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ABSTRACT This paper presents an automatic characterization system for mm-wave antennas based on a
spherical positioning system. It features network-analysis based far-field- and S-parameter measurement of
probe- and waveguide-fed antennas between 220 GHz and 330 GHz, expandable down to 75 GHz. In either
case, the antenna under test (AUT) is fixed in the center of a spherical coordinate system and fed by an
appropriate feeding structure, whereas the receiving antenna is moved along the surface of a hemisphere.
Since the movement of the receiving antenna is inherently limited to constant radii, the measurement
of amplitude and phase far-field-pattern is possible in principle. Additionally to the measurement results
of an open-ended waveguide as AUT, this paper describes two methods for the self-characterization
of possible systematic and stochastic measurement uncertainties. On one hand, repetitive measurements
along a constant trace are carried out to obtain information about the stochastic uncertainty of far-field
measurements. On the other hand, a synthetic aperture radar (SAR)-approach is used to characterize possible
unwanted reflections within the measurement setup. Finally, the insight obtained from both antenna mea-
surements and self-characterization is concluded into performance parameters of the presented measurement
approach.

INDEX TERMS Antenna measurements, antenna radiation patterns, millimeter wave measurements,
millimeter wave technology.

I. INTRODUCTION
The monotonically increasing demand on data rates for
communications, resolution for localization and finer details
for characterization intrinsically requires a large absolute
bandwidth. Since the useable absolute bandwidth increases
for a constant relative bandwidth with rising frequency,
there is a huge interest in systems, channel-estimations,
and measurements within the mm-wave regime. In all
cases, antennas of various types couple from RF-frontends
into free-space and vice versa. The demand for charac-
terizing the antennas for both measurement devices and
tailored systems comes along with the estimation of the
system performance, the error-characterization, and device-
modeling. This paper presents an automated antenna mea-
surement system dedicated to characterizing mm-wave
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on-chip antennas in terms of their radiated far-fields and
S-parameters.
Other systems measuring in spherical coordinates have

been presented before; however, a multitude of them was
designed for measuring cut planes at frequencies around
60 GHz [1], [2]. Measurement systems exceeding 100 GHz
were able to measure cut planes in an anechoic chamber [3]
or built up quasi-optical [4]. The system presented in [5] has
been modified by the use of mixers allowing for frequencies
up to 140 GHz [6], and the system in [7] was modified
to allow for measurements up to 325 GHz [8]. The mixers
or detectors are often located in proximity to the receiving
antenna [6], [9]; however, solutions exist where waveguides
are used as a combined mechanical positioner and waveguid-
ing structure [10], [11]. To obtain 3D measurements above
100 GHz, robotic arms are a common choice due to their
flexibility in use and market availability, as in [9], [12]. Fur-
thermore, systems providing measurements only in cartesian
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coordinates for antenna characterization and scattering inves-
tigations exist [13]. A comprehensive comparison of mm-
wave antenna characterization systems is presented in tabular
form in [14].

The characteristic feature of the here presented system
is the hemispherical plastic positioning system utilized to
measure far-fields in a spherical coordinate system. As in the
early approach in [15], this system is built especially for radi-
ation pattern measurements in spherical coordinates utiliz-
ing mostly non-metallic components; however, the presented
system increases the upper frequency band up to 330 GHz,
consistently allows for both sufficient mechanical stability as
well as minimizing the distortion of measurements, and aims
for measuring fully complex (magnitude and phase) 3D radi-
ation pattern within the upper hemisphere. This non-metallic
but substantial mechanical stable system is to the best of the
authors’ knowledge unique in the field, allowing for precise
elevation and azimuth measurements in the upper hemisphere
while maintaining a constant radius, which is necessary for
phase-correct measurements, by design. Besides exemplary
measurements demonstrating the feasibility of the presented
system, a set of methods for the self-characterization of the
system is presented and discussed.

This paper is separated into the following sections. At first,
Section II explains the general design of the measurement
setup, including material considerations and mechanical lim-
itations. Secondly, Section III describes the implemented
measurement methods and combinations including network-
analysis operation, feeding methods, and mechanical posi-
tioning. As a first justification of the design choices,
Section IV describes a synthetic aperture radar (SAR)
inspired method to visualize undesired reflections within the
reach of the measurement setup. The following Section V
discusses the ability of the presented system to accurately
measure not only amplitude but also phase patterns. After
these preliminary evaluations, the far-field measurement of
an open-ended rectangular waveguide is analyzed and com-
pared to full-wave simulations in Section VI. Finally, the
paper is concluded in Section VII.

