 60 GHz band, the antenna 

noise temperature and noise figure are 290 K, and 3.01 dB, respectively.  

However, for non-ideal horizontal or for wireless transmission within the E-band, i.e. 71-76 GHz 

and 81-86 GHz, the antenna noise temperature and noise figures are somewhat lower. As an 
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example, for horizontal transmission within the 81-86 GHz regime, the antenna temperature and 

noise figure are approximately 130 K and 1.6 dB. 

 

 

5.5 Advanced photonic millimeter-wave wireless system demonstrations 

As discussed in the previous chapters, future broadband wireless links will operate in the 

millimeter-wave region and must be capable of handling data rates well in the Gbit/s range. This 

will require transmitting and processing much wider frequency spectra as it is common in 

today’s wireless systems. This causes enormous challenges for pure electronic systems; not only 

does the RF carrier frequency demand the development of efficient, low-loss, ultra-high 

frequency local oscillators and RF up- and down-converters. Even more of a problem is the 

development of broadband electronic RF modulators or mixers that exhibit the required linear 

performances over an extreme wide frequency range for processing the wideband signals to be 

transmitted.  

 

Fig. 5.22 Antenna noise figure vs. carrier frequency in the microwave and millimeter-wave region. 

Noise temperature is indicated for horizontal ( = 0°) wireless transmission, as well as for an 

elevation angle of 10° [211, 212]. 
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It has been shown in chapter 5.3 that photonics provides some inherent advantages in that 

respect. Not only would photonics enable the low-loss transport of the high-frequency RF 

signals, it would also allow making use of broadband optical modulation techniques. Broadband 

modulation techniques have been widely used in fiber-optic communications. Adapting these 

techniques in order to fulfill the needs of wireless applications truly is a challenge, but it is 

possible.  

In the following sections, key demonstrations will be shown to prove the applicability of 

photonics  

 to generate high-frequency RF carrier for wireless applications,  

 to process wideband signals at mm-wave carriers for multi-gigabit wireless systems, 

 to transport wideband signals at mm-wave carriers via optical fibers at low loss, 

 to convert wideband signals at mm-wave carriers from the optical to the electronic 

domain for wireless transmission. 

 

In all these demonstrations, 1.55 µm wavelength will be used for the optical fiber transmission in 

order to make use of cost-efficient photonic technologies developed for fiber-optic 

communications. The wireless signals will be in the 60 GHz band. At first, in section 5.5.1, a 

full-duplex photonic wireless system will be presented that makes use of a novel photonic 

electro-absoprtion transceiver (EAT) component developed for wireless systems using sub-

carrier multiplexing (SCM) for full-duplex operation in the 60 GHz band. This system allows 

full-duplex operation in the 60 GHz band with data rates which are well in hundreds of megabits 

per second range. By utilizing a looped-backed configuration and a dual-wavelength approach, 

this was the first system achieving full-duplex operation using photonics at the time of 

publication. In section 0, a much faster photonic wireless system is presented. Based upon a 

cascaded external modulation approach for RF carrier generation and data modulation and by 

making use of optical on-off keying (OOK) modulation format, this system is aimed at wireless 

transmission with data rates well exceeding the gigabit per second range. At the time of 

publication this system represented a record in wireless data rate times wireless transmission 

distance, which resulted in more than 100 press releases world-wide including renamed 

magazines, such as the US-based Science Daily or the Russian Pravda (see e.g. [35]). Finally, in 

section 5.5.3, a super-broadband 60 GHz photonic wireless system is demonstrated. By making 

use of spectrally efficient photonic modulation schemes, such as 8-QAM OFDM and 16-QAM 

OFDM, this system achieved not only a high spectral efficiency but especially a maximum data 

rate exceeding the ten gigabit per second range. Both, the spectral efficiency and the maximum 

throughput represent current record figures. To the knowledge of the author, it is the fastest 

wireless transmission system ever demonstrated.   
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5.5.1 156 Mbit/s full-duplex 60 GHz photonic wireless system 

For the successful implementation of future broadband photonic wireless systems in mass-

market applications such as mobile backhauling, a cost-effective infrastructure is a necessity. 

Considering the general architecture of a full-duplex wireless link, the remote wireless base 

station (BS) is connected to the central station (CS) via fiber. This approach allows to also 

connect a number of BS to a single CS, i.e. centralizing the equipment in the CS, which 

contributes to cost reduction. Obviously, the cost of each wireless BS is a critical factor and 

consequently, much research has been directed towards reducing the costs and complexity of the 

BSs in a photonic wireless system, e.g. by replacing the uplink laser transmitter in the BS with 

an optical intensity modulator in a so-called “looped-back“ configuration [149, 151, 152]. This 

not only reduces total power consumption of the BS but also simplifies temperature and bias 

control and thus further reduces the cost. Even greater cost savings could be accomplished by 

employing dual-function electro-optic devices in the BS that provide optical modulation, as well 

as detection functionality and therefore allows for bi-directional fiber-optic transmission.  

Previously, Wood et al. [144] reported on a dual-function vertical Fabry-Perot multiple-quantum-

well (MQW) modulator for bi-directional digital fiber-optic transmission, and Welstrand et al. 

[145] demonstrated a waveguide electro-absorption (EA) device as a modulator/detector element 

for analog fiber-optic links. However, in both cases, the electrical bias had to be adjusted to 

achieve either efficient optical modulation or detection. This requires a bias control circuitry at 

the BS and only allows for half-duplex (bi-directional but not simultaneously) transmission. Full-

duplex optical transmission using an MQW EA waveguide device in a frequency-division-

multiplexed fiber-wireless system is reported in [146], [147], [148].  

In this section, a novel 1.55 µm InGaAsP/InP EA MQW waveguide device as described in 

section 4.2 was used as a dual-function modulator/photodetector. This electro-absorption 

transceiver (EAT) device is shown to be an attractive solution for full-duplex fiber-optic 

transmission [118, 149, 151, 152, 213-218]. To achieve optimum EAT modulation and detection 

performance, a dual-lightwave approach was used. The advantage of using two wavelengths in 

conjunction with an EA transceiver is experimentally confirmed by a distinct improvement of the 

RF up- and downlink insertion loss. Employing the EA transceiver in a looped-back 

configuration, full-duplex point-to-point fiber-optic transmission of subcarrier-multiplexed 

(SCM) signals is demonstrated for the first time. 
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For experimental verification, the up- and downlink RF insertion loss of the analog fiber-optic 

down- and uplink employing a 60 GHz EAT (see Fig. 5.23) was measured. These measurements 

were performed as a function of optical wavelength for different reverse bias applied to the 

transceiver. Optical input power of the transceiver and RF subcarrier frequency were 0 dBm and 

5 GHz, respectively. For comparison, we also measured the downlink RF insertion loss using a 

commercial InGaAs PD (New Focus, Model 1014) with a specified sensitivity of 0.35 A/W. The 

measured up- and downlink RF insertion losses are shown in Fig. 5.24. 

LD
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PDRF out
fiber

central station base station
(a)

LD
fiber
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RF in
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central station base station

 

Fig. 5.23 Schematic of RoF down- and uplink transmission using an electro-absorption transceiver 

(EAT). Uplink transmission is based upon an EAT device as an optical modulator in a looped-back 

configuration (a), downlink transmission is achieved employing the same EAT as a photodiode (b). 

 

Fig. 5.24 RF up- and downlink insertion loss versus optical wavelength at different reverse voltages 

applied to the EAT. 
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As can be seen, the optimum wavelength for minimum uplink RF insertion loss (solid lines) 

strongly depends on the applied reverse bias; e.g. at -1V bias, a minimum uplink RF insertion 

loss of -28 dB is achieved at 1560 nm wavelength. The dependence of the uplink RF insertion 

loss on the optical wavelength and the applied reverse bias is due to a trade-off between 

transmission loss on the one hand and modulation index on the other hand. For smaller 

wavelengths, the uplink insertion loss is increased because of a larger transmission loss whereas 

at larger wavelengths it is increased due to a reduced modulation index. In contrast, the optimum 

wavelength for minimum downlink RF insertion loss (dotted lines) is almost independent of the 

applied reverse bias. Experimentally, a minimum downlink RF insertion loss of -34 dB is 

achieved at a wavelength of 1525 nm and –2V reverse bias.  

Fig. 5.24 clearly demonstrates the advantage of employing the dual-lightwave technique in 

conjunction with the transceiver. By way of comparison, if the EAT is operated at one particular 

wavelength, e.g. 1550 nm and -1 V reverse bias instead of using two wavelengths (1525 nm for 

downlink and 1560 nm for uplink transmission), the uplink insertion loss is increased by 3.5 dB 

and the downlink insertion loss even by 6.5 dB. From Fig. 5.24, we also determine the detection 

responsivity of the transceiver by comparing the downlink RF insertion loss of the transceiver 

with the RF insertion loss achieved when a PD with a specified responsivity of 0.35 A/W at 

1525 nm is used (dashed line) instead of the transceiver. As can be seen, at 1525 nm and -1 V 

reverse bias the RF insertion loss of the fiber-optic link employing the EAT is reduced by 7 dB 

as compared to the link employing the InGaAs PD. Thus, the transceiver exhibits a remarkable 

responsivity of 0.8 A/W. 

To further illustrate the principle of operation of the EAT, different optical spectra are shown in 

Fig. 5.25. In Fig. 5.25(a), the optical input spectrum to the EAT consisting of the modulated 

optical downlink signal at 1532 nm and the cw optical uplink carrier at 1560 nm is shown. The 

spectra of the modulated optical downlink signal can be seen in Fig. 5.25 (b). The optical output 

spectrum of the EAT only consists of the modulated uplink signal at 1560 nm that is depicted in 

Fig. 5.25(c). As elucidated by Fig. 5.25(a)-(c), the mm-wave modulated optical downlink signal 

is detected by the EAT while the cw optical uplink carrier is simultaneously intensity modulated. 

This way, full-duplex fiber-optic mm-wave transmission was achieved. 
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The experimental set-up of the developed full-duplex 60 GHz RoF transmission system is shown 

in Fig. 5.26. It consists of a CS which is connected to a BS via non-dispersion shifted standard 

single mode fiber (SMF). For measurement purposes, the mobile terminal (MT) is directly linked 

to the base station, omitting the wireless path. For downlink transmission, 155.52 Mb/s 

differential phase shift keyed (DPSK) data centered at an intermediate frequency (IF) of 2.6 GHz 

is up-converted to 59.6 GHz mm-wave frequency by a local oscillator (LO) in the CS. The 

optical downlink carrier at 1532 nm (generated by LD1) is intensity modulated with the mm-

wave downlink signal using a high-frequency electro-absorption modulator (EAM). The optical 

downlink signal is then amplified by an Erbium-doped fiber amplifier (EDFA) and transmitted to 

 

Fig. 5.25 Optical input spectrum of the EAT (a) and spectra of the mm-wave modulated optical 

downlink (b) and uplink signals (c). 
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the BS. In the BS, the optical downlink signal is detected by the EAT. The received mm-wave 

signal is down-converted to IF and demodulated in the MT to recover the 155.52 Mb/s data and 

extract the clock signal. For uplink transmission, 155.52 Mb/s DPSK data centered at an IF of 

3 GHz is up-converted to 60 GHz mm-wave frequency by the LO in the MT. The optical uplink 

carrier at 1560 nm (generated by LD2) is intensity modulated with the mm-wave uplink signal by 

the EAT in the BS. The resulting optical uplink signal is then transmitted back to the CS where it 

is detected by a high-frequency photodiode (PD). The received mm-wave signal is amplified, 

down-converted to IF and demodulated to recover the downlink data and clock. 

For experimental verification of full-duplex broadband transmission and to avoid any correlation 

between the up- and downlink signals, two PRBS sources generating 155.52 Mb/s (2
31

-1) NRZ 

OOK signal and two bit error rate testers (BERT) were used simultaneously as indicated in  

Fig. 5.26. The DC voltage applied to the EAM and the EAT were -1.4 V and -2 V, respectively. 

The gain of the receiver EDFA in the CS was +9 dB. The measured up- and downlink bit error 

rates (BER) with respect to the received optical signal power are shown in Fig. 5.27 (a) and (b), 

respectively. As can be seen, a BER of less than 10
-9

 was achieved in both directions. As this 

BER is by far better than what is required when forward error correction (FEC) is applied (most 

fiber-optic systems employ FEC with a 7% overhead improving the BER from 2
.
10

-3 
up to the 

10
-15

 level [219]), higher data rates at the expense of a reduced net bit rate are feasible. In 

addition to the above demonstration of a symmetrical (with respect to the data rate) RoF wireless 

system, a similar RoF wireless has been demonstrated for asymmetrical transmission with a 

maximum data rate of 256 Mbit/s for downlink and 56 Mbit/s for uplink transmission. Also in 

this case, a BER~10
-10

 without FEC was achieved and no error floor was observed. 

