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Abstract—In this paper we present a millimeter-wave detector 
based on a triple-barrier resonant tunneling diode and a 
broadband Archimedean spiral antenna (ASA). Due to the 
conjugate matching between them, the power transfer from the 
receiving antenna to the rectifying diode is maximized. Besides 
the broadband impedance and radiation characteristics of the 
ASA, the circular-polarization is an essential property for mobile 
applications. The detector functionality has been evaluated 
around 200 GHz by non-linear circuit simulation, where the 
antenna coupling to an incoming arbitrary polarized wave is 
incorporated via a three-port touchstone file that has been 
obtained before by full-wave FEM simulation. 
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I.  INTRODUCTION 
The THz-gap is still a major research challenge in high 

frequency engineering. Recently, silicon based RF frontends 
have pushed forward their figures of merit rapidly. The SiGe 
BiCMOS technology for example, has reached a breakthrough 
in providing 1 mW output power at 500 GHz [1]. 
Nevertheless, compound semiconductors, like GaAs, InP, or 
GaN are the primary choice for “real” THz-frequency, very 
high power, or high power–added efficiency applications 
using HBT [2, 3], HEMT [4], or one-terminal devices [5-7]. 
The resonant tunneling diode (RTD) is such a one terminal 
device offering a negative differential resistance (NDR) in a 
wide bias range. The NDR compensates resonator losses and, 
thus, tunneling diodes on InP with monolithically integrated 
antennas are offering today room-temperature fundamental-
mode oscillators with the highest oscillation frequency of 
almost 2 THz [5].  

The RTD consists of two wide band gap and ultra-thin 
electronic barriers. Adding another barrier forms a triple-
barrier (TB) RTD. By asymmetric design of the second well 
these diodes provide a non-linearity in the I/V-characteristic, 
such that these elements are promising candidates for both, 
zero-bias RF signal detection [7, 8], and at positive bias, for 
THz oscillation [6], respectively. Therefore, the same single 
device can be used for both, transmission and signal detection, 
respectively. The detector is simply composed of the zero-

biased TB-RTD, which is connected to an intrinsically 
broadband antenna, as been done in [7] by using a bowtie-
antenna.  

In this paper, we propose the spiral antenna for broadband 
signal detection. The tailored spiral antenna’s impedance 
exhibits a positive reactance, whereas the input reactance of 
the TB-RTD is negative. By appropriate design of the antenna 
layout the desired conjugate match is possible, and, thus, 
maximal power transfer from the receiving antenna to the 
rectifying diode is obtained. 

The paper is organized as follows. We start with section II 
recapitulating the resonant tunneling diode (RTD) itself, its 
unique features, the small signal equivalent circuit for zero-
biasing, and the large signal model used for the non-linear 
simulation. The following section III focuses on the spiral 
antenna, its input impedance and the radiation characteristics. 
Afterwards in section IV, we demonstrate the novel 
combination of RTD and spiral antenna for the detector 
operation. Finally, in section V we give a conclusion. 

II. TRIPLE BARRIER RESONANT TUNNELING DIODE (TB RTD) 
The conventional RTD is a one-terminal device consisting 

of several layers with optimized thicknesses and doping 
concentrations in order to maximize the desired effect of 
negative differential resistance. The current-voltage behavior 
exhibits basically a point symmetry (cf. Fig. 1). 

    

Fig. 1. Device layout of a four-mesa RTD with low series resistance (left) 
and desired current-voltage characteristic with a negative differential 
resistance region (right). 

The triple-barrier RTD offers an extended functionality 
with an NDR region for the forward bias and the blocking of 
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the reverse diode current around zero bias (cf. Fig. 2). The 
mentioned rectifying of the TB RTB can be utilized by a 
simple detector circuit composed of the antenna, the diode and 
a voltmeter as also sketched in Fig. 2. 

     

Fig. 2.  Extended functionality of the TB-RTD shown in the idealized 
current-voltage diagram (left) and simple detector circuit utilizing the 
rectifying around zero voltage (right). 