II. DESIGN OF THE MEASUREMENT SYSTEM
The mm-wave antenna measurement setup is depicted in a
distance shot in Fig. 1 (a), in a detail view in Fig. 1 (b), in
profile and top view of the CAD model (c, d). The coordi-
nate system throughout used within this paper is depicted
as an overlay, where the x-y-plane lays horizontally and
the z-axis points skywards. The explanation of the system
follows a bottom-to-top approach to clarify dependencies.
Since vibrations can dramatically degenerate mm-wave mea-
surements in general and especially RF-probe based on-
wafer measurements in particular, the whole system uses
an air-suspended optical table as a baseplate. Additionally
to the vibrational decoupling of the remaining room, stan-
dard optical- and mm-wave components can be easily fixed,
shifted, and removed on the optical table. Apart from the
optical table, the system components which can be separated

FIGURE 1. Photo of the measurement system in distance shot (a) and
detail-view (b) as well as drawings from the CAD model in the side view
(c) and top view (d). The coordinate system, as well as important
components, are labeled within the pictures. The red dotted line in (a)
represents exemplary measurement paths to obtain elevation cut planes.

are stacked in a 19-inch industrial rack right next to the
system. These components involve the control and drive unit
of the positioning system, the vector network analyzer (VNA)
as well as the local oscillator (LO) source, DC power sup-
plies, and the main control personal computer. All RF coaxial
cables, DC cables, and vacuum tubes passed over from the
19-inch rack onto the table are mounted loosely on both sides
(cf. Fig. 1 (a)).

The optical table supports a non-metallic (plastic wood
composite material) rectangular frame (marked with yellow-
blackwarning tape) used for cable guidance. Inside the frame,
the spherical positioning system is mounted on the optical
table. It enables the positioning of the receiver in azimuth
and elevation, i.e. in spherical coordinates. A crucial require-
ment of this custom-built system provided by Demcon Systec
Industrial Systems was the utilization of non-metallic parts in
the upper hemisphere to intrinsically suppress strong reflec-
tions without cladding the whole system with absorbers. The
use of large metallic positioning systems has been shown to
create ripples in radiation pattern due to multiple reflections
within the measured diagrams if the systems are not covered
by absorbing materials [9]. As an outcome, the receiver,
the stepper motor for the elevation plane, and the supply-
ing cables are the only parts consisting of metal within the
construction. In comparison to systems which show a large
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FIGURE 2. Extension hook made from polycarbonate (transparent) and
absorber-cladded-aluminum. The latter one supports the receiving
frequency converter mounted in ϕ- (a) and θ- (b) polarization.

leverage effect on small diameter bearings resulting in a large
mechanical stress and positioning inaccuracies, which needs
to be evaluated [16], this system utilizes a largemetal rail with
heavy spot compensation as an azimuthal bearing. However,
the metal parts of the azimuthal rail are considered negligible,
as they are located below the equator (θ > 90◦) of the
system. To prevent the twisting of DC and RF cables, where
the latter suffer from twisting in terms of phase-stability
and durability, a 2-channel RF- and a 16-channel DC-rotary
joint are mounted coaxially aligned with the z-axis of the
system on the composite material frame, allowing for unlim-
ited revolutions in the azimuthal direction. In the orthogonal
direction, the movement in elevation is enabled by the PTFE
hook, where the RF cables are supported in a single loop
to prevent sharp bends. The hook is limited in its elevation
range to θmax = 51◦ to prevent collisions. Nevertheless, a full
elevation half-plane up to θ = 90◦ can be measured, as it will
be shown later.

Two cartesian motor-driven large area manipulators, where
each covers a space of 60mm×45mm×150mm (x × y× z),
carry and position the frequency converters in 3 dimensions
on the optical table to enable a flexible waveguide and
RF-Probe alignment. The frequency converters are used for
generating and receiving the mm-wave signal guided by rect-
angular waveguides. A 100 mmwafer chuck can be manually
shifted and fixed in the x-y-plane. It is located in the center
of the system for on-chip measurements and can be shifted
out of the center to allow for waveguide-based measurements
(cf. Fig. 1 (b)). The origin of the system is optically indicated
by a laser beam. A camera-based microscope necessary for
contacting wafer-probes on the chip is mounted on a third
3D, cartesian large area manipulator covering a space of
180mm × 260 mm × 200 mm and enabling to drive the
microscope from the covered position (cf. Fig. 1 (b)) to the
active position above the centered chuck (cf. Fig. 3 (b)) with
low vibration. Within the active position, one can observe the
probing process, but even for the S-parameter measurement
it should be placed in the covered position, as the proximity
of the microscope was shown to have a strong influence on
the input reflection coefficient at 60 GHz [17].

The receiving frequency converter used for far-field mea-
surements is mounted on an extension hook, which extends
the limited range of the elevation positioner by enabling a

FIGURE 3. Photograph on the measurement system (a) characterizing an
open-ended waveguide surrounded by an absorber patch, (c) shows the
detail-view. It can be seen that the microscope is in the covered position.
(b) shows the observation of the wafer-probe with the microscope above
the chuck, (d) shows a close-up view. The receiver needs to be elevated
towards θ ≈ 50◦ in order to prevent collisions of the microscope and the
receiver. (e) shows the model of the open-ended waveguide with the
UG387 flange utilized for the FDTD simulation.

manual offset θoffs. In an early stage, a polycarbonate (PC)
extension hook has been used; however, Section V will show
that an absorber-cladded aluminum extension hook increases
the performance dramatically. Both hooks are shown in
Fig. 2, where Fig. 2 (a) shows the receiver mounted to mea-
sure the ϕ-polarization, and Fig. 2 (b) the θ -polarization. The
miniaturized far-field receiver (R&S ZRX330L) is a compact
and lightweight version of the housed and stabilized full
receiver R&S ZRX330.