 

Fig. 5.26 Experimental set-up for full-duplex analog RF fiber-optic transmission of a 256 Mb/s PRBS 

(downlink) and 56 Mb/s PRBS (uplink) signal. Frequencies used for up- and downlink subcarrier 

were 3 GHz and 10 GHz, respectively. 
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The above transmission experiments clearly show that the EAT device in a looped-back 

configuration in conjunction with a dual-lightwave technique is an excellent approach for full-

duplex RF subcarrier fiber optic transmission. At first, the number of necessary optoelectronic 

components in the BS is reduced to just one photonic transceiver device. Additionally, the RF 

insertion loss of the EA-transceiver is comparable or even better than those of conventional 

laser-detector arrangements, and by employing the dual-lightwave technique, the up- and 

downlink RF insertion loss is further improved by 3.5 dB and 6.5 dB, respectively. Finally, the 

EAT enables full-duplex transmission which was also the first demonstration of a full-duplex 

60 GHz RoF system in general. 

 

Fig. 5.27 Measured bit error rates (BER) with respect to received optical power for uplink (a) and 

downlink (b) transmission. 
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5.5.2 10 Gbit/s broadband 60 GHz photonic wireless system 

The key technology trend in wireless communications is the increase in data rate needed to fulfill 

the expanding broadband requirements as discussed in chapter 5.1. Especially for outdoor fixed 

wireless access (FWA) and mobile backhauling mm-wave wireless systems operating within the 

E-band (60 to 90 GHz) or F-band (90 to 140 GHz) are likely to be the offering throughputs in the 

multi-gigabit range. Nevertheless, the potential of 60 GHz for broadband 10 Gb/s transmissions 

over relevant distances has not been exploited yet, but could be beneficial in terms of costs and 

component availability. In this section, a broadband 60 GHz wireless photonic link system for 

short- to medium-range broadband wireless data transmission is studied. Here, the challenge is to 

develop photonic technologies and techniques that are capable to process data signals with multi-

gigahertz bandwidth. The investigated system is based upon advanced mm-wave photonic 

 

Fig. 5.28 Schematic of the constructed 60-GHz RoF link consisting of an optical mm-wave carrier 

generation (DSB-SC) unit and a subsequent broadband data modulation (OOK).  
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components and radio-over-fiber (RoF) techniques. The key technical innovation in the system 

set-up shown in Fig. 5.28, is the cascaded modulator approach for optical mm-wave carrier 

generation and subsequent broadband modulation. As bandwidth limitations are much less 

stringent in the mm-wave range, the system makes use of an optical on-off-keying (OOK) format 

for broadband modulation of the optically generated mm-wave carrier. 

Fig. 5.28 shows the configuration of the 60-GHz radio-over-fiber testbed. In general, the system 

consists of an optical carrier generation unit and a subsequent broadband data modulation, a 

wireless RoF transmitter, and a wireless receiver. For optical mm-wave carrier generation, light 

from an external cavity laser source at a wavelength of about 1550 nm is modulated using a 

single-drive Mach–Zehnder modulator (MZM-A) biased at V to generate an optical double-

sideband signal with suppressed carrier (DSB-SC). The modulator is driven by a sinusoidal 

source with a frequency and phase noise level of fLO/2 = 30 GHz and 67 dBc/Hz at 10 kHz 

offset, respectively. An optical carrier suppression of approximately 26 dB is achieved. Due to 

low V of the MZM (3.5 V at 30 GHz), no additional driver amplifier is necessary. The optical 

60-GHz carrier is further modulated (MZM-B) with non-return to zero on-off-keying (NRZ-

OOK) data. In the testbed, a pseudorandom binary sequence (PRBS) with a word length of 2
31

-1 

was applied to the modulator, which is biased to the quadrature point. The data-modulated mm-

wave signal is amplified by an erbium amplifier and further coupled to an optical attenuator for 

adjusting the optical power. After 50 m fiber-optic transmission to the wireless RoF transmitter 

via a standard single-mode fiber (SMF), the optical mm-wave signal is o/e-converted by an 

experimental 70 GHz photodetector with a dc responsivity of 0.59 A/W. The applied maximum 

optical input power was fixed to 10 dBm during the experiments. This corresponds to an RF 

output power of 7.5 dBm which was measured with a WR15-coupled power sensor. For the 

transmission experiments described below, different wireless transmitter configurations were 

used. For short-range in-door wireless transmission up to 11 m no amplifier was used in the 

wireless RoF transmitter, but the RF signal generated by the photodiode was directly coupled to 

a standard 23 dBi horn antenna. For medium-range wireless out-door transmission, an additional 

amplifier was implemented between the PD and horn antenna to boost the RF signal level up to 

19.2 dBm. The gain and noise figure of the power amplifier are 32 and 10 dB, respectively.  

To experimentally investigate the system’s performance for short-range broadband wireless 

transmission, the wireless signal was transmitted within a laboratory environment, allowing a 

maximum wireless path length of about 11 m. No endeavours have been made to avoid multipath 

propagation. At first, the receiver sensitivity was investigated for a wireless path length of 2.5 m 

and BER measurements were performed for data rates of 5, 7.5, 10, and 12.5 Gb/s.  
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The measured receiver sensitivities can be seen in Fig. 5.29 showing the measured BER as a 

function of received power level for multi-gigabit broadband wireless data transmission over 

2.5 m. As can be seen, no error floor was observed down to a BER of 10
-11

. For a BER of 10
-9

 

(NRZ, word length 2
31

-1), the measured receiver sensitivities for 5, 7.5, 10, and 12.5 Gb/s are  

-51.8, -50.1, -47.6, and -45.4 dBm, respectively. The measured power penalties (at BER = 10
-9

) 

for 5 Gb/s versus 7.5 Gb/s, 7.5 Gb/s versus 10 Gb/s, and 10 Gb/s versus 12.5 Gb/s are 1.9, 2.0, 

and 2.4 dB, respectively. According to the bandwidth ratios, receiver sensitivity penalties of 

approximately 1.8, 1.1, and 0.96 dB are expected, respectively. As can be seen, the measured 

sensitivity penalty for 5 Gb/s versus 7.5 Gb/s agrees quite well with this expectation, but for 

higher data rates the measured penalties are slightly larger than expected even when considering 

some measurement fluctuations. This is expected to be due to the limited bandwidth of the LNA 

in the RoF receiver which has a 3-dB bandwidth of about 10 GHz. 

 

Fig. 5.29 Measured BER as a function of received power level for multi-gigabit broadband wireless 

data transmission over 2.5 m. 
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Next, the system performance was tested for up to 50 m medium-range wireless spans. From bit 

error rate (BER) measurements shown in Fig. 5.30, broadband wireless transmission up to 50 m 

is demonstrated. No error floor was observed in the BER measurements for data rates up to 5 

Gb/s. Although for higher data rates BER some error floor is observed, transmission of 12.5 Gb/s 

up to 50 m is demonstrated with BER below the required FEC level of 2
.
10

-3
. To the knowledge 

of this author, this was the first demonstration of > 10 Gb/s broadband wireless transmission 

over reasonable wireless path lengths at the time of publication in 2008 [59, 220].  

Based upon the experimental system results, the potential of extending the wireless path length 

up to the km range (for 12.5 Gb/s at 60 GHz) by using high gain antennas and RF amplifiers 

with suitable bandwidth was studied theoretically. Based upon the measured receiver 

sensitivities and by using the link model developed in chapter 5.4, the received power was 

calculated for the case of high-gain 50 dBi receive and transmit antennas. Fig. 5.31 shows that 

the maximum wireless distance to achieve a BER of 10
-9

 is approx. 2000 m for 99% link 

availability (drizzle with 2 mm/h) and approx. 400 m for 99.999% (heavy rain with 85 mm/h) 

link availability.  

 

Fig. 5.30 Measured BER as a function of received power for different bit rates up to 12.5 Gb/s and 

wireless distances up to 50 m. 
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5.5.3 27 Gbit/s super-broadband 60 GHz photonic wireless system 

At the time of publication in 2008, the achievements presented in the above section represented 

world record figures in terms of data rate times wireless span for broadband millimeter-wave 

wireless systems. This can also be seen as an indication that photonic wireless systems have the 

edge over electrical RF systems whenever high aggregate bit rates are involved. However, it 

should be mentioned that the spectral bandwidth of the radio signal in the above mentioned  

10 Gbit/s OOK photonic wireless system is approximately 2
3
/4 times the data rate, since a 

double-sideband signal was transmitted and since the bandwidth of each sideband of the NRZ 

baseband signal is approximately 0.75 times
 
the data rate. Thus, the total occupied bandwidth 

for a 10.3125 Gbit/s is about 15.5 GHz. As discussed in section 5.2.1, this clearly exceeds the 

maximum allowable aggregate bandwidth in the 60 GHz band which is limited by regulatory 

agencies worldwide to 7 GHz (see section). In other words, although technically feasible, the 

system presented in section 0 is not in accordance with existing regulations. The maximum data 

rate the above described OOK photonic wireless system could be used for, considering a total 

bandwidth of 7 GHz in the 60 band would be about 4.6 Gbit/s. This is still by far faster than any 

of today’s commercial fixed wireless system offers (see also section 5.4.2), and it would even 

 

Fig. 5.31 Maximum wireless path lengths for 50 dBi gain antennas under different weather 

conditions. 
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support the current industrial endeavors in developing full duplex Gbit/s systems requiring a total 

capacity of about 2 Gbit/s (TDD). 

Nevertheless, it is clear that the maximum capacity the OOK photonic wireless system can offer 

is not sufficient for the development of a full duplex 10 Gbit/s wireless system. For a full-duplex 

10 Gbit/s (i.e. a total capacity of 20 Gbit/s) operating in the 60 GHz band with a maximum 

bandwidth of 7 GHz, a spectral efficiency of at least 2.86 bit/s/Hz would be required. This is 

very close to the theoretical limit for an 8-QAM modulation which is of 3 bit/s/Hz (see Fig. 

5.10).  

To achieve this goal, i.e. a total capacity exceeding 20 Gbit/s, a system using a 8-QAM OFDM 

(orthogonal frequency division multiplex) and 16-QAM OFDM modulation was developed. 

OFDM is a multi-carrier modulation format in which a high bit-rate digital data stream is split 

into several narrowband channels at different frequencies (using sub-carriers) [221]. The sub-

carriers are modulated e.g. by PSK or QAM and are then up-converted to the millimeter-wave 

carrier. This is similar to FDM (frequency division multiplexing) or subcarrier multiplexing, 

except for the stringent requirement of orthogonality between the sub-carriers. OFDM is 

considered as an advanced modulation technique for future broadband wireless systems as it 

provides increased robustness against frequency-selective fading and narrowband interference. 

OFDM is also efficient in dealing with multi-path delay spread, and it can combat optical 

chromatic dispersion [221-223]. These advantages together with the ability to use higher level 

modulation formats with increased spectral efficiencies have resulted in the fact that OFDM 

technology is widely adopted today, e.g. in wireless systems such as IEEE 802.11a/g (WiFi) and 

IEEE 802.16 (WiMAX) [224].  

The configuration of the 60 GHz photonic wireless testbed that has been constructed for 

demonstrating broadband wireless transmission with a maximum capacity of at least 20 Gbit/s is 

shown in Fig. 5.32. In general, the system consists of an optical mm-wave carrier generator unit 

with a subsequent broadband data modulation, a photonic wireless transmitter and a coherent 

wireless receiver.  
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For optical mm-wave carrier generation, light from a DFB laser source at a wavelength of 

1548.9 nm is modulated using a single-drive 35 GHz bandwidth Mach-Zehnder modulator 

(MZM-1) which is biased to the minimum transmission point (MTP) for generating an optical 

double-sideband signal with suppressed carrier (DSB-SC). A polarization controller is used to 

minimize the polarization dependent losses. The modulator is driven by a sinusoidal source with 

a frequency of fLO1 = 34.7 GHz, thus creating a double-sideband RF carrier with a frequency of 

69.4 GHz. With an applied power of +13 dBm, the optical carrier suppression is measured to be 

approximately 19 dB. To compensate for the modulation losses while operating at MTP, an 

EDFA was implemented, followed by an optical band-pass filter to remove ASE noise. The 

signal power of the data-modulated optical mm-wave carrier is approximately +14 dBm at this 

stage. 

Photonic data modulation is also performed by external modulation. The DC-bias is set to the 

quadrature point to achieve a quasi-linear modulation of the optical signal in conjunction with a 

sufficiently low power of the modulating data signal. A polarization controller is used before the 

modulator to minimize the polarization dependent loss. 

 

Fig. 5.32 Schematic of the compact 60 GHz photonic wireless link consisting of an optical mm-wave 

carrier generator based upon external modulation, a subsequent broadband OFDM data modulation, a 

photonic wireless transmitter and a wireless coherent receiver. The configuration for wireless and back-

to-back experiments is further indicated in the figure. 
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The applied OFDM signal under test is created on a computer using Matlab® with an FFT block 

size of 2048 data subcarriers, 34 pilots and 5 null subcarriers. Total signal bandwidth is set to 

7 GHz, while applying QAM-modulation for each data subcarrier. Signal generation is 

performed by a Tektronix AWG7102 10 GS/s dual-output arbitrary waveform generator (AWG), 

where the I- and the Q-component of the OFDM signal are combined and applied to a mixer. A 

sinusoidal microwave source is applied to the LO input of the mixer to up-convert the signal to 

an IF carrier frequency of 8.5 GHz. The LO power level is +24 dBm. The up-converted OFDM 

signal is amplified by a 18 dB gain power-amplifier (PA-1) to a level of approx. 3.5 dBm and 

applied to the RF electrode of MZM-2. 

After fiber-optic transmission to the wireless ROF transmitter, the optical mm-wave signal is o/e 

converted by a 70 GHz photodetector. The converted mm-wave signal is amplified by LNA-1 

with a gain of G = 20 dB and a noise figure of NF = 6dB and LNA-2 (G = 18 dB, NF = 6 dB) to 

a transmit power of approx. -1 dBm and coupled to a 23 dBi gain horn antenna. Considering 

carrier and intermediate frequency, the OFDM signal is centered at fRF - fIF = 60.9 GHz, giving a 

consumed bandwidth of 57.4 - 64.4 GHz. This does not quite exactly meet the worldwide 

regulatory specifications of 57 - 64 GHz (see section 5.2.1). This is due to the insufficient 

bandwidth of LNA-2. 