In Fig. 3 an experimental I/V-characterisitic of a TB-RTD 
is given [8]. The large signal behavior around zero-bias is later 
used for the non-linear circuit modelling in section IV. 

 

Fig. 3. Measured large signal behavior of the TB-RTD presented in [8]. 

In order to find a suitable antenna to be used in a simple 
detector a small-signal equivalent circuit representing the RTD 
for zero bias is required. Fig. 4 shows the equivalent circuit 
topology used here. The parameters are extracted from 
measured S11 data for VRTD = 0 and are given within the figure. 

 

Fig. 4. Small-signal equivalent circuit representing the RTD for zero bias. 

Due to the negative reactance of the overall RTD 
impedance, ZRTD, an inductive antenna impedance is required 
for conjugate matching. This leads us to the choice of an 
Archimedean spiral antenna [9]. 

III. SPIRAL ANTENNA TAILORED TO THE RTD 
The Archimedian version of the spiral antenna has been 

chosen here, due to its broadband, smoothly varying input 
impedance [9]. The desired properties of the antenna structure 
due to the tailoring to the RTD are as follows: 

� Inductive input impedance: ZANT = RANT + j XANT with 
XANT > 0 

� Antenna integrable on high dielectric InP material 
� Broadside beam (towards the InP side of the stack-up; 

the corresponding lower wave impedance causes the 
power flow in this direction) 

� Broadband operation in terms of radiation pattern and 
matching 

Additional antenna properties coming from the intended 
mobile operation of the mmw-wave detector are: 

� Receiving of circular-polarized fields (high sensitivity 
to either left-handed (LH) or right-handed (RH) 
circular polarized incoming waves 

� Broadside directed beam with moderate directivity (if 
necessary gain can be strongly increased by a lens that 
is attached to the InP layer) 

� Good efficiency of the overall detector, thus, circuit 
with minimal complexity/footprint is required 

A perspective view onto the Archimedean spiral antenna 
(ASA) is shown in Fig. 5, followed by a detailed specification 
of the material stack-up in Fig. 6. 

 

Fig. 5. Perspective view onto the Archimedean spiral antenna that receives 
circular-polarized waves excited by the indicated wave port (in HFSS). 

 

Fig. 6. Material stack-up consisting of an InP layer (350 µm, �r, InP = 12.5) 
and a SiNx layer (150 nm, �r, SiNx = 7). 
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As shown in the above two figures, there is no ground 
plane in close proximity to the spiral antenna. This is due to 
the balanced topology of the ASA and the corresponding 
balanced feeding. The ASA’s metal layer is located between 
the thick InP and the ultra-thin SiNx layer (cf. Fig. 6). In the 
Finite Element Method (FEM)-based full-wave simulation 
with HFSS the thickness of the metal layer has been neglected. 
On the other hand, a finite conductivity has been considered 
(in HFSS, finite conductivity boundaries represent electrically 
thin imperfect conductors), such that, a reasonable compromise 
between simulation efficiency and accuracy in terms of loss 
modeling is achieved. The antenna’s topology can be analytically 
formulated via, ri (� ) = � 20 µm, ro (� ) = (� 20 + 50) µm, with � 
� [0, 7.5 �]. The formula can be conveniently applied inside 
HFSS in order to carry out the FEM-based antenna design. 
The optimized structure of the ASA is depicted in Fig. 7. The 
corresponding geometrical parameters are given in the caption 
of Fig. 7. 

 

Fig. 7. Metal structure of the Archimedean spiral antenna with the following 
optimized geometrical parameters: overall diameter = 1042 �m (corresponds 
roughly to 0.7 �0 @ 200 GHz), line width = 50 �m, gap width = 13 �m. 

The HFSS simulation result for the antenna impedance 
ZANT with the desired resistance and reactance behavior is 
depicted in Fig. 8. At least in the considered frequency range 
between 150 GHz up to 250 GHz the sprial antenna behaves 
as a “lossy inductor”, and is therefore well suited to provide a 
conjugate match to the RTD’s impedance.  

 

Fig. 8. FEM-simulated spectral response of the antenna impedance indicating 
a quite constant resistance and an inductive reactance well suited to conjugate 
match the capacitive impedance of the RTD. 