III. MEASUREMENT METHODS AND PROCEDURES
The capabilities of measurements carried out with this sys-
tem involve transmission and reflection measurements with
both rectangular waveguides and on-wafer probes. In gen-
eral, the mm-wave frequency converter (R&S ZC-330) is
used as transceiving (TxRx) port 1 in any case. Depend-
ing on the measurement task, either no receiver (only S11-
measurement), a receiver (R&S ZRX-330) mounted on the
optical table (S11 and S21), or the miniaturized receiver (R&S
ZRX-330L) mounted on the spherical coordinate system (S11
and S21,far-field) can be used. For all measurements involv-
ing only the frequency converters mounted on the table, a
waveguide-based or wafer-based calibration (using two probe
tips and a suitable calibration substrate) is possible [17],
where the characteristic of the probe itself can be obtained
as well [18]. If the on-wafer probe is used, the rectangu-
lar waveguide sections are assembled to build an S-shaped
waveguide in order to lower the position of the frequency
converter on the lefthand side (cf. Fig. 3 (b, d)) enabling
larger elevation ranges for the spherical measurement sys-
tem. There exists a lot of research on the effect of probe
tips on the measured far-field pattern, as they may generate
own radiation contributions [19], create shadow regions in
the far-field pattern due to their large size [20], [21] and
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create interference effects due to scattering at the metallic
probe [22], which can be even used to localize the scattering
center of the probe [20]. Methods for corrections of both
of the probe’s radiation [23] and shadowing [24] have been
presented, which leaves this measurement setup only with
the prevention of scattering from the metallic probe. This has
been achieved by covering the upright faces of the probe with
a thin layer of a mm-wave absorber (cf. Fig. 3 (d)).
Whenever the far-field receiver comes into play, a more

antenna-tailored calibration must be used. At first, the cali-
bration can be carried out only for the feeding port, resulting
in a characterization of the input mismatch of the waveguide-
or wafer-based antenna. In this case, it is assumed that
the influence of the hemispherical measurement setup and
the receiver on the input-reflection coefficient is negligible.
The calculation of the realized gain relies on the comparison
of the AUT with a well-known horn antenna. If the insertion
losses of the rectangular waveguides differ for the reference
antenna and the antenna under test (AUT), e.g. due to the
additional S-shaped section, this information needs to be
included as well. The realized gain of the antenna under test
GAUT thus calculates to [10]

GAUT = GRef

∣∣∣∣S21,AUTS21,Ref

∣∣∣∣2 · ∣∣∣∣ S21,WG→Ref

S21,WG→AUT

∣∣∣∣2 , (1)

where GRef is the known gain of the reference antenna,
S21,AUT and S21,Ref are the far-field transmission parameters
of the antenna under test and the reference antenna, respec-
tively. The difference in waveguide losses can be evaluated
in a direct transmission measurement and is considered by
comparing the insertion loss of thewaveguide section towards
the antenna under test S21,WG→AUT and the reference antenna
S21,WG→Ref. It should be assured that the radiating apertures
of both antennas are at the same position, such that the free-
space path loss is identical for both measurements.

Setting up the measurement usually involves driving the
large area manipulators of the frequency converters and the
microscope to the desired positions. The characterization
of the input-reflection coefficient S11 is carried out without
using the spherical coordinate system – except for the eleva-
tion of the receiver in order to give place for the microscope
(cf. Fig. 3 (b)). For the far-field measurements, the extension
hook of the receiver (cf. Fig. 2) can be used to decide on
the desired elevation range. Since the spherical positioning
system is limited in its elevation range, an offset in 5◦-steps
can be introduced to the measurement range, as shown in
Fig. 4. Here, different offsets are used and the achievable
range per offset is highlighted with the shaded domain. It
should be noted that the range is inherently not limited to
θ ≤ 85◦, although Fig. 4 (a) creates this impression. The
range is in this case for ϕ = 180◦ limited to θ < 85◦ to avoid
a collision with the positioner of the frequency extender. In
general, e.g. for ϕ = 0◦ and ϕ = −90◦, the extension
hook allows for an offset of 1θ |max = 40◦ resulting in
a measurable range of 40◦ ≤ θ ≤ 90◦ (cf. Section VI).
The usual case is a measurement with an elevation range

FIGURE 4. Exemplary hook extensions enabling measuring ranges
35◦ ≤ θ ≤ 85◦ (a), 0◦ ≤ θ ≤ 50◦ (b), −25◦ ≤ θ ≤ 25◦ (c) as well as the
combined, overlapping ranges (d). The ranges are emphasized by the
graphical overlay of each two photos depicting the receiver in the
minimum and maximum position (a-c). (d) shows the receiver at θ = 74◦.