The wireless receiver consists of an identical 23 dBi horn antenna. After amplification by a low-

noise amplifier LNA-3 with a gain of G = 18.6 dB and a noise figure of NF = 4.5 dB, the signal 

is coupled to a low-loss custom design balanced mixer for down-conversion. The LO frequency 

fLO2 is 53.2 GHz and down-converts the mm-wave signal to an intermediate frequency centered 

around 7.7 GHz. This signal is further amplified by LNA-4 (G = 22 dB, NF = 4 dB) to a power 

level of approximately +5 dBm and coupled to an Agilent DSO91304A 13 GHz bandwidth real 

time oscilloscope (RTO) with a sampling speed of 40 GS/s to capture the IF signal. Finally, 

OFDM demodulation and EVM evaluation are performed offline using Matlab® 

 



 Chapter 5 – Broadband Photonic Millimeter-Wave Wireless Systems 169 

 

For evaluating the system performance, we have performed experiments in a laboratory 

environment with a fiber-optic transmission span of 10 m and a wireless path length of 2.5 m.  

The data subcarriers of the 7 GHz bandwidth OFDM signal are modulated with either 8- or 16-

QAM OFDM signals, corresponding to transmitted data rates of 20.28 and 27.04 Gbit/s, 

respectively. For the measurements, transmitter and receiver are placed at a height of 

approximately 90 cm above floor level. The received spectrum and constellation diagram for 

20.28 Gbit/s photonic-wireless transmission using 8-QAM subcarrier modulation are shown in 

Fig. 5.33. The measured mean EVM is 18.8% for an SNR of 18.9 dB. From the EVM, a BER of 

2.20·10
-4

 can be computed, which is below the forward error correction (FEC) limit of 2.2
.
10

-3
 

[197]. 

  

Fig. 5.33 Received spectrum and constellation diagram obtained after photonic up-conversion, 10 m of 

fiber-optic and 2.5 m of wireless transmission. The 7 GHz bandwidth OFDM signal with 8-QAM 

subcarrier modulation gives a data transmission rate of 20.28 Gbit/s. 

  

Fig. 5.34 Received spectrum and constellation diagram obtained after photonic up-conversion, 10 m of 

fiber-optic and 2.5 m of wireless transmission. The 7 GHz bandwidth OFDM signal with 16-QAM 

subcarrier modulation gives a data transmission rate of 27.04 Gbit/s. 
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We further demonstrated 16-QAM modulated OFDM transmission, which corresponds to a data 

rate of 27.04 GHz at a bandwidth of 7 GHz. The received spectrum and the constellation 

diagram are shown in Fig. 5.34. The measured mean EVM is here 17.6 % for a SNR of 21.5 dB. 

From the EVM, a BER of 4.2·10
-3

 can be computed, which is slightly above the FEC limit [197].  

In summary, with the above presented broadband photonic wireless 60 GHz transmission system 

and by using an 8-QAM and a 16-QAM OFDM modulation format, record spectral efficiencies 

up to 3.86 bit/s/Hz have been achieved. Experiments have been carried out with 10 m fiber-optic 

and 2.5 m wireless transmission. For 8-QAM OFDM modulation, a data rate of 20.28 Gbit/s has 

been achieved with a measured mean EVM of 18.8 % and a SNR of 18.9 dB resulting in a BER 

of 2.2·10
-4

. For 16-QAM OFDM modulation, a record throughput of 27.04 Gbit/s has 

successfully been achieved. In that case, the measured mean EVM and SNR were 17.6 % and 

21.5 dB, respectively, resulting in a BER of 4.2·10
-3

 which is slightly above the FEC limit. Also, 

the wireless span of 2.5 m was limited by the laboratory environment. The transmit power and 

antenna gain used in the experiments were -1 dBm and 23 dBi, respectively. By increasing the 

transmit power and antenna gain, one can expect to be able to extend the wireless span up to a 

few 100 m given the measured wireless receiver sensitivity. 

 

5.6 State of the art in broadband photonic wireless demonstrations 

As discussed above, broadband wireless is widely considered as the third wireless revolution, 

following cellular phones in the 1990s and Wi-Fi in the 2000s. It is viewed by many carriers and 

cable operators as a disruptive technology. However, at present, there is no broadband wireless 

system offering 10 Gigabit per second connections commercially available although there are 

remarkable research activities being carried out in this field. Most of the leading companies and 

research institutes in broadband wireless are located in the USA, Japan and Europe. Noticeable is 

the fact that most solutions reported or proposed for 10 Gbit/s broadband wireless systems 

employ photonic technologies.  

Today, various companies offer commercial series broadband wireless link products up to 1.25 

Gbit/s, potentially supporting full-duplex 1 Gigabit Ethernet. Such products are available from 

Comotech [225], E-Band Communications [226], Loea [227], Elva-1 [228], Rayawave [229], 

Gigabeam [230], Proxim Wireless [231] and others. Most of those systems operate within the E-

band at around 60 GHz or around 70 and 80 GHz and are usually equipped with interfaces for 

fiber or copper. The spectral efficiency offered by those commercial systems often does not 

comply with actual regulations – at least not for Europe. Also, the systems do not offer low cost-

per-bit. Broadband wireless systems offering > 1.5 Gbit/s connectivity are being announced, e.g. 



 Chapter 5 – Broadband Photonic Millimeter-Wave Wireless Systems 171 

 

by Asyrmatos [232] or Gigabeam [230]. Most of those so-called super-broadband wireless 

systems also operate in the E-band, although the Asyrmatos product also considers operation in 

frequencies around 94 GHz and 140 GHz. To the best of the author’s knowledge, none of these 

10 Gbit/s wireless systems is commercially available at the moment.  

Looking at the academic achievements and developments, broadband millimeter-wave wireless 

systems have attracted a lot of interest during the last decade. However, although research on 

mm-wave wireless links has been carried out for about a decade now, it is just within the last 

years that broadband wireless links with capacities in the Gbit/s range could be successfully 

developed. However, in many if not in most publications, only RoF signal transport over fiber 

omitting the wireless transmission is demonstrated. As shown in Fig. 5.15, wireless transmission, 

even for short distances, requires the systems’ power budget to be 100-130 dB better. Obviously, 

this has a great impact on the required systems’ performances and thus, only those RoF 

demonstrations including the wireless transmission are discussed further.   

Early RoF demonstrations were made by Stöhr, Kuri and Kitayama at NiCT, Japan, already in 

1998 and 1999 by demonstrating the first full-duplex 60 GHz millimeter-wave photonic wireless 

links using external optical RF modulation and coherent detection [213, 215-217, 233, 234] (see 

also section 5.5.1). Based upon a novel optical transceiver approach and by employing subcarrier 

multiplexing (SCM) (see also section 5.5.1 below), this system allowed a maximum downlink 

transmission data throughput of 256 Mb/s and an uplink throughput of 56 Mb/s [149, 151]. The 

same authors also demonstrated 156 Mb/s wireless transmission over 5 m [234]. Here, the RF 

carrier frequency and data modulation format were 60 GHz and differential phase-shift keying 

(DPSK), respectively. In 1999, Stöhr et al. also demonstrated a WDM RoF system concept 

employing wavelength routing for addressing multiple BSs in a bus-type network and using 

SCM for full-duplex operation [151].  

In 2003, Seo et al. demonstrated a 60 GHz RoF system employing also a WDM scheme for 

addressing multiple base stations in a star-type network architecture [235]. By using optical ON-

OFF keying (OOK), a more simple modulation format as compared to DPSK which was used in 

[151, 152, 234] , Seo et al. demonstrated a total data throughput of 2
 
times 622 Mb/s over 3 m 

wireless span.  

More recent relevant research on broadband mm-wave wireless systems was conducted by a 

Japanese research group from NTT, who successfully constructed and employed photonic 

transmitters for wireless transmission with data rates up to 10 Gbit/s. Using OC-192 and 

10 Gbit/s Ethernet formats, they demonstrated 10 Gbit/s wireless transmission over 300 m at 

125 GHz carrier frequency using optical amplitude-shift keying (ASK) modulation format [236]. 
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Latest work of the same research group focused on THz photonic wireless transmission systems. 

Records in terms of data throughput at THz carrier frequencies were demonstrated in [237, 238] 

by showing 8 Gbit/s and 2 Gbit/s over 0.5 m wireless at carrier frequencies of 250 GHz and 

300 GHz, respectively. 

Recently, in 2008, researchers at Battelle [239] built a photonic wireless system operating at 

94 GHz for data rates up to 10.6 Gbit/s. They demonstrated wireless transmission over 6 m and 

claim to have been able to recover the 10.6 Gbit/s OOK data even after 800 m wireless 

transmission.  

Very recently, in 2009, researchers from UDE reported on a photonic wireless system using an 

externally modulated 58.8 GHz MLLD as optical source and an incoherent receiver based upon 

an envelope detector. In [240], they reported on uncompressed HDTV transmission with a data 

rate of 1.48 Gbit/s over 10 m wireless span. Later results using the same system revealed 

maximum data throughputs of up to 5 Gbit/s being transmitted over 25 m wireless span [57, 

241]. Later in 2009, Gonzalez et al. from TUD also employed an incoherent receiver (envelope 

detector) and demonstrated up to 10 Gbit/s over 1.5 m wireless span [242].  

With respect to data rates and spectral efficiency, the NEC Laboratories in Princeton and the 

Georgia Institute of Technology, USA, achieved a remarkable result in 2008. Although operating 

in the microwave range at 24 GHz, their system was capable of delivering up to 16 Gbit/s over 

6 m wireless span using an 16QAM-OFDM modulated signal with a spectral efficiency of 

3.2 bit/s/Hz [243]. The same group at Georgia Tech. also developed integrated schemes for RoF-

based optical-wireless services in WDM-PON systems to serve both, fixed and mobile users with 

a converged optical platform [244]. Also, researchers at Corning Inc. in the US published 

broadband 14 Gbit/s radio-over-fiber transmission (without wireless) in the 60 GHz band using 

an OFDM signal [245]. The same group has also achieved wireless transmission using the same 

system (personnel visit). 

As can be seen from the above discussions as well as from Table 5.3 which summarizes the 

recent key achievements in RoF photonic wireless systems, most of the reported systems do not 

comply with regulations. In most cases, either the used spectral bandwidth is too large with 

respect to regulations or the used carrier frequency does not comply with regulations. One of the 

few systems that potentially comply with regulations was demonstrated by researchers from 

UDE and France Télécom in 2009 (see section 5.5.3). Here, for the first time to the author’s 

knowledge, wireless transmission with a data throughput of up to 27 Gbit/s was demonstrated 

within the 60 GHz band. In order to be compliant with regulations, the total bandwidth had to be 
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limited 7 GHz. This was achieved by using a 16QAM-OFDM signal. This way, it was possible 

to increase the spectral efficiency up to 3.86 bit/s/Hz which also represents a world record figure.  

Table 5.3 Summary of key achievements in photonic millimeter-wave wireless systems 

 

Year 

 

RF carrier 

frequency 

 

(GHz) 

Wireless 

span 

 

(m) 

Modulation 

format 

 

Data  

rate 

 

(Gbit/s) 

Spectral  

efficiency 

 

(bit/s/Hz) 

 

Org. 

 

Ref. 

1998 60 0 

 (BtB) 

DPSK 0.256 

(down.) 

0.056 (up.) 

 < 0.5 UDE, NiCT [149], 

[151], 

[152] 

1999 60 5 DPSK 0.156 < 0.5 NiCT, 

UDE 

[234] 

2006 120 200 ASK 10.3125 0.61 NTT [236] 

2008 94 6 OOK 10.6 < 0.5 Battelle [239] 

2008 60 50 OOK 12.5 < 0.5 UDE [220, 240, 

246] 

2008 24 5 16QAM-OFDM 16 3,2 Georgia Tech. [243] 

2009 58.8 25 OOK 5 < 0.5 UDE [240] 

2009 30 1.5 OOK 10 < 0.5 TUD [242] 

2009 60 5 OOK 10 < 0.5 Georgia 

Tech. 

[247] 

2009 60 BTB QPSK-OFDM 14 2 Corning, NCTU [245] 

2009 250 0,5 OOK 8 0.56 NTT [238] 

2009 300 ~0,5 OOK 2  NTT [237] 

2009 60 2.5 16QAM-OFDM 27.04 3.86 UDE 

FT 

[146],[57] 

2010 60 10 8QAM-OFDM 21 3 ChiaTung, 

Corning 

[248] 

2011 60 3 Adaptive 

8-32QAM-

OFDM 

31.4 4.48 ChiaTung, 

Corning 

[249] 

2011 60 1.2 DP-16QAM 100 ~2.8 TUD [250] 

2012 220 0.5 QPSK 9.06 1.81 KIT, 

IAF 

[251] 
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6 Microwave Photonics in Instrumentation and Sensing 

In the previous chapter, the advantageous utilization of microwave photonic technologies and 

Radio-over-Fiber techniques in communication applications was shown. Advanced wireless 

communication systems based upon RoF techniques exhibiting world record performances were 

demonstrated. But Microwave Photonics is not only of particular interest in communications, it 

is also widely considered as an advanced high-frequency source technology for multiple 

applications in instrumentation, sensing, security, radar, and medical applications. The 

theoretical concepts discussed in chapter 2 and chapter 3, as well as the developed technologies 

shown in chapter 4 provide clear evidence that advanced, compact and potentially low-cost 

photonic-based high-frequency sources and sensors can be built. This includes highly stable and 

spectrally pure millimeter wave oscillators, ultra-wide tunable sources or wideband sensors for 

various applications. Such compact functional components are expected to have some inherent 

advantages as compared to other all-electronic or all-optical solutions. First of all, they would 

principally allow covering a huge frequency spectrum extending from DC all the way up to 

highest mm-wave frequencies or even THz frequencies. Currently, there is no other technology 

which is even envisaged to offer such a wide tunability. Obviously, a compact-size frequency-

tunable mm-wave oscillator would have a great impact on multiple industrial sectors, including 

atomic and molecular spectroscopy (e.g. photonic spectrometer), mm-wave instrumentation (e.g. 

extremely wide frequency coverage mm-wave synthesizer), radio-astronomy (e.g. in tunable 

photonic LOs), security and radar (e.g. sources for mm-wave imaging), and last but not least in 

telecommunications (e.g. multi-service and ultra-wide band broadband wireless access). The 

next section will provide more details on some of the above mentioned applications. Thereafter, 

a photonic-based sensor and a photonic-based high-frequency source will be demonstrated. 