The remaining antenna parameter concerns the radiation 
pattern. We choose a 3-D visualization in order to emphasize 
the nearly rotationally symmetric radiation pattern, which 
indicates that the detector can be arbitrarily rotated around the 

z-axis; what matters is the alignment of the broadside beam 
towards the incoming circular-polarized wave. In Fig. 9 the 
rotationally symmetric pattern for the LHCP, which is the co-
polarization here, is shown for an operation frequency of 200 
GHz. 

 

Fig. 9. The directivity plot for LH-circular polarization indicates a rotational 
symmetry, a useful property for mobile applications. The operation frequency 
here is 200 GHz. 

The cross-polarization on the other hand, is displayed in 
Fig. 10. For the RHCP the main beam is in +z-direction with 
nearly the same directivity (0.3 dBi for the LHCP in –z-
direction vs. 0.2 dBi for the RHCP in +z-direction). The slight 
difference in directivity comes from the higher permittivity of 
InP compared to SiNx (cf. Fig. 6), which yields an asymmetric 
“dielectric loading” of the spiral antenna.  

 

Fig. 10. The directivity plot for RH-circular polarization indicates again a 
rotational symmetry. The operation frequency here is 200 GHz, as in Fig. 9. 

IV. DETECTOR OPERATION OF RTD AND SPIRAL ANTENNA 
Here two distinct simulation types are involved, linear EM 

field simulation with HFSS and non-linear circuit simulation 
with ADS, respectively. For the HFSS simulation we consider 
the setup already shown in Fig. 5. A so-called wave port 
consisting of two “sub-ports” corresponding to x- and y-
polarizations, respectively, is utilized to synthesize an 
incoming wave with arbitrary polarization. The polarization is 
controlled via the phase difference between the two sub-port 
signals, i.e., ±90° yields the desired LH- or RH- circular 
polarization. The third port in this arrangement is located in 
the spiral antenna’s center. All three port impedances are set to 
the standard 50 Ω. The obtained 3x3-scattering matrix 
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includes the coupling from the two wave ports to the antenna 
port. This virtual 3-port device is incorporated in the ADS 
circuit simulation via a touchstone file. In Fig. 11 the overall 
circuit in ADS is given. The two wave ports are terminated 
with 50 Ω loads, whereas the antenna’s terminal is connected 
to the non-linear, large signal model of the RTD.  

 

Fig. 11. Detector circuit in ADS: The two wave ports are excited by 50 Ω 
voltages sources, whereas the antenna’s terminal is connected to the non-
linear, large signal model of the RTD. 

The first virtual experiment is carried out at 200 GHz, and 
the phase difference between the two wave port signals is 
swept over a period. Thus, we changed the polarisation of the 
incoming wave. In Fig. 12 the output voltage over the RTD is 
plotted as a function of the mentioned phase shift.  

 

Fig. 12. Output voltage over the RTD (cf. Fig. 2) as a function of the 
polarization of the incoming wave at 200 GHz. 

The plot indicates the sensitivity to the polarisation. A 
field with LHCP is detected with max. sensitivity, whereas the 
detector is quite insensitive to a RHCP, the X-polarization.. 
Furthermore, the rectifying of the RTD yields a larger value 
|VRTD| for a reverse current, then for the forward direction.  

 

Fig. 13. Frequency-selective output voltage over the RTD for an LHCP 
incoming wave. 

Finally, in the second experiment, the mentioned voltages 
for a LHCP as a function of frequency are plotted in Fig. 13. 
Here, the relatively flat responds indicates the broadband 
operation of the proposed detector. 

V. CONCLUSION AND OUTLOOK 
In this work we proposed the loading of a broadband 

Archimedean spiral antenna with a non-linear triple-barrier 
resonant tunneling diode for the purpose of millimeter-wave 
detection. Such a detector features minimal complexity. Via 
full-wave EM and non-linear circuit simulation we showed the 
general working principle and corresponding performance.  

In the near future we will fabricate the proposed detector 
circuit and characterize it.  
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