0◦ ≤ θ ≤ 50◦, as shown in Fig. 4 (b), since this case is the
most important one for highly directive, broadside radiating
antennas. However, measurements at the equatorial plane (cf.
Fig. 4 (a)) or with inherent redundancy for error-detection (cf.
Fig. 4 (c)) are possible.

IV. SYNTHETIC APERTURE DRIVEN
SELF-CHARACTERIZATION
Apart from the actual feasibility of the measurement system,
which has been explained in the Sections above, the errors
introduced by the measurements need to be identified. Usu-
ally, far-field measurement setups are either set up utilizing
metal positioning systems cladded with absorbers [9], [25],
or low-loss dielectrics to avoid reflections [19]. Besides the
secondary observation of reflections, i.e. observing whether
measurement data change when adding absorbers [9], the
characterization of the reflections caused by themeasurement
system has been carried out in a time-domain approach [26].
This section aims to describe a mature method for the self-
characterization, meaning that the measurement system is
used to characterize occurring reflections utilizing the avail-
able devices. Along with the practicability of this approach,
it contains another extensive benefit. Since the same fre-
quency converters are used for the measurement and the
self-characterization, they inherently use the same frequency
range for both characterization and measurement. This again
implies that each disturbing material, which is not detectable
within the utilized frequency range in the characterization,
will also not disturb the measurement. Looking at the other
way round, absorbers which might be operating nicely at
330 GHz are not necessarily optimal at 110 GHz or 500 GHz.
The self-characterization allows for the consideration of
exactly these effects at each frequency band. To determine the
different reflection contributions of S11 at different ranges, the
most straightforward approach is to observe the signal in the
time-domain.
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FIGURE 5. Exemplary representation of the measurement path moved
along by the waveguide flange for the self-characterization. The actual
grid contained 111 by 81 measurement points and is just qualitatively
represented by the drawing, the waveguide flange is highlighted in
yellow.

TABLE 1. Network-analysis parameters of the SAR-Measurement.

TABLE 2. Geometrical parameters of the SAR-Measurement.

Fig. 5 shows an open-ended WR3.4 waveguide facing into
the upper hemisphere located in the z = 0 plane. It is sur-
rounded by a rectangular collar of mm-wave absorber mate-
rial of ≈ 80 mm× 80 mm, which is located ≈ 10 mm below
the flange (cf. Fig. 3 (c)). The VNA is utilized to measure
the input reflection coefficient S11 with the parameters given
in Table 1. A waveguide calibration (short, offset-short, and
load) has been carried out to shift the reference plane onto the
waveguide flange. To obtain range estimations from different
antenna positions, the open-ended waveguide is moved along
a rectangular grid defined by Table 2 and centered around the
origin (cf. Fig. 5) by use of the large area manipulator of the
frequency converter. The frequency response is transformed
into a time-domain response utilizing a Blackman-window
in the frequency domain and converted into a free-space
distance with the speed of light c0. The response of the
antenna at the origin as well as the respective maximum and
minimum values of all measurements are shown in Fig. 6 (a).
Although the unambiguous region is much larger, there are no
further spikes in the time-domain worth mentioning beyond
a distance of 800 mm. The inset shows a detail-view on
the region around 515 mm, where a noticeably strong peak,
which is still ≈ 40 dB below the input-reflection pulse of the
open-endedwaveguide, appears. This peak corresponds to the
circular black arc of the positioning system,which is designed
with a radius of 515 mm. At a first glance, this arc centered
around the origin appears to be a structural drawback of the
presented spherical measurement system, as it, if the antenna
is placed exactly in the origin, focuses all wavefronts back

FIGURE 6. Time-domain response of an open-ended waveguide radiating
into the upper hemisphere. The min and max refer to all 8891 (81 · 111)
measurements within the scope given in Table 2. (a) shows a large range
where the inset highlights the reflection at the black arc for different
antenna positions, whereas (b) compares the reflection pulse trains to
the geometrical distance between receiver and origin.

to the origin where these will interfere constructively. Con-
sequently, even though the arc is made of a low-permittivity
plastic, it is visible in the time-domain representation. This
enables the user to seek the origin of the measurement system
with a simple optimization goal: the antenna position with
the largest and narrowest peak at d ≈ 515 mm corresponds
to the origin. As mentioned above, the accuracy reachable
with this method increases with the use of higher frequency
bands and is thus always below the order of the wavelength
utilized. To justify this outcome, the inset in Fig. 6 (a) shows
the time-domain representations of the signals measured in
the neighboring positions x = ±0.5 mm, which are roughly
half a wavelength apart from the origin. It is obvious that the
offset positions result both in a reduced amplitude of roughly
3 dB and an increased width of the peak, which means that
they are not in the focal point of the black arc. If one wants to
determine the origin in both axis, x and y, this optimization
can be carried out for both axes independently by rotating the
spherical positioning system and thus the black arc to ϕ = 0◦

and ϕ = 90◦, respectively.
The other peaks occurring in the time-domain will be dis-

cussed in the following. At first, there exists an omnipresent
ringing for distances below 50 mm, which is practically
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FIGURE 7. Backprojection of the synthetic aperture radar into the x-z-cut
plane with (a) a photograph of the real setup and (b) the corresponding
radar-image.