Namely, a microwave (300 MHz to 6 GHz) electrical-field sensor and a millimeter-wave 

photonic synthesizer with a wide frequency-tuning range from 75 GHz to 115 GHz will be 

shown. 

 

6.1 Applications and worldwide markets 

The various application fields that can potentially be addressed by photonic-based high-

frequency sensors and sources are categorized in five major application fields of particular 

interest: communications, transport, instrumentation, security, and medical applications.  
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To get a better knowledge on the different application fields and to stimulate the growth of the 

emerging European industry in the field of photonic-based microwave and mm-wave 

components and functions, a survey has been conducted by University Duisburg-Essen and 

Optech-Net e.V. within the European IPHOBAC project. The survey is entitled “Millimetre-

Wave Applications using Photonics”. The first version of the survey report was released in June 

2007, an updated, more application-oriented survey was released in June 2008. A concise public 

summary report summing up the results of both survey versions was published in April 2010 

[36]. 

In a first step, the technical needs and requirements of the European mm-wave industry were 

investigated by means of a questionnaire. In a second step, more application-driven requirements 

were revealed by means of an additional questionnaire, direct market analysis, and bilateral 

meetings with leading industrial players. The following presents a concise summary of the 

outcomes of this survey.  

In summary, until the end of 2009 altogether 278 participants had taken part in the IPHOBAC 

survey, of which about 200 indicated their country of origin. Even though the majority of 

respondents are from European companies and research organizations (two thirds of all 

participants), there was a fair amount of experts participating from non-European countries, 

predominately from the USA (see also Fig. 6.1), representing worldwide trends in the microwave 

 

Fig. 6.1 Origins of the 278 survey participants worldwide. The origins of 84 participants are unknown. 
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and mm-wave industry.  The highest number of responders originated in the USA and Germany, 

followed by the United Kingdom, France, Italy, India, Belgium, Russia, Canada, and others.  

With respect to photonic mm-wave components/functions, it is interesting to note that more than 

80% of the respondents were particularly interested in utilizing a photonic solution for various 

reasons. This indicates that the majority is not only interested in the mm-wave function itself but 

also in using the underlying photonic technology. Only 19% indicated not to be interested in a 

photonic solution.  

With respect to the technical requirements and specifications, different aspects were investigated. 

As to the required output power level it was found, for example, that almost half of the 

respondents would be satisfied with output power levels up to 0 dBm, more than 75% would be 

satisfied by power levels of up to 10 dBm. The most interesting frequency range was found to be 

DC-110 GHz, followed by the EHF frequency range of 30-300 GHz (see also Annex V).  

The survey furthermore reveals that the most required individual photonic mm-wave component 

is the broadband photodetector operating from DC-110 GHz. Here, the high output power level 

is seen as key for commercial success with a power level of up to 0 dBm satisfying 42% of all 

requirements, a power level of up to 10 dBm would even satisfy the requirements of 77% of all 

respondents. With respect to the output connector, the highest interest was in having a coaxial 

W1 output connector (45%), followed by rectangular waveguide output connectors (28%). This 

reflects that the broadband and high-output power photodetector modules using a fiber-optic 

package with W1-coaxial output connectors and integrated bias-tee developed in the IPHOBAC 

project are of high interest. As for the cost, 71% would accept cost in the order of up to 1000 € 

and only 24% indicated to be willing to pay up to 10,000 €. This is somewhat unrealistic, as even 

the current cost for 40 GHz PDs exceeds the 1000 € level. In summary, the survey reveals a 

reasonably large market size for 100 GHz PDs – mainly for R&D applications and measure-

ments. In that regard, it should be mentioned that such 100 GHz PD featuring a W1-coaxial 

output connector developed within the IPHOBAC project have become commercially available 

in the year 2010 from u
2
t Photonics AG (www.u2t.de) in Berlin and CIP Technologies in 

Ipswich (www.ciphotonics.com). 

Another important component is the integrated photonic mm-wave transmitter operating in the 

30-300 GHz frequency range. From the survey, as well as from discussions and requests at 

international exhibitions, a great interest for these devices - mainly for THz wireless 

communications, but also for THz measurements - was found. For the time being, a market of a 

few tens of 30-300 GHz emitters with individual cost of about only 12-18 thousand euro is 

expected. 

http://www.u2t.de/
http://www.ciphotonics.com/
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Summing up all survey results, photonic-based mm-wave applications and systems will most 

likely be of significant need in all stated application fields including communications, imaging, 

spectroscopy, instrumentation, measurement equipment, security, and radar applications. The 

highest interest was found for communications, where 112 experts see a significant demand for 

mm-wave applications and systems, followed by the fields of security and radar, where 82 

specialists believe in a very high impact. In addition, mm-wave applications and systems are 

expected to play a stable role in imaging and spectroscopy (53), as well as in instrumentation and 

measurement equipment (39). 

As regards more complex photonic-based systems, a specific function of particular interest is the 

integrated low-phase noise mm-wave source operating in a frequency range from DC to 110 

GHz. Altogether one third of all the respondents have asked for such a fixed frequency source 

operating inside this range mainly for radar and sensor applications. Regarding the required 

phase noise levels, about three-fourth of the respondents would be satisfied with phase noise 

levels below -100 dBc/Hz at 10 kHz offset while 24% require a better phase noise level up to  

-140 dBc/Hz at 10 kHz offset.  

In the following, some of the investigated application scenarios for fixed frequency and for 

frequency-tunable mm-wave sensors and sources will be briefly presented. Since applications in 

communications were already discussed in section 5.1, the following will concentrate on 

applications in instrumentation, transport, security, radar, and the medical field.  

Enhanced Vision Systems (EVS) for transport vehicles 

The basic motivation for EVS on transport is increased safety, in particular during night and/or 

in low visibility conditions and also during approach, landing, takeoff, and ground operations. In 

addition to existing infrared systems, photonic-based mm-wave radar systems allow extending 

enhanced situation awareness to “all-weather” effectiveness. Moreover, in future systems, by 

determining the weight of potential obstacles in the approach path, this will allow autonomous 

approach and landing when opening a wide area of new applications.  

The overall market size addressed by classical infrared systems will be more than 800 units per 

year after 2007, this represents a market of more than 100 M€. The world’s airlines are forecast 

to take delivery of more than 17,000 new passenger and freighter aircrafts over the next 20 years, 

equating to average annual deliveries of 866 aircrafts. It is expected that thanks to its “all-

weather” effectiveness provided by mm-wave functions, addressable new markets will be at least 

1% of the total market in 2012. Later on, since these new systems will replace the classical 

already installed ones, this market share will continue to increase. 
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High resolution automotive radars 

Strategy analysis predicts that short and long-range distance warning systems will become 

increasingly common features on passenger vehicles. Ultrasonic, camera, and radar technologies 

will be used extensively, but only radar systems will find significant application in both short 

and long-range systems. Market development of automotive radars is expected to accelerate 

now; more safety-oriented features are reaching the market, along with lower-cost, short-range 

devices. Short-range system sales will reach around 12 million units per year by 2007. For long-

range systems, a worldwide market of approximately 2.5 million system units is expected by 

2007. The market size of high-resolution radars is expected to reach 100,000 units in 2012 [36].  

Measurement equipment 

Thanks to their low phase noise performances, their modulation bandwidth and also their size, 

mm-wave generator functions based upon Microwave Photonic technologies are intended to be 

used in instrumentation equipment, replacing all-electronic devices. The equipment concerned is 

all systems employing mm-wave generators. The worldwide market size is larger than 180 M€, 

an average of 5500 units.  

Wireless Sensing Networks, Central Interrogating modules 

Future electronic sensors will have to be highly integrated and able to communicate to each 

other. Wireless short distance communication will allow building-up an ad-hoc network between 

several sensors. Several key applications have already been identified, such as distributed smart 

monitoring for transport applications, wireless sensor networks for health monitoring, and 

distributed intelligent control. This approach called Smart Dust has been initiated at Berkeley in 

1999. But a lot of technical issues are still to be solved. This includes power consumption, size 

and weight, processing capabilities, communication links, and cost. Consequently, the use of 

photonic-based technologies will only be possible in medium term. 

An application can be foreseen into the “central interrogating modules” responsible for 

collecting data from all the sensors of the network. These modules are bigger and the constraints 

are less critical. Among the main functionalities required for these modules, there are very high 

operating frequencies and frequency diversity. This can be addressed by the approaches studied 

here. In a rough analysis that takes into account the mobile station market forecast for the EU a 

total market of about 100,000 interrogating units per year are expected by 2012.  
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Global security market 

During the period 2000-2008, the global homeland security market grew by 600% from $23 

Billion by 2000 to $140 Billion by 2008. It is forecasted that during the 2008-2018 period, the 

global home land security markets will grow by another 81%  from a sum total of $140 billion in 

2008 to about $254 billion in 2018. This means, the home land security market will grow from 

0.25% of the global Growth Domestic Product in 2008 to about 0.36%. Most of this growth is 

expected to come at the cost of reducing traditional military outlays [36]. Overall, the global 

home land security market is robust and it is forecasted to grow over the next 10 years at an 

impressive annual growth rate of about 7-7.5%.  

Amongst the Next Decade’s Fastest Growing Market Sectors are the Information Technology 

systems, the Defending gas-oil energy facilities, and the Border Security domains which could 

benefit. In the following, we look at the possible market shares that can be expected in the 

related domains of high data rate short distance communications and fixed security radar for area 

surveillance. 

Point-to-point high rate short distance secure communications 

The main application concerns crowd surveillance, especially during peace keeping or light crisis 

periods. The goal is to detect troublemakers through video surveillance by cameras located on 

vehicles or on policemen close to the vehicles (several ten meters). The video quality has to be of 

an excellent level since the trouble leaders are usually hidden by the crowd and their images is 

available only during short periods of time. Therefore, face recognition becomes difficult and a 

sufficient quality of image is needed. Indeed, the video stream data rate cannot be reduced or 

limited by using compression algorithms and can reach a couple of 100 Mb/s per channel. The 

use of mm-wave frequencies is of interest since it will allow delivering very high data rates over 

a short distance, with frequency reallocation, if necessary.  

According to the IPHOBAC report [36], Thales provides a network encryption solution to be 

associated with mm-wave transmission (70/80 GHz) in order to provide a solution for securing 

data transmission including voice and video over wireless network. This is of interest for 

government entities, as well as for financial institutions that need to meet high level security 

standards. Licensed band 70/80 GHz mm-wave radio technology is also ideal for government 

and security installations that demand rapid deployment of temporary high-bandwidth wireless 

links for quick restoration of communications in the event of a natural disaster or other 

emergency. 
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The IT security market was estimated in 2007 at 32 billion euros with an annual growth rate of 

18%, and the European market itself amounted a total of 12 billion euros.   

Fixed security radar for area surveillance 

The market of the perimetric detection dedicated to the surveillance of industrial and sensitive 

areas (e.g. nuclear power stations or embassies) will represent a worldwide market of 1500 

million euro in 2009. A third of this market is within Europe. It is forecast that the main boost in 

airport perimeter security will come from networking. A greater number of airports are switching 

to digital networks, making it essential to network all security solutions to the main command, 

control, and communications center. This could therefore enhance the need for optical solutions 

that easily allow using remote sensors connected to a central processing unit. 

Health-care and medical applications 

Among the possible applications for photonic-based microwave and millimeter-wave 

components and systems are several applications in the health-care and medical domains. Today, 

the European Union population which is close to 400 million has an average age close to 36 

years that will become 45 years in in 2025. General ageing of the population will lead to an 

important number of senior citizens. Therefore, a significant increase of health expenses is 

expected and it is known that in average most of these expenses for seniors appear in the last two 

years of their lives. Therefore, health expense management is of importance, and to avoid an 

immense increase of cost, it is crucial to implement intelligent systems for automated health 

monitoring such as wearable diagnostic devices for providing a real time track of the health 

status at an earlier stage. As for wireless sensor networks, it is expected that the monitoring 

sensor itself will not take benefit from photonic-based solutions in a near or midterm. But the 

central interrogating modules responsible for collecting the data from all the monitoring sensors 

can probably take the benefit from photonic-based functions and systems. In a rough estimation, 

the targeted cost of an interrogating unit could be in the order of about 1000 € per unit, and it is 

expected that 100,000 citizens will require interrogating stations.  