independent from the antenna position. The same holds for
the peak at ≈ 122 mm, which is also strikingly constant
throughout all measurements. As these peaks do not change
at the different antenna positions, it is assumed that one
sees either an effect of the waveguide flange or imperfec-
tions within the calibration, but no reflections corresponding
to obstacles in the upper hemisphere above the waveguide
flange. Secondly, there exist peaks which seem to change
with changing antenna positions, they seem to correspond
to targets in a radar sense. Fig. 6 (b) shows a detail-view
of the time-domain signal from Fig. 6 (a). All sharp edges
existing within the technical drawing of the mounted receiver
are mapped to the axis’ ticks, a colored sketch of the CAD
model is depicted above the time-domain signal and mapped
to its geometrical distance to the origin. One can clearly see
that the expectation from the technical drawing fits the pulses
in the time-domain representation with excellent precision.
The gray labels correspond to faces that were expected to
cause visible reflections, but the time-domain representation
did not show any peaks there. It should be pointed out that
the distance d = 354 mm corresponds to the absorber-
cladded aluminum extension hook depicted in Fig. 4, and
that it is effectively hidden by the absorber. The reflection
at 400 mm corresponds to the PTFE housing of the bearing
for the elevation-axis.

To get a more visual impression of the location of scat-
terers, a backprojection of the received signals for points in
a 2D or 3D space can be carried out [27]. The positioning

system was set to an azimuthal angle of ϕ = 0◦, correspond-
ing to a measurement in the x-z-plane, and an elevation of
θ = 30◦, such that reflections from the receiver can be easily
recognized. A photograph of the observed scene, as well as
the calculated reflection coefficients in the x-z-cut plane, are
depicted in Fig. 7. Apart from the straight reflections for
ranges smaller 150 mm, which correspond to the omnipresent
peaks in the time-domain signals, both the black arc of the
positioning system as well as the receiver can be recognized
in the radar image. One can even recognize an accumulation
of stronger reflections at d = 515 mm and θ = −45◦ due
to the fixture of the laser pointer. Concluding this section, the
approach of building up this measurement system practically
without any metal parts, except for the receiver, cables, and a
stepper motor, paid off in terms of low reflections visualized
in the time-domain. Apart from the reflection due to the black
plastic arc, which can be used to determine the origin of
the measurement setup with a precision below a wavelength,
practically no reflection worth mentioning occurred. Hence,
if one wanted to further suppress these reflections, one would
need to clad the reflecting parts of the receiver, except for the
antenna itself, with absorbers.

V. PHASE-CENTER INVESTIGATIONS
As the measurements within the last section have shown,
the spherical antenna measurement system affects ongoing
measurements only with very weak disturbing reflections.
This section aims to quantify the repeatability, with which
the measurements can be carried out. An extensive uncer-
tainty budged is presented in [28]; however, the evaluation of
the phase uncertainty requires extremely precise knowledge
about the radial position accuracy and the phase stability
of the cables. Although in the context of near-field mea-
surements, the importance of phase-correct measurements
as well as the crucial influence of the utilized cables are
presented in [29], [30]. The phase change caused by cable
lifting and lowering, which is comparable to the movement
carried out during the measurement, has been estimated up to
20◦ deviation at 325 GHz in [25], of course, depending on the
type and length of the cable used.

Concerning mechanical repeatability, the radius of the
receiver on the hemisphere, i.e. the distance towards the
origin, needs to remain unchanged during the measurement.
The deviation1r from the desired constant radius would lead
for extreme cases to a change in the transmission amplitude,
as the received signal reduces with increased antenna dis-
tance. However, as the distance between origin and receiver
is about 150 wavelengths at 250 GHz and the deviation is
expected to be at the scale of the wavelength, amplitude
fading is expected to be practically nonexistent. In contrast
to that, the measured phase is much more sensitive even to a
deviation below one wavelength, as the phase grows linear
according to 2π1r/λ. Furthermore, it is expected that the
aluminum extension hook shows an improved performance
in terms of repeatability due to a larger stiffness compared to
the polycarbonate candidate. Here, a two-port measurement
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FIGURE 8. Standard deviation of (a) the unwrapped phase of the
transmission parameter and (b) the amplitude in decibel for 70
repetitions of an elevation cut 0◦ ≤ θ ≤ 50◦. Shown are two different
materials of the extension hook (polycarbonate – PC and aluminum – Al)
at the lower and upper bound of the WR3.4-waveguide band.