As regards market numbers, in 2005, medical techniques and life sciences represented 8% of the 

total photonic world market of 228 billion euros. Thus, the photonics world market for medical 

techniques and life sciences was about 18 billion € in 2005. This number is expected to grow to 

about 30 billion euros in 2015. European production represents about 30% of this market that is 

to say about 2.3 billion euros in 2005 and an expected 9 billion euros in 2015.  
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In the following, some medical applications where photonic-based microwave and millimeter-

wave sensors and sources could be potentially used are listed: 

Photonic mm-wave endoscope 

Microwave Photonics could potentially be used to construct an ultra-compact photonic mm-wave 

endoscope for intra-corporal, minimal invasive, local cell or tissue identification, thermal cancer 

treatment or cell activation. Absorption and reflection of mm-waves strongly depend on water 

and fat content and therefore on the composition of biological tissue. It has been reported that the 

use of mm-waves shows some advantages compared to classical infrared technology in terms of 

cancer detection and treatment. In that regard, even the activation of natural killer cells appear to 

be possible. 

Photonic mm-wave radiator 

Photonic-based sources could potentially be used to construct a low power mm-wave radiator for 

extra corporal, local tissue exposure for pain therapy. In addition to classical acupuncture and 

laser induced acupuncture, there is some evidence that low power mm-wave radiation can be 

used to stimulate specific acupuncture points of the human body, supporting pain therapy. 

Additionally, studies reported in [36] show the successful application of low power mm-waves 

to support the healing and pain relief of various forms of ulcer.  

Live surgery wireless video transmission system 

The high-capacity mm-wave wireless systems developed and discussed in chapter 5 have been 

shown to be useful for real-time, high-definition video transmission. Such a system is crucially 

needed during surgery in an operating theatre inside a hospital (telemedicine). It is obvious, that 

for such an application, high-definition video signals must be transmitted without compression as 

no latency is allowed. The fact that the wireless RoF systems developed represent the fastest 

wireless systems worldwide, with at least one order of magnitude higher data rates than 

conventional all-electronic systems open up an excellent opportunity for addressing such 

applications.  

Short-range broadband indoor wireless system for mobile medical apparatuses 

The IPHOBAC technologies could potentially be used to construct a Multi-Gigabit Wireless 

LAN capable of bi-directionally transmitting medical data (high resolution X-Ray or MRT 

images, high definition videos from surgery or endoscopic analyses, histological data from 
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tissues, patient records and life signs like long-term ECG, EEG, etc.) between different mobile 

medical apparatuses. 

Wireless monitoring in home healthcare 

The market for wireless monitoring in home healthcare is still nascent, but rapidly evolving. 

Among the most common conditions to monitor at home are irregular heartbeats or cardiac 

arrhythmia, high blood pressure, the glucose levels in diabetes, and high levels of lipids or fats in 

the blood. In Europe and North America, about 40 million people have cardiac arrhythmia, 200 

million people have high blood pressure, 60 million people are diabetic, and about 180 million 

people have severe elevation of blood lipids. All these diseases are increasing as a result of 

people getting older and heavier, and all are major causes of high healthcare costs. Berg Insight 

estimates that 250 million people in the EU and the US suffer from one or several diseases that 

may require home monitoring. Although not everyone benefits from regular home monitoring, 

there will probably be 50 million people for whom wireless solutions available would be 

beneficial. According to Berg Insight, the market for home health monitoring of welfare diseases 

was worth approximately 11 billion $ in 2008 and is growing about 10%  annually.  

 

6.2 Advanced microwave and mm-wave photonic sensors and oscillators  

6.2.1 Microwave (300 MHz - 6 GHz) remote electro-optical EMC sensor  

In many technical and medical domains, there is a great interest in small and remote sensors for 

measuring electromagnetic (EM) fields, e.g. for antenna measurements, automotive applications, 

EMC compliance testing or hyperthermia studies in biologic tissue. Although the requirements 

for any specific sensor of course vary between the different applications, it is obvious that 

electro-optical sensors for measuring EM fields offer a number of generic advantages if 

compared to all-electronic sensors: they provide electrical isolation which eliminates ground 

loops, and the optical fibers and dielectric components employed in electro-optical sensors 

produce minimal field distortion. In addition, electro-optic sensors do not suffer from the loss of 

phase information as there are no high impedance transmission lines used, in contrast to many 

all-electronic sensors. Furthermore, electro-optical sensors can be of small size, offer a wide 

dynamic range and a high sensitivity. Consequently, electro-optical field sensors have been 

studied for many applications.  

For several years, there has been an increasing interest in EM field measurements related to 

electromagnetic compatibility (EMC) testing and the certification of electronic equipment. All 
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electronic systems and components are sensitive to EM radiation, but they also act as radiation 

sources themselves. Thus, for certifying the EMC of any electronic equipment, it is required to 

test both, the sensitivity of the equipment to EM fields and the power radiated by the equipment 

itself.  

Of course, any EMC measurement relies on the existence of a sensor allowing precise 

measurements of the EM fields. In many applications, those sensors must not only offer a high 

sensitivity but also a wide frequency range of operation. As an example, all mobile terminal 

equipment is certified to fulfill the European norm “Considerations for evaluation of human 

exposure to electromagnetic fields (EMFs) from mobile telecommunication equipment (MTE) in 

the frequency range 30 MHz - 6 GHz” [252]. For measuring higher harmonics, the operational 

frequency range must be even wider.  

With the objective to develop a sensor system that allows for frequency selective measurement 

of electrical fields up to 6 GHz, a hybrid integrated electro-optical sensor system has been 

developed. In order to provide minimum interference with the measured electric field, the sensor 

head was connected to the read-out unit via electromagnetic interference (EMI) free optical 

fibers. The key components within the sensor head are a planar antenna connected to a 1.55 μm 

InGaAs/InAlAs waveguide electro-absorption (EA) modulator via a low-power GaAs MESFET 

transimpedance amplifier. In order to minimize interference with the electric field to be 

measured, any metallic parts in the sensor head had to be avoided as far as possible. Thus, the 

transimpedance amplifier was powered by optical means, using an array of photovoltaic cells on 

GaAs substrate for high-efficient power conversion at 850 nm wavelength. Fig. 6.2 shows a 

schematic of the realized sensor. 

 

Fig. 6.2 Sketch of the optically powered integrated electro-optical field sensor. 



184 Chapter 6 – Microwave Photonics in Instrumentation and Sensing 

  

In order to determine the theoretical electric field sensitivity of the sensor system, the minimum 

detectable voltage um of the modulator was determined from an analytic noise calculation where 

all contributing noise sources of the system were considered. In detail, relative intensity noise 

(RIN) of the signal laser diode, atmospheric noise, and amplifier noise together with thermal 

noise, dark current noise and shot noise contribute to the overall noise. The resulting minimum 

detectable voltage um can be expressed as [253] 
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Here, PLD, RIN, ID and S describe the output power and relative intensity noise of the laser diode 

and the dark current and sensitivity of the photodiode, respectively, a denotes the slope of the 

modulator transmission characteristic, RL and CL are resistance and capacitance of the modulator 

and d represents the fiber-chip-coupling loss. Finally, the amplifier and antenna are characterized 

by vu, F and C0, which are the amplifier gain, the noise figure of the amplifier, and the 

capacitance of the dipole antenna, respectively. Furthermore, RD determines the resistive load of 

the photodiode which depends on the equipment connected to the photodiode. Using eq. (119), 

the E-field sensitivity of the sensor system can then be derived from 

 
lv

u
E

u

m


 2 , (113) 

where l is the length of the dipole antenna. 

Assuming a large resistive load for the photodiode RD → ∞, we calculated a field sensitivity of 

12.8
.
10

-6
 V/m for a 1 Hz measurement bandwidth [254]. In general, however, the resistive load 

of the photodiode will be RD = 50 Ω, thus, the influence of thermal noise cannot be neglected. In 

order to theoretically determine the field sensitivity for that case, the following values of the 

EAM have been measured: a = 0.4 V
-1

, RL = 50 Ω and CL = 300 fF. Together with the values for 

the dipole antenna of C0 = 60 fF and l = 8 mm, as well as the transimpedance amplifier voltage 

gain and noise figure of vu = 0.2 and F = 3.16, respectively, the sensitivity of the sensor system 

was calculated using eq. (119) and eq. (120). Here, the values for the photodiode and the laser 

diode were taken from commercially available components and the fiber chip coupling 

efficiency was estimated to be d = 0.2. The resulting sensitivity versus the optical input power is 

shown in Fig. 6.3 for a frequency of 100 MHz. As can be seen, the sensitivity at low optical 
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power is mainly limited by thermal noise, and it is improved by increasing the optical power. 

However, for an optical input power in excess of 10 mW, no significant improvement of the 

sensitivity is achieved due to the noise floor summing up from the laser source, the amplifier and 

the antenna noise. For the realized sensor system, an optical input power of 4 mW was chosen, 

resulting in a theoretical electric-field sensitivity of 50 μV/m for a measurement bandwidth of B 

= 1 Hz. 

A sketch of the realized sensor system that can accurately be described as an analog optical link 

based on an intensity modulation direct detection (IMDD) scheme was already shown in Fig. 6.2. 

In the realized sensor head, an electrically small dipole antenna (length l = 8 mm) was used to 

convert the measured electric field into a microwave voltage. Because of the impedance 

mismatch between the capacitive dipole antenna (C = 60 fF) and the EAM (R = 50 , C = 300 

fF), it was necessary to insert an impedance matching circuit between the antenna and the EAM. 

For achieving highest field sensitivity, this matching circuit was realized as a transimpedance 

amplifier (TIA) using a low-power GaAs MESFET technology.  

 

Fig. 6.3 Calculated sensitivity limit of the sensor system as a function of laser power. 
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Fig. 6.4 shows the frequency dependence of the voltage gain under operational conditions. A 

gain of -12.5 dB and a gain flatness of only ±0.07 dB are achieved within the frequency range 

0.1 GHz to 6 GHz. The power consumption of the amplifier is 40 mW at a voltage of 4 V. 

Further details of the MESFET TIA layout and dimensions can be found in [253].  

In the sensor, the TIA feeds the EAM which transfers the microwave voltage from the antenna 

into the optical domain. Next, the microwave modulated optical carrier is transmitted via a 

standard single mode fiber (SMF) to a high-speed photodiode located in the readout. After 

conversion back into the electrical domain, the measured signal is transferred to a general 

purpose interface, enabling the connection to almost any kind of measurement instrument. 

Generally, for frequency selective measurements an electrical spectrum analyzer will be 

connected to the interface. 

 

Fig. 6.4 Voltage gain of the GaAs MESFET transimpedance amplifier under operational conditions (the 

shaded frame indicates specification). 
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In order to provide the necessary electrical power for driving the transimpedance amplifier and 

for reverse biasing the EAM by optical means, a photovoltaic cell (PVC) array was realized. The 

PVC array has been optimized for high power conversion efficiency at monochromatic 

illumination. Since almost no additional power consumption is expected from the EAM as it is a 

reverse biased device with a dark current of not more than 100 μA, the total electrical power of 

40-50 mW is required mainly to drive the transimpedance amplifier.  

An optimum operating region for the high-efficiency PVC array is the wavelength range from 

800 - 850 nm. This is because high power laser diodes for this wavelength range are available at 

reasonable prices, and the photovoltaic response of GaAs exhibits the optimum value within this 

wavelength range. Therefore, the PVC array was realized on GaAs substrate. The layer structure 

for the PVC was grown on semi-isolating intrinsic GaAs substrate and consists of a pin 

AlGaAs/GaAs double heterostructure with an additional thin GaAs cap layer. The n-contact is 

formed using a GeNiAu metallization while for the p-contact TiPtAu was used. The cross-

section of the PVC is shown in Fig. 6.5 (a).  

Both the modulator and the TIA were designed for optimum operation at a bias of 4 V. To 

achieve this output voltage from the PVC, it was necessary to connect five to six single 

photovoltaic cells in a series. For achieving the necessary output power, it was further necessary 

to develop an array of PVCs to reduce the thermal load per single cell. Furthermore, for having a 

uniform intensity distribution over the five PVC cells connected in series, a circular layout had 

been chosen for the PVC array. To enhance the efficiency, a SiOx had been deposited as anti-

reflection coating. Furthermore, the thickness of the intrinsic GaAs region has been designed to 

be an odd multiple of half the wavelength. A photo of a fabricated PVC array with five cells in 

series is shown in Fig. 6.5 (b).  

 

Fig. 6.5 Cross-section of single PVC (a) and photograph of a realized array of 5 PVCs (b). 
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For characterizing the photovoltaic cell arrays, they were illuminated at 840 nm wavelength 

using direct vertical fiber-to-chip coupling. The measured I-V and P-V characteristics of a PVC 

array with six cells in series are shown in Fig. 6.6 

 

 

Fig. 6.6 Current-voltage (upper figure) and power-voltage (lower figure) of the fabricated PVC array 

consisting of six cells in series. 
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The current-voltage characteristics for a PVC array with six serial AlGaAs/GaAs cells, shown in 

Fig. 6.6, exhibits an open-circuit voltage of ~6.2 V. Also, a linear dependency of the short-circuit 

current with respect to the optical input power was found. Given that the DC input impedance of 

the TIA is about 300   , the I-V characteristic also shows that the required voltage to drive the 

TIA and the modulator of 4 V is achieved for optical input power levels in the range of 425-525 

mW. Furthermore, the power-voltage characteristics reveal that the power conversion efficiency 

is close to optimum for the TIA load impedance of 300 Ω and also the output power of 4 V 

 

 

Fig. 6.7 Realized read-out (a) and sensor head (b). 
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required to drive the TIA and the modulator is achieved for optical input power levels between 

425 and 525 mW. The achieved overall power conversion efficiency is in excess of 10%, 

allowing output power levels of up to about 60 mW which is even in excess of the required 40-

50 mW to drive the TIA and the modulator.  