is carried out using the open-ended waveguide in the origin
of the measurement system as transmitting antenna and the
receiver on the spherical positioning system as receiving port.
For the fixed azimuth angle ϕ = 0◦ the elevation angle
was varied between 0◦ ≤ θ ≤ 50◦ in steps of 1θ = 1◦.
This measurement along the elevation cut was carried out
70 times using both the polycarbonate (referred to as PC)
and aluminum extension hook (referred to as Al). For each
set of measurements, the standard deviations for both the
unwrapped phase arg(S21) and amplitude in decibel |S21|dB
of the transmission coefficient have been calculated and are
depicted in Fig. 8. Concerning Fig. 8 (a), the standard devi-
ation of the phase shows tendencies concerning frequency,
material, and elevation angle. At first one can see that the
larger frequency of 330 GHz leads without exception to a
larger standard deviation compared to 220 GHz. This result
is not surprising as the wavelength reduces with increas-
ing frequency, resulting in a larger phase deviation given a
fixed radial error. Secondly, the aluminum extension hook
outperforms its polycarbonate counterpart in terms of phase
stability, due to its increased mechanical stiffness and the
resulting decreased radial error 1r . Finally, larger eleva-
tion angles appear to show an increased phase deviation for
both materials and frequencies. This can be explained by
considering that the bearing of the elevation axis is located
at θ = 0◦, which means larger elevation angles increase
the distance between bearing and receiver, resulting in an
increased effect of backlash. If one wanted to counteract this

FIGURE 9. Phase of the transmission coefficient S21 for 70 repetitions (a)
as originally measured and (b) phase-center-corrected with the
parameters from Table 3.

deviation from the bearing tolerances, the extension of the
elevation measurement (cf. Fig. 4) could be utilized.
Compared to the findings for the phase above, Fig. 8 (b),

shows no dependency of frequency, angle, or chosenmaterial.
As explained above, the amplitude fading due to mechanical
deviations in the radial direction and cable bends is negligible,
as shown by the standard deviation of the amplitude.

Since the phase measurement is in general possible, a
more comprehensive investigation of the phase information
is necessary. If the open-ended waveguide is approximated as
an aperture which features the TE10-mode within an infinite
ground-plane, the far-field can be calculated analytically by
the Fourier-transform method [31]. Given the width of the
waveguide a and its height b as well as the wavenumber
k0 = 2π/λ0 in free space, one obtains for large distances

E (r, θ, ϕ = 0)
jk0ab E0

= −
e−jk0r

π2r
sinc

(
k0b sin θ

2

)
θ̂ , (2)

E
(
r, θ, ϕ = π

2

)
jk0ab E0

=
e−jk0r

r

cos
(
k0a sin θ

2

)
cos θ

π2 − (k0a sin θ )2
ϕ̂, (3)

where the phase of each component does exclusively depend
on the radius r , but neither on the azimuth angle ϕ nor
on the elevation angle θ . Here, the sinc(x)-function refers
to sin(x)/x. Although this approximation does neglect the
effects of the obviously finite waveguide flangewith its holes,
one would expect that the phase over the main lobe of the
radiated beam from the open-ended waveguide is relatively
constant. Fig. 9 (a) shows an overlay of the phases of all 70
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TABLE 3. Calculated distance between origin and phase-center.

measurements for the upper and lower frequency band. Apart
from the small deviations between the repetitively carried out
measurements, one can recognize a tendency of decreasing
phase angle with increasing elevation angle θ . This means
that the electrical path length between transmitting antenna
and receiver is shorter for θ = 0◦ compared to e.g. θ = 50◦,
which would imply an undesired shift between waveguide-
center and origin. To evaluate this shift, a method to obtain
the phase pattern of an antenna where the origin is virtually
shifted to another position is presented in [32]. These phase
patterns are referred to as the corrected phase pattern, where
the correction is carried out for different origin positions. In
a 3D global search, the corrected phase pattern of different
origin-positions can be evaluated weighting the occurring
path differences with the wavenumber [33]. The position
with the smoothest, i.e. most constant antenna pattern will
be considered the phase center of the antenna. To evaluate
the different phase patterns, the relative phase deviation from
the average phase is weighted with the power given by the
amplitude pattern. By doing so, weak parts of the radiation
pattern or even nulls will not disturb the calculation of the
phase center.

This method has been applied to the 3D radiation pattern,
which will be presented in Section VI. Precisely speaking,
a domain of 0◦ ≤ ϕ ≤ 360◦ and 0◦ ≤ θ ≤ 50◦ in
steps of 5◦ and 2◦ for ϕ and θ , respectively, was measured
for both components Eϕ and Eθ . The method was applied
to the Ex component calculated from the above mentioned
measured components, as this component is assumed to be
the dominant one within the main lobe of the radiation pattern
given the x-polarization of the rectangular waveguide. As
a result, the distances between phase-center and origin was
calculated and is given in Table 3, and the distance calculated
for 250 GHz has been applied to the measured phases from
Fig. 9 (a), resulting in the phase-center corrected phases
depicted in Fig. 9 (b). Compared to the originally measured
phases, the trend of the corrected phases behaves admirably
constant. The calculated distance is practically constant for
the x and y direction, representing the distance between the
manually adjusted center of the waveguide and the origin of
the spherical measurement system. Fluctuations of the phase
center offset in z-direction have been calculated before for
horn antennas [34] and are thus assumed to be linked to
the transition between guided and radiated wave, which has
been assumed in a strongly simplified manner by the aperture
approach yielding the result in (2) and (3). Compared to
the positioning of the antenna utilizing the laser pointer (cf.
Fig. 1) and the method of comparing the time-domain pulse

TABLE 4. Parameter settings of the VNA for radiation pattern
measurements.

width of the black arc (cf. Fig. 6), this method is considered
the most precise for the determination of the origin of the
system. At first, the laser pointer was adjusted manually,
however it indicates the approximate origin directly, without
further measurements involved. Furthermore, the comparison
of the time-domain pulse widths relies on large bandwidth, to
obtain a high temporal resolution, which results in relatively
long sweep times. However, both methods mentioned above
can be utilized during or prior to themeasurement. The phase-
center calculation relies on much more samples, as it operates
on all samples of the radiation pattern, and can be carried out
only post-measurement for each frequency independently.
Since there has been no calibration and no reference-plane
measurement carried out, the absolute offsets of the phases
cannot be interpreted. These depend, apart from the distance
between transmitter and receiver, also on the utilized cable
lengths and the internal structure of the frequency converters.
In total, this section has shown that the spherical position-
ing system presented is capable of achieving measurement
data with high repeatability, and providing additional to the
often used amplitude information the very sensitive phase
information.

VI. OPEN-ENDED WAVEGUIDE MEASUREMENT
To prove the suitability of the measurement system, this
section presents the measured radiation pattern of an open-
ended rectangular waveguide linking the measurement pro-
cess to an interpretable outcome and compares it to a full-
wave FDTD simulation result of the waveguide calculated by
EMPIRE XPU.

With the open-ended waveguide remaining in the origin as
the antenna under test, three measurements, namely a gain
over frequency measurement at broadside, 2D cut planes, and
a full 3D radiation pattern measurement have been carried
out. In order to allow for fast measurements and reduce
the amount of data, the frequency step size was increased
slightly for the 2D measurements and further for the 3D mea-
surements according to Table 4. However, the measurement
bandwidth was decreased to allow for more averaging in the
time-domain.

At first, the realized gain in broadside direction (θ = 0◦)
has been measured with the VNA parameters utilized for
the 2D measurements. The gain resulting from evaluating
(1) is depicted in Fig. 10 in comparison with the solution
from the FDTD full-wave simulation of EMPIRE XPU.
One can clearly see that the general behavior, as well as
the absolute gain of the open-ended waveguide, have been
determined in good agreement throughout the whole fre-
quency band. The deviations between both plots are assumed
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FIGURE 10. Realized gain of the open-ended waveguide over the whole
waveguide band in the broadside direction. The result from the FDTD
simulation from EMPIRE XPU is given as well.

FIGURE 11. Lookup diagram linking the measured azimuth and elevation
domains specified by ϕM and θM with the domain utilized in 2D polar
radiation pattern ϕPlot, θPlot. The ranges of the initial measurement are
drawn in blue and orange, the ones from the extended receiver position
in red and gray, and the regions which cannot be measured due to
collisions are hatched.

to be mainly caused by the modeling of the open-ended
waveguide within the FDTD simulation. It is presumed
that the holes, threads, the chamfered edges at the flange,
and the shape of waveguide borders need to be modeled
for the present waveguide flange, and not solely based on
the available technical drawings for the UG387 waveguide
flange.

To enable the comparison of the radiation pattern, the 2D
measurement was carried out utilizing 4 elevation cut planes,
allowing to display both the E-plane (x-z-plane, here referred
to ϕ = 0◦) and the H-plane (y-z-plane, here referred to
ϕ = 90◦). The different ranges measured are shown in Fig. 11
sorted to their corresponding plot ranges. To obtain one com-
bined plot of two cut planes comprising all measurements
carried out, the different measurement results are stitched
together partly overlapping. The hatched regions cannot be
measured without further modification of the measurement
setup, as a measurement in these regions would result in
collisions of the far-field receiver with either the large area
manipulator of the left hand side frequency converter (cf.
Fig. 4 (a) - ϕ = 0◦ and θ < −85◦) or with the microscope
(ϕ = 90◦ and θ > 50◦). The resulting 2D far-field-pattern for
250 GHz is shown in Fig. 12, comparing the co-polarization
for the measured and E- andH-plane measurements with the
FDTD solution simulated by EMPIRE XPU. To visualize the

FIGURE 12. Polar radiation pattern of the co-polarization for E- and
H-plane comparing the measured results with an FDTD simulation
calculated with EMPIRE XPU. The shaded region at the outermost arch
corresponds to the measurable regions highlighted in Fig. 11.