The interference of the sensor with the electric field to be measured is of major importance in E-

field measurement systems. In order to reduce this interference to a minimum level, the 

developed sensor system is split into a highly integrated, small-size sensor head and a remote 

read-out unit. The sensor head is connected to the read-out unit by use of optical fibers. The 

read-out unit contains a laser diode operating at 1.55µm wavelength, providing the optical carrier 

for the looped-back transmission of the measured signal. The read-out unit also contains a 

second laser diode operating at 840 nm wavelength, required for optical powering of the sensor 

head. Furthermore, a commercial photodiode is used in the read-out unit for recovering the 

received signal from the optical domain and assign it to an electrical interface. The realized read-

out unit is shown in Fig. 6.7 (a). The integrated sensor head (see Fig. 6.7 (b)) consists of a planar 

4 mm long monopole antenna which is connected via the TIA to a multiple quantum well 

electro-absorption modulator. The necessary power to drive the TIA and the modulator is 

provided by the GaAs PVC array that neither adds significant metallic parts nor significantly 

increases the overall size of the sensor head.  

The performance of the developed fiber-coupled E-field sensor system was analyzed with 

respect to the sensitivity, i.e. the minimum detectable electric field strength, and its dynamic 

range. These measurements were carried out within the specified frequency range from 10 MHz 

up to 6 GHz, using a spectrum analyzer with a measurement bandwidth set to 1 Hz. At first, 

different electric field strengths were applied to the sensor’s antenna and the frequency 

dependent minimum detectable electric field for a SNR = 1 was measured.  

As can be seen from the upper diagram in Fig. 6.8 the minimum detectable electric field strength 

is below the required 100 mV/m level within the full bandwidth from 10 MHz up to 6 GHz. The 

highest sensitivity with a minimum detectable electric field strength of 16 mV/m was achieved at 

0.9 GHz. Furthermore, the dynamic range experimentally was characterized by increasing the 

electric field strength up to the 1 dB compression point, i.e. until the signal at the read-out unit 

deviates by 1 dB from the linear behavior. The measured dynamic range is depicted in lower 

diagram in Fig. 6.8. 

As can be seen, a maximum dynamic range varies between 70 - 74 dB for the frequency range of 

10 MHz up to 1 GHz. At higher frequencies, the dynamic range slightly decreases down to 58 

dB at 6 GHz. Thus, at 6 GHz the sensor allows the measurement of electric fields with field  
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Fig. 6.8 Sensitivity (upper diagram) and dynamic range (lower diagram) of the developed electric-field 

photonic-based sensor system. 
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 strengths between 100 mV/m up to about 80 V/m.  

 

6.2.2 Millimeter-wave (75-110 GHz) photonic synthesizer 

A promising concept for the generation of frequency-tunable cw-signals with low phase-noise is 

the photonic synthesizer concept based upon optical heterodyning. As discussed in chapter 2, the 

principle of optical heterodyning is based upon the interference of two coherent optical waves 

with slightly different frequencies 1 and 2. In section 2.1, it was theoretically shown that this 

results in a "beat" wave which oscillates at the difference frequency 2-1 between the two 

incident optical waves. Changing the wavelength, respectively the angular frequency, of one of 

the constituent waves thus results in a change of the difference frequency of the beat signal 

which is finally detected in a high-frequency photodiode for the generation of cw-signal at the 

beat frequency. The photonic synthesizer or photonic oscillator concept is a rather new technique 

for providing frequency-tunable and low-phase noise continuous-wave signals. Compared to 

purely electrical sources and all-optical sources, such as quantum cascade lasers, a photonic 

synthesizer exhibits a number of unique features like frequency-tunability, ultra-wideband 

operation, and the possibility to operate without cryogenic cooling. Because of these advantages, 

the photonic synthesizer concept can potentially become an alternative signal generation 

technology to existing all-electronic solutions for a number of applications including 

instrumentation, communications, and sensing/radar. According to a study initiated by the 

European Space Agency (ESA), the photonic approach based upon advanced photo-detectors is 

even considered as one of the most promising candidates for millimeter-wave signal generation 

[121].  

Because of its unique features, photonic synthesizers are applicable for broadband wireless 

communications, radio-astronomy, and millimeter-wave imaging. Since the performance of a 

photonic synthesizer is strongly related to the invention of high-frequency and high output power 

 

Fig. 6.9 Schematic diagram of the photonic millimeter-wave synthesizer based upon optical heterodyning. 

Dual mode laser 

set-up

1,55 µm high-power

pin photodiode
SMF WR10 WR10

Dual mode laser 

set-up

1,55 µm high-power

pin photodiode
SMF WR10 WR10



 Chapter 6 – Microwave Photonics in Instrumentation and Sensing 193 

 

photodetectors, those types of millimeter-wave photonic components are also being studied 

intensively in order to enhance the available output power levels at millimeter-wave frequencies. 

In this section, a frequency-tunable photonic millimeter-wave synthesizer which features a flat 

frequency response over the entire W-band is presented. A schematic of the developed photonic 

synthesizer is shown in Fig. 6.9. As can be seen, the photonic synthesizer is based upon optical 

heterodyning of a two-mode 1.55 μm laser signal in a high-power pin photodiode which is 

further connected to a WR10 rectangular waveguide. A two-stage limiting amplifier with an 

inter-stage isolator and a noise figure of 4.5 dB was further employed to achive a flat frequency 

response. The main purpose of the amplifier was not to amplify the photodetector’s output 

signal, but the amplifier is acting as a limiting amplifier for achieving an extremely flat 

frequency response over the entire W-band which is required in several applications such as 

millimeter-wave imaging. The gain of the employed limiting amplifier is shown in Fig. 6.10. 

As can be seen, the amplifier’s gain depends linearly on the millimeter-wave input power within 

the input power region of interest, i.e. from about -35 dBm to 0 dBm. For input power levels 

between -50 dBm and -35 dBm, the amplifier’s gain is almost constant. 

The key component of the photonic synthesizer is the high-power broadband pin photodiode 

with a bandwidth of f3dB > 70 GHz [41], which was further coupled to a WR10 waveguide 

output. At 1.55 µm wavelength, the waveguide coupled photodiode exhibits a responsivity of 

about 0.3 A/W. The PD’s photocurrent linearly increases with increasing optical input power 

until optical saturation due to internal field screening is achieved. As internal field screening 

 

Fig. 6.10 Millimeter-wave gain of the limiting amplifier versus the input power at different frequencies.  
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strongly depends on the applied voltage, the optical saturation power increases with applied 

reverse bias. At a reverse bias of 3V, no saturation was observed up to an optical input power of 

40mW [41]. The frequency response of the photodiode was measured using an external W-band 

mixer and an Agilent electrical spectrum analyzer. The relative frequency response of the 

photodiode coupled to a WR10 waveguide output is shown in Fig. 6.11.  

As can be seen from Fig. 6.11, the photodiode exhibits a quite flat frequency response for the 

entire W-band with a maximum power variation of only 3 dB. It can be further seen that the 

output power peaks at around 100 GHz due to a partial compensation of photodiode capacitance, 

leading to a pronounced inductive peaking. At a photocurrent of 10 mA, the photodiode with 

waveguide output port provides a maximum millimeter-wave power level of -4.88 dBm. This 

power level would already be sufficient for practical use. For protecting the photodiode, system 

experiments were only performed at photocurrent levels below 12 mA.    

To investigate the frequency response of the photonic synthesizer, the two-mode laser set-up was 

connected to the photodetector via single mode fiber (SMF) and the photodetector was connected 

to the amplifier via a WR10 rectangular waveguide. To measure the frequency response of the 

synthesizer, an external mixer was used to enhance the frequency range of an Agilent spectrum 

analyzer. Fig. 6.12 shows the measured millimeter-wave output.  

As can be seen, the frequency response is extremely flat with a maximum power fluctuation 

below 3 dB for a wide frequency range from 69 GHz up to 112 GHz. The total frequency-

tunability extends from 66 GHz up to 116 GHz. At frequencies lower than 69 GHz, the output 

power rapidly decreases which is attributed to the lower cut-off frequency of the WR10 

 

Fig. 6.11 Relative frequency response of the waveguide coupled pin photodiode. 
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waveguide and to the lower gain of the limiting amplifier. At frequencies above 112 GHz, the 

output power also rapidly drops due to the reduced output power of the photodetector and to the 

lower gain of the amplifier.  

Since the gain of the waveguide amplifier is decreasing for input power levels below -35 dBm, 

the output power of the photonic synthesizer can still be varied quite linearly by operating the 

photodetector with a low optical input power level. 

The output power of the photonic synthesizer can be varied linearly (1 dB compression point) 

from up to about -5 dBm by changing the optical input power level to the PD. The maximum 

output power level achieved is -0.23 dBm which is limited by internal field screening. It should 

be noted that the highest output power level is achieved for photocurrents below 12 mA.  

Fig. 6.13 shows the typical RF spectrum of the optically generated millimeter-wave signal at 

about 72 GHz using a spectrum analyzer with an W-band external mixer. As can be seen, the 

carrier-to-noise ratio exceeds 60 dBc for the measurement bandwidth of a couple of MHz. The 

phase noise of the optically generated mm-wave signal has further been investigated in more 

detail by Fedderwitz et al. in [42]. Phase noise measurements were carried out using a 50 GHz 

electrical spectrum analyzer with a computer assisted phase noise capture unit, allowing precise 

measurement results for frequency offsets in excess of 1 kHz. To measure the phase noise of 

signals at frequencies in excess of 50 GHz, the measurements were carried out using external 

harmonic mixers.  

 

Fig. 6.12 Output power of the photonic millimeter-wave synthesizer versus millimeter-wave frequency. 

For this experiment, the photodiode was operated at a reverse bias of -2 V and its DC photocurrent was 

set to 2 mA. 
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For a 100 GHz signal, it was found that the phase noise of the optically generated signal is about 

8 dB larger than the reference LO signal applied to the modulator in Fig. 6.9. As an example, at  

an offset frequency of 10 kHz from the carrier the phase noise levels of the LO signal and the 

optically generated signal are -77.9 dBc/Hz and -69.8 dBc/Hz, respectively. This leads to a phase 

noise penalty of 2.3 dB, the additional 6 dB are due to the frequency doubling which occurs 

because the MZM is operated at carrier suppression (see also section 3.2.2). For offset 

frequencies in excess of 200 kHz, the phase noise of optically generated 100 GHz signal is 

limited to -93 dBc/Hz. This phase noise level is limited by the accumulated noise power at the 

PD, including thermal noise, shot noise, and laser-induced relative intensity noise (RIN). It 

should be noted, however, that the usage of the external mixer is a limiting factor for very low 

phase noise signals.  

The next section will discuss the overall phase noise of optically generated mm-wave signals and 

different techniques to measure it. On top of that, the next section will also present a new 

photonic heterodyne technique that allows to measure the residual phase noise coming from the 

optical sources in a millimeter-wave synthesizer. 

 

 

Fig. 6.13 RF spectrum of the optically generated millimeter-wave signal at 72.14 GHz.  
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6.2.3 Phase-noise of the optically generated millimeter-wave signals 

This section will focus on the phase noise of optically generated frequency-tunable mm-wave 

signals. In addition to the overall noise measurement using a direct spectrum technique, also a 

new approach for measuring the residual phase noise of the optically generated signals using a 

heterodyne set-up with a photonic reference local oscillator (LO) is presented.   

There are many techniques for measuring the phase noise from an oscillator or those added by a 

device. How precise each of these methods is depends on both, the technique and the 

characteristics of what is being measured. A rather simple and straight forward technique for 

measuring the phase noise of an oscillator signal is the direct spectrum technique. In the case of a 

photonic synthesizer, the optical heterodyne output signal of the photonic local oscillator (PLO) 

unit is input into a high-frequency photodiode which is further input into an electrical spectrum 

analyzer (ESA) tuned to the device under tests (DUT) oscillation frequency (see Fig. 6.14). 

Although this method is quite straight forward as it allows to directly measure the phase noise of 

the DUT using a legacy spectrum analyzer, it may not be useful under certain circumstances. For 

example, as the spectral density is measured with existence of the carrier, the direct spectrum 

technique can be significantly limited by the ESAs dynamic range. In the presence of a high 

power carrier the minimum noise signal that can be measured at a certain offset frequency is 

given by the carrier peak power minus the dynamic range of the ESA. Especially for low-noise 

photonic sources and at high offset frequencies this can be a substantial limitation. In case of a 

carrier frequency drift, this method may also not be useful for measuring very close-in phase 

noise (phase noise close to the carrier at low offset frequencies). In addition, most legacy ESA 

do not differentiate between phase noise (PN) and amplitude noise (AN) but perform a so-called 

all-noise measurement. 

Thus, the direct spectrum technique can only be considered as a quantitative evaluation 

technique for phase noise measurements if the following conditions are met: 

 the ESAs inherent single-sideband (SSB) phase noise at the offset frequency of interest 

must be substantially lower than the noise of the DUT 

 the noise of the DUT at the offset frequency of interest must be higher than the carrier 

signal power minus the ESAs dynamic range  

 the amplitude noise of the DUT must be significantly below its phase noise (typically 10 

dB will suffice)  
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In the following, different techniques for measuring the phase noise and the residual phase noise 

of a frequency-tunable photonic oscillator which is the DUT are studied. 