TABLE 5. Measured 3D azimuth and elevation domain.

overlapping regions, the measurements utilizing the extended
theta range are labeled explicitly. Furthermore, the differ-
ent achievable measurement ranges are visualized as outer-
most arches utilizing the color key of Fig. 11 to emphasize
the link between both plots. The measurement results are
in very good agreement with the outcome of the FDTD
simulation throughout the overall covered elevation range.
Additionally, the overlapping regions of the different mea-
surements are in nearly perfect agreement, which made it
necessary to use different colored plotlines to distinguish
them.

Finally, a full 3D measurement has been carried out. The
measured ranges in elevation and azimuth direction need to
be covered twice with different orientations of the receiver,
resulting in data of both the Eϕ and Eθ -component. A point-
wise superposition of the resulting Eϕ and Eθ -components
can be performed after the measurement in order to achieve
a complex vector field representing the measurement. Addi-
tionally, this vector field can be projected on any cartesian
(or arbitrarily defined) direction. In such a way, not only
the norm ||E||, but also single components as Ex could be
extracted, and for example, used to perform a phase center
calculation. In order to perceive a measurement result that
visually represents the upper hemisphere, two measurement
ranges, one initial measurement representing the dome of the
radiation pattern and one extendedmeasurement representing
the margin, are combined in a similar manner as in the 2D
case. The measurement points with respect to the spherical
coordinate system are given in Table 5. It should be pointed
out that the extended measurement only covers points within
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FIGURE 13. 3D radiation pattern for 220 GHz (a, b) and 330 GHz (c, d).
The radiation pattern on the left hand side (a, c) were measured with the
presented measurement system, the results from a full-wave FDTD
simulation calculated with EMPIRE XPU are shown on the right hand side
(b, d). The measured results were obtained within the domain given in
Table 5, the azimuthal boundaries of the extended domain are
highlighted by the blue corners.

185◦ ≤ ϕ ≤ 360◦ to prevent collisions with the microscope,
as explained above. The duration of the initial measurement
is roughly 5 h per polarization, the extended measurement
is faster due to the reduced resolution in elevation direction
and the reduced number of points in azimuth, resulting in
a total measurement time of roughly 14 h. Whereas the 2D
radiation pattern presented above depicted a frequency of
250 GHz centered within the WR3.4 band, the 3D radiation
pattern shown in Fig. 13 represent the lower and upper bound
of the band, namely 220 GHz and 330 GHz. Again, both
the absolute gain and the general shape of the radiation pat-
tern are in very good agreement when comparing simulation
and measurement. The reduced elevation resolution chosen
for the extended range can be clearly recognized by the
coarser pattern. Additionally, the missing azimuthal range
0◦ < ϕ < 180◦ for the extended measurement is highlighted
by the blue line and labeled as azimuthal boundary, empha-
sizing the limitation of the carried out measurement. If the
microscope was demounted, which is in general possible due
to a quick-change adaptor, an even wider elevation range
could be measured for 0◦ < ϕ < 180◦.
Recapitulating this section, the presented measurement

results show an excellent agreement of gain over frequency,
2D-, and 3D radiation pattern with full-wave simulation
results and therefore confirm the usability and reliability of
the presented mm-wave antenna measurement system.

VII. CONCLUSION
An on-wafer mm-wave antenna measurement system pro-
viding amplitude and phase information has been designed,

set up and characterized. Its inherent positioning in spherical
coordinates allows for direct far-field measurements of the
upper hemisphere, and although it is limited in the eleva-
tion range, this limitation can be conquered by mechanical
extension as well as stitching of measurement results, as
shown successfully in this paper. It utilizes mostly plastics
within the upper hemisphere to reduce reflections, whereas
a self-characterization has been carried out by the system
in terms of a SAR-based reflection analysis. The system
itself allows for the characterization of waveguide- or probe-
fed antennas and partially integrated systems. In general,
by applying corresponding frequency converters, the system
allows for other commonly used waveguide bands increas-
ing the possible frequency range, where especially the self-
characterizations presented here can be performed in the
same manner. Again, the strictly reduced use of metal parts
in the upper hemisphere reduces the dependency on available
absorbers.

In future work, both the characterization of on-chip anten-
nas as well as increased frequency measurements will be
carried out. The limitations and challenges of on-wafer mea-
surements need to be evaluated separately after this work
has shown the general capabilities of the system. Consid-
erable attention needs to be paid on correct contacting the
on-wafer pads, the near-and far-field influence of the wafer
probe as well as the long-term stability of the measurement
system for long-lasting measurements. The modularity of the
system combined with the optical table allows for both fast
and reliable substitution of measurement devices. Finally,
the characterization at multiple frequency bands to measure
sub-harmonic or harmonic signal leakage, for example, is
conceivably possible.
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