The photonic oscillator studied in this section is presented in Fig. 6.14 a. It was developed for the 

European Space Agency (ESA) within the PHOMIGEN project [255]. Key objective was the 

development of a low phase noise but nevertheless frequency-tunable photonic source for W-

band operation (75-115 GHz). The developed photonic synthesizer consists of the so-called 

photonic LO (PLO) unit for generating an optical heterodyne dual-frequency signal and a high-

frequency photodiode module for o/e-conversion. The PDs 3dB cut-off frequency and DC 

responsivity are 110 GHz and 0.61 A/W, respectively. The photonic local oscillator consists of a 

1550 nm DFB laser source (LD) with a subsequent EDFA and polarization controller (not shown 

in the figure). A MZM modulator biased at V and driven by a low-phase noise LO is used for 

generating a double side band optical signal with a suppressed carrier (DSB-CS). An EDFA 

precedes the ultra-long SOA (UL-SOA) in order to obtain the required optical input power 

necessary for driving the UL-SOA in the non-linear regime. This way, the optical difference 

frequency is being multiplied due to four-wave mixing in the nonlinear section of the UL-SOA 

(see also section 2 for FWM in SOA). Detailed investigations of the operation conditions for the 

MZM and the UL-SOA were carried out for achieving a high optical multiplication factor and a 

high conversion efficiency [255-258]. The developed photonic LO allows at least twelve times 

 

Fig. 6.14 a) Detailed schematic illustration of the developed frequency-tunable photonic mm-wave 

synthesizer and b) schematic illustration of direct spectrum phase noise measurement using an electrical 

spectrum analyzer (ESA).  
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optical multiplication. However, for the sake of conversion efficiency, the 6th harmonic (N=6) 

was used in the following experiments as it was found experimentally that the conversion 

efficiency was improved by 5 dB when using N=6 instead of N=12. For achieving optimum 

conversion efficiency with N=6, the output power of the LO was set to +18 dBm and the 

frequency was tuned between 15.833-19.166 GHz. The input power of the UL-SOA was set to 

+8 dBm. To protect the PD from damage, the optical input power into the PD was limited to 

about +7 dBm using a variable optical attenuator.  

When aiming at measuring the noise of the optically generated signal in the W-band, another 

challenge arises. This is due to the fact that ESAs are typically limited in maximum operation 

frequency to below 50 GHz. Thus it becomes necessary to first down-convert the optically 

generated mm-wave signal to a microwave frequency for being able to measure its phase noise 

using the direct spectrum technique. This approach is scheduled in Fig. 6.15. 

As can be seen from Fig. 6.15, the photonic LO is locked to a low-frequency electrical reference 

oscillator and its optical output is input into a high-frequency photodiode. Next, the W-band 

output signal of the photodiode is down-converted to a microwave frequency using a sub-

harmonic mixer (here Agilent 11970W) which is driven by an external local oscillator operating 

at a specified sub-harmonic.  

The problem with respect to phase noise measurements of the optically generated mm-wave 

signal is that the phase noise of the local oscillator used to down-convert the mm-wave signal to 

a lower microwave frequency puts another limit on the minimum detectable noise power. This is 

especially crucial for low phase noise photonic synthesizers. The limitation can also be seen 

 

Fig. 6.15 Direct spectrum phase noise measurement using a sub-harmonic mixer driven by a low phase 

noise electrical LO for down-converting the optically generated mm-wave signal to a microwave 

frequency. 
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from the following analysis of the DUT signal and the down-converted intermediate frequency 

signal: 

Here, SDUT denotes the signal under test, SLO is the local oscillator signal and SIF is the resulting 

intermediate frequency signal at the output of the sub-harmonic mixer. ADUT and DUT represent 

the amplitude and phase noise of the mm-wave signal, LO denotes the phase noise of the sub-

harmonic local oscillator. As can be seen from eq. (116), the phase noise of the intermediate 

frequency signal contains both, the phase noise of the DUT and the phase noise of the electrical 

LO used for down-conversion. Thus, the phase noise of the intermediate frequency signal L,IF is 

given as: 

As can be seen from eq. (117), the phase noise of the intermediate frequency is the sum of the 

phase noise of the DUT and the phase noise of the sub-harmonic local oscillator multiplied by 

the sub-harmonic number squared. For example, if one uses the tens sub-harmonic frequency for 

down-converting the optically generated mm-wave signal in a sub-harmonic mixer, then the 

intermediate frequency’s phase noise includes the phase noise of the original mm-wave signal (to 

be measured) plus the sub-harmonic LO plus 20 dB. This leads to a significant limitation 

because if the phase noise of the mm-wave DUT signal is lower than the multiplied phase noise 

of the electrical LO used for down-conversion, i.e. L,DUT<n
2.

L,LO, then it cannot be detected 

with this approach. This limitation becomes especially significant when using the built-in local 

oscillators of legacy standard ESAs because the phase noise of their integrated LO is usually not 

very good.  

To reduce the above limitation, a special low-phase noise synthesizer (Agilent E8257D with 

low-phase noise UNX option) was used in the following experiments to down-convert the 

optically generated signal to an IF frequency of 10 MHz. After band pass filtering and 

amplification, the signal was recorded using a high-resolution 100 MHz digital oscilloscope 

 ))(2cos()( DUTDUTDUTDUT ttftAS   ,
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(Agilent DSO6014). The oscilloscope retrieves the phase of the intermediate frequency signal 

with comprises the phase noise of the DUT as well as the phase noise of the harmonic 

synthesizer signal used for down-conversion. The sampled intermediated frequency signal (SIF) 

is then further processed in the digital domain using a Fast Fourier Transformation (FFT) to 

obtain the phase noise as described above. The advantage of the described set-up is that 

quadrature can be easily achieved within the digital domain; the disadvantage is that there is a 

large IF signal to be sampled which limits the dynamic range of the measurement. The noise 

floor of the measurement technique is thus limited by the precision of the AD sampling as well 

as by the noise of the harmonic synthesizer signal.  

Fig. 6.16 shows the measured phase noise of an optically generated 100 GHz mm-wave signal 

(blue solid line) using the developed PHOMIGEN photonic synthesizer presented in Fig. 6.14. 

The red line shows the expected phase noise floor set by the driving low-noise synthesizers used 

to lock the PLO and to down-convert the signal. 

As can be observed from Fig. 6.16, the absolute phase noise of the generated 100 GHz signal is  

-91 dBc/Hz @ 10 kHz offset from the 100 GHz carrier. Fig. 6.16 also shows the expected phase 

noise limit due to the electrical LOs and it can be seen, that the measured phase noise is mainly 

determined by this phase noise coming from the electrical LOs. Especially in the frequency 

range above 2 kHz the measured absolute noise appears to be limited mainly by the phase noise 

of both electrical LOs which indicates that the residual phase noise coming from the optical part 

 

Fig. 6.16 Phase noise of the signal delivered by the photonic external modulation source. 
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of the external modulation source is indeed much lower than the measured value of -91 dBc/Hz 

@ 10 kHz offset. Below 2 kHz, additional phase noise coming from the optical source was 

observed and is considered to be due to the used EDFA employed to drive the UL-SOA in the 

non-linear regime (see also Fig. 6.14). 

The above discussion clearly reveals that in order to measure only the residual phase noise 

coming from the optical source, it is necessary to further reduce the phase noise floor of the 

measurement set-up. To achieve this, a new photonic heterodyne discriminator set-up is 

presented. 

As can be seen from Fig. 6.17, in the presented photonic heterodyne noise measurement set-up, 

the electrical LO for down-conversion is replaced by a photonic LO. The two optically generated 

100 GHz range signals are then directly mixed using a W-band Schottky barrier diode (SBD). 

The intermediate frequency fIF between the two photonic LOs was set again to 10 MHz. The 

phase noise of the intermediate frequency signal L,IF is then given as: 

Here L,DUT and L,PLO represent the phase noise of the DUT and the second photonic LO used to 

down-convert the mm-wave signal as discussed above. L,LO-DUT and L,LO-PLO represent the 

phase noise of the electrical LO used to lock the DUT and the photonic LO, respectively. For the 

reference photonic LO, a 100 GHz range 1.55 µm dual-frequency laser source developed by 

THALES was used [259]. 

 

Fig. 6.17 New photonic heterodyne phase noise measurement set-up using a photonic LO to down-convert 

the optically generated mm-wave signal from the DUT. 
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For being able to detect only the residual phase noise coming from the optical DUT and in order 

not to be limited by the phase noise of the electrical LOs, both the DUT and the reference 

photonic LO were locked by the same electrical LO. This way the multiplication factors are 

equal, i.e. n=m and of course L,LO-DUT = L,LO-PLO. Because of this, the phase noise of the 

driving electrical LO is cancelled out (see also eq. (118)) and thus the sampled intermediate 

frequency signal at 10 MHz only consists of the phase noise of the DUT and the phase noise of 

the reference photonic LO. Since there is also no electrical LO required to down-convert the 

signal, the presented heterodyne measurement technique is not any more limited by the phase 

noise of the electrical LOs. 

Fig. 6.18 shows the measured residual phase noise of the two photonic LOs (solid blue line). For 

comparison, it also shows the phase noise floor of the standard direct spectrum set-up. As 

expected, the proposed heterodyne set-up indeed allows measuring the residual phase noise of 

the two photonic LOs at noise levels below the limit of the direct spectrum technique. Form the 

results in Fig. 6.18, it is clearly seen that the residual phase noise of the developed photonic 

synthesizer is limited by the thermal noise floor to -103 dBc/Hz at offset frequencies above 2 

kHz from the 100 GHz carrier. Therefore, it is confirmed that the residual noise form the optical 

synthesizer under test is below this limit for both sources at 10 kHz. As already observed in Fig. 

6.16, the heterodyne set-up also confirms the presence of additional noise at offset frequencies 

below 2 kHz which is traced back to the EDFA used in the photonic synthesizer. Finally, it 

 

Fig. 6.18  Residual phase noise in between dual-frequency laser and the photonic synthesizer under test 

measured with a Schottky diode. 
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should be noted that the strong noise peak at about 200 kHz offset is due to the dual-wavelength 

THALES laser and not due to the developed photonic synthesizer. This can be concluded from 

the absence of this peak in Fig. 6.16.   
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7 Conclusion 

Key objective of this habilitation treatise was a theoretical and experimental study of novel and 

advanced functional microwave photonic components and techniques for applications in high-

frequency analog systems; mainly for applications in wireless communications, sensing, and 

instrumentation. Already in the introduction, the roots of the term “Microwave Photonics” and 

the history of the corresponding research field were described. Advanced microwave photonic 

techniques for high-frequency signal generation were studied in the second chapter. Optical 

signal generation by four wave mixing, cross phase, cross absorption, and cross gain modulation 

in highly nonlinear optical fibers or in semiconductor optical amplifiers was studied. Also, opto-

electric oscillators and RF signal generation by optical intensity modulation and direct detection 

were investigated. Experimentally, a focus was laid upon optical heterodyning for microwave 

signal generation. Advanced microwave photonic components and several locking techniques for 

generating low-phase microwave signals were presented. Particularly, mode-locked lasers for 60 

GHz, high-frequency photodiodes for ultra-wideband DC-110 GHz and resonant 100 GHz signal 

generation were developed and employed for optical heterodyne microwave generation.  

The limitations on the fiber transmission length in microwave radio-over-fiber systems due to 

attenuation and dispersion effects were addressed in chapter 3. For conventional optical double-

sideband modulation, it was shown theoretically that in a 60 GHz radio-over-fiber system 

employing standard single mode fiber, chromatic dispersion will limit the maximum fiber span 

to about 500 m. This was further confirmed by an experimental frequency-domain investigation. 

To extend the transmission length in 60 GHz systems, a pre-chirping technique was developed 

which allows to significantly extent the maximum fiber length in 60 GHz RoF system beyond 

this dispersion-limit. In addition, it was furthermore shown that much longer transmission spans 

are possible when using dispersion-tolerant advanced modulation techniques such as double-

sideband with suppressed carrier modulation.    

The focus of the fourth chapter of this habilitation treatise was on novel and advanced 

semiconductor-based microwave photonic devices which were developed and fabricated within 

this work. An analysis was developed that allows studying the high-frequency limitations of e.g. 

travelling-wave photodiodes such as transit times, microwave losses, and velocity mismatch with 

respect to the semiconductor layer structure and topology of the devices. Furthermore, ultra-

wideband travelling-wave photodiodes with coplanar outputs were developed and successfully 

employed for optical microwave generation up to 200 GHz. An excellent agreement between the 

analytical prediction and the experimental achievements was found, indicating that the observed 

frequency response is mainly dedicated to transit time limitations and microwave losses. In 
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addition to photodiodes with coplanar outputs, also antenna integrated photodetectors were 

developed and employed for signal generation up to 1 THz. Those devices were successfully 

employed in a joint experiment with the Max Planck Institut für Radioastronomie for pumping a 

radio-astronomical receiver at 460 GHz. For enabling full-duplex systems, novel InP-based 

electroabsorption transceiver (EAT) were developed and employed in full-duplex microwave 

radio-over-fiber systems.  

The applicability of microwave photonic components and techniques for enabling wireless 

communications with ultra-high data rates was studied in chapter 5. Traditionally, wireless links, 

e.g. for mobile backhauling systems, were operated in the microwave domain at carrier 

frequencies below 40 GHz and typically relied on all-electronic RF solutions. It has been shown 

that because of the congestion in the conventional microwave bands (most notably in dense and 

urban areas – example: 38 GHz) and because of regulatory constraints the maximum throughput 

of microwave radio systems is limited to a maximum of a few 100 Mbit/s. Thus, it was 

concluded that future wireless access and mobile backhauling systems will have to operate at 

carrier frequencies above 40 GHz where sufficient bandwidth is available. This will allow 

wireless systems of much higher capacity to be engineered and deployed, requiring of course 

new technologies and new concepts. This brings microwave photonics into play. In comparison 

to all-electronic wireless systems, photonic solutions generally have the edge whenever high 

aggregate bit rates and/or long transmission distances are involved. In this work, it has been 

shown that both advantages are deeply rooted in physics: the high optical carrier frequencies 

allow for high-capacity systems at very small relative bandwidths and optical fiber allows 

transporting broadband as well as high-frequency signals at very low loss. In chapter 5, novel 

microwave photonic concepts for ultra-high data-rate wireless links were studied. 

Experimentally, novel architectures for 60 GHz photonic wireless systems utilizing microwave 

photonic components and techniques were demonstrated to operate at record transmission speeds 

of 27 Gb/s; data-rate levels that were previously only known from fiber-optic communications. 

This opens up new application fields, especially in mobile backhauling, and optical access but 

also for disaster recovery.  

Besides communications, microwave photonics is also of interest for many other applications, 

particularly in instrumentation, sensing, security, radar, and medical applications. The ability to 

generate highly stable and spectrally pure millimeter wave signals by optical means, as well as 

the ultra-wide features and the low-transmission loss are inherent advantages of the technology 

for various applications. In the last chapter, photonic-based sensor and photonic-based high-

frequency sources were presented. Especially, a microwave (300 MHz to 6 GHz) electric-field 

sensor and a millimeter-wave photonic synthesizer with a wide frequency-tuning range from 75 

GHz to 115 GHz and very low phase noise <-103 dB/c/Hz were developed. 
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Annexes 

Annex I Abbreviations 

3G  third generation 

3R  re-amplification, reshaping, and retiming 

ACMA Australian Communications and Media Authority 

ADSL  asymmetric digital subscriber loop 

AN amplitude noise 

APD  avalanche photodiode 

APON  asynchronous-transfer-mode passive optical network 

ARIB Association of Radio Industries and Business 

ASE  amplified spontaneous emission 

ASK amplitude-shift keying 

AWG  arrayed waveguide Grating 

AWGN additive white Gaussian noise 

BER  bit error rate 

BNetzA Bundesnetzagentur 

BPON  broadband passive optical network 

BS  base station 

BSC base station controller 

BTS base transceiver station 

BtB  back-to-back 

BW  bandwidth 

CATV cable television 

CEPT Commission for European Post and Telecommunications 

CH carrier-heating 

CO  central office 

CS central station 

CSR  carrier to sideband ratio 

cw continuous wave 

dB  decibel 

dBm  the measured power referenced to one milliwatt 

DC  direct current 

DCF  dispersion compensation fiber  

DFN Deutsches Forschungsnetz 

DFB-LD  distributed feedback laser diode 

DIPP dispersion induced power penalty 

DPSK  differential phase-shift keying 

DSB  double sideband 

DSB-SC double sideband suppressed carrier 

DSF dispersion shifter fiber 

DSL digital subscriber line 

DUT device under test 

EA  electrical amplifier 

EAM  electro-absorption modulator 

EAT electro-absorption transceiver 
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ECC Electronic Communications Committee 

ECL external cavity lasers 

EDFA  erbium-doped fiber amplifiers 

EIRP equivalent isotropically radiated power 

EM electromagnetic 

EMI electromagnetic interference 

E/O electro-optic  

EPON  Ethernet passive optical network 

ESA electrical spectrum analyzer 

ETSI European Telecommunication Standards Institute 

EVS enhanced vision systems 

FBG  fiber Bragg Grating 

FCC Federal Communication Commission 

FD  frequency doubler 

FDD frequency division duplex 

FEC forward-error-correction 

FFT fast Fourier transformation 

FM  frequency multiplier 

FP Fabry-Perot 

FPR Fabry-Perot resonator 

FTTH/P  fiber-to-the-home/premise 

FWM  four-wave mixing 

Gbit/s  gigabit per second = 10
9
 bits per second 

GHz  gigahertz = 10
9
 cycles per second 

GPON  gigabit passive optical network 

GSM global standard for mobile communications 

HDTV  high-definition television 

HNL-DSF  highly nonlinear dispersion-shifted fiber 

HPBW half power beam width 

HSPA high speed packet access 

IC-SMT Industry Canada Spectrum Management and Telecommunications 

ICT information and communications technology 

IDU indoor unit 

IEEE Institute of Electrical and Electronics Engineers 

IF intermediate frequency 

IM  intensity modulation 

ISP internet service provider 

ITU International Telecommunications Union 

LEOS Lasers and Electro-Optic Society 

LiNbO3 Lithium Niobate 

LN-MZM  LiNbO3 Mach-Zehnder modulator 

LO  local oscillator 

LoS line of sight 

LPF  low-pass filter 

LTE long-term evolution 

MATP maximum transmission point  

MESFET metal semiconductor field effect transistor 

MITP minimum transmission point 

MLLD mode-locked laser diode 
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MPHPT Ministry of Public Management, Home Affairs, Posts and Telecommuni-

cations, Japan 

MQW multi-quantum well 

MTE mobile terminal equipment 

MWP microwave photonics 

MZDI  Mach-Zehnder delay interferometer 

MZM Mach-Zehnder modulator 

NLoS non-line of sight 

NOLM  nonlinear optical loop mirror 

NRZ non-return to zero 

NTT Nippon Telegraph and Telephone 

OBPF optical band pass filter  

OC  optical coupler 

OCS  optical carrier suppression 

ODU outdoor unit 

O/E  opto-electrical 

OEO opto-electric oscillator 

OF  optical filter 

OFDM  orthogonal frequency-division multiplexing 

OL  optical interleaver 

OLT  optical line terminal 

ONU  optical network unit 

OOK  on-off keying 

PC  polarization controller 

PIN  positive-intrinsic-negative 

PLO photonic local oscillator 

PM  phase modulation 

PN phase noise 

PON  passive optical network 

PPM pulse position modulation 

PRBS  pseudo-random bit sequence 

PS  power splitter 

PSK phase shift keying 

PtP point to point 

PVC photovoltaic cell 

QD quantum dot / quantum dash 

QPSK quadrature phase-shift keying 

QAM  quadrature amplitude modulation 

RF  radio frequency 

ROADM  reconfigurable optical add/drop multiplexer 

RoF  radio-over-fiber 

RZ return to zero 

SA saturable absorber 

SBD Schottky barrier diode 

SCM  subcarrier multiplexing 

SDTV  standard-definition television 

SFDR spurious-free dynamic range 

SHB spectral hole burning 

SIS superconductor-insulator-superconductor 
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SMF  single mode fiber 

SMF-28  single mode fiber (corning) 

SNR signal to noise ratio 

SOA  semiconductor optical amplifier 

SQW single-quantum well 

SSB  single sideband 

TCO total cost of ownership 

TDD time division duplex 

TDM  time-division multiplexing 

TIA transimpedance amplifier 

TL  tunable laser 

TOF  tunable optical filter 

TTD true time delay 

TUD Technische Universität Dresden 

TW travelling-wave 

TWPD travelling-wave photodetector  

UL-SOA ultra-long semiconductor optical amplifier 

UTC uni-travelling-carrier 

WDM  wavelength division multiplexing 

Wi-Fi  wireless fidelity 

WiMAX  worldwide interoperability for microwave access 

WLAN  wireless local area network 

WPAN  wireless personal area network 

WR waveguide rectangular 

WSS  wavelength selective switch 

XAM  cross absorption modulation 

XGM cross gain modulation 

XPM  cross phase modulation 
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Annex II Constants 

Boltzmann constant k = 1.381 
.
 10

-23
 J 

.
 K

-1
 

 k = 8.617 
.
 10

-5
 eV 

.
 K

-1 

Characteristic impedance of vacuum z0 = 376.730 

Electric constant 0 = 8.854 
.
 10

-12
 As

 .
 m

-1
  

Electron charge  q =  1.602 
. 
10

-19
 As  

Electron mass me = 9.109 
.
 10

-31
 kg 

Magnetic constant   H 
.
 m

-1

Molar gas constant R = 8.314 J 
.
 mol

-1
 
.
 K

-1
 

Planck constant  h =  6.626 
.
 10

-34
 Js 

 h =  4.136 
.
 10

-15
 eV 

.
 s 

Speed of light in vacuum c0 = 299792458 m 
.
 s

-1
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Annex III Theory for Mach-Zehnder modulator  

Assuming an ideal Mach-Zehnder modulator with zero optical insertion loss, an ideal 3dB 

coupler, and equally long waveguide arms as well as an optical confinement of 100%, the 

complex electrical field strength of the optical wave in the modulators’ output waveguide can be 

expressed as: 
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By using the following trigonometric relations: 
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equation (119) can be re-written as: 



 Annexes 213 

 

 

Lj
in

Lj

in

in

inout

e
L

E

eLE

jLE

LLj

LL

EE















)
2

cos(ˆ

)
2

cos(ˆ

)
2

sin()
2

cos()
2

cos(ˆ

)
2

cos()
2

sin(

)
2

cos()
2

cos(
ˆˆ

)
2

(
21

212121

2121

2121

21














 
































 (121) 

with 
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Given that in Lithium Niobate the voltage induced refractive index change is given by: 
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where n0 is the refractive index without an applied electric field, rij is the relevant electrooptic 

parameter depending e.g. on material, polarization etc., d is the distance of the electrodes, and V 

is the applied voltage.  

Thus eq. (122) can be written as: 
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Form eq. (124), one can now calculate the voltage V, required to achieve a total phase 

difference between the both arms of 180° where total destructive interference will occur and thus 

the output intensity – in the considered ideal case – will be zero.  
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Thus the required voltage V required for a 180° phase shift is: 
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By extending eq. (124) with V/V according to eq. (126), we can write: 
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And therefore eq. (121) becomes: 

 
Lj

in
Lj

inout e
V

V
Ee

L
EE 



 
)

2
cos(ˆ)

2
cos(ˆˆ 


  (128) 

Assuming now for simplicity linear polarized plane electromagnetic waves, we can calculate the 

output intensity Iout of from Êout using Maxwell’s equation and the Poynting vector as described 

in eqs. (1)-(5): 
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Normalizing eq. (129) with the input intensity yields: 
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For a sinusoidal electrical input voltage V with angular frequency m and amplitude vm 

superimposed on a DC voltage VDC we get: 

 )sin( tvVV mmDC   (131) 

By introducing eq. (131) into eq. (130) and by using the following trigonometric relations: 
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 one yields: 
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where =cos(VDC/V), and =sin(VDC/V).  
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Annex IV Definition of optical wavelength bands  

 

 

Band Designation Wavelength range 

O-Band Original band 1260 nm to 1360 nm 

E-Band Extended band 1360 nm to 1460 nm 

S-Band Short band  1460 nm to 1530 nm 

C-Band Conventional band   1530 nm to 1565 nm 

L-Band Long band   1565 nm to 1625 nm 

U-Band Ultra long band 1625 nm to 1675 nm 
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Annex V Definitions of microwave, mm-wave and terahertz frequency bands  

 

  

ITU IEEE WR Designation Frequency range  

SHF   Superhigh frequency ( ITU band number 10) 3 GHz to 30 GHz 

 S  IEEE: short wave 2 GHz to 4 GHz 

  S WR-284  2.6 GHz to 3.95 GHz 

  E WR-229  3.3 GHz to 4.9 GHz 

 C  Compromise between S and X 4 GHz to 8.2 GHz 

  G WR-187 3.95 GHz to 5.85 GHz 

  F WR-159 4.9 GHz to 7.05 GHz 

  C WR-137 5.85 GHz to 8.2 GHz 

 X  X for cross  8 GHz to 12 GHz 

  H WR-112 7.05 GHz to 10 GHz 

  X WR-90 8.2 GHz to 12.4 GHz 

 Ku  Kurz-under 12 GHz to 18 GHz 

  Ku WR-62 12.4 GHz to 18 GHz 

 K  Kurz (German for short) 18 GHz to 27 GHz 

  K WR-51 15 GHz to 22GHz 

  K WR-42 18 GHz to 26.5 GHz 

EHF   Extremely high frequency (ITU band number 11) 30 GHz to 300 GHz 

 Ka  Kurz-above  27 GHz to 40 GHz 

  Ka WR-28 26.5 GHz to 40 GHz 

 V   40 GHz to 75 GHz 

  Q WR-22 33 GHz to 50 GHz 

  U WR-19 40 GHz to 60 GHz 

  V WR-15 50 GHz to 75 GHz 

 W  W follows V in the alphabet 75 GHz to 110 GHz 

  E WR-12 60 GHz to 90 GHz 

  W WR-10 75 GHz to 110 GHz 

  F WR-8 90 GHz to 140 GHz 

  D WR-6 110 GHz to 170 GHz 

  G WR-5 140 GHz to 220 GHz 

   WR-4 170 GHz to 260 GHz 

   WR-3 220 GHz to 325 GHz 

THz   Terahertz (ITU band 12) 300 GHz to 3000 GHz 

  Y WR-2 325 GHz to 500 GHz 

   WR-1.5 500 GHz to 750 GHz 

   WR-1 750 GHz to 1100 GHz 
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