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HE increasing demand for radar sensors and the wide
distribution of hand held communication devices push
the development of low cost components with a small form
factor. One possible approach to achieve smaller, low cost
devices is the integration of the required components on an
MMIC (Monolithic Microwave Integrated Circuit). At frequencies above 100 GHz passive components can be realized
small enough to be integrated on a chip and the advances
in semiconductor technology make it possible to build active
components that can operate at mm-wave frequencies [1],
[2]. The available bandwidths of several GHz at mm-wave
frequencies offer high data rates for communication devices or
high resolution for remote sensing applications. By integrating the radio frequency (RF) components and the antennas,
lossy off-chip transitions can be avoided limiting the required
connections to the power supply and baseband signals.

T

I. I NTRODUCTION
While the realizability of communication and radar MMICs
has been demonstrated [3]–[6], the performance can still be
improved. In order to transmit and receive signals, attuned antennas with specific radiation characteristics for the respective
application are required and to optimize the antennas, accurate
and reliable measurement results are needed. For gain and
efficiency measurements the input power of the antenna under
test (AUT) must be known. When used in a system, the input
power to the antenna can only be measured over a coupler
and an integrated power meter, which usually have a high
uncertainty at mm-wave frequencies. A different approach is
to measure the antenna by itself, outside the system, in which
case wafer probes have to be used to contact the antenna [7].
This allows us to determine the input power with higher
accuracy and also makes it possible to feed antenna prototypes
without requiring active circuitry on the chip.
The measurements of the antennas proved to be challenging
for various reasons:
• With wavelengths of around 1 mm, small deviations of
the measurement position or misalignment of the setup
cause amplitude and phase errors.
• Due to the small dimensions on a chip and the high
integration level it is not possible to probe signals other
than the input and output signals.
• Wafer probes cause reflections in far field measurements [8] and limit the scanning area for near field
measurements as they are in close proximity to the AUT
and orders of magnitude bigger.
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Fig. 1. The wafer probe limits the scanable area for near field scans.
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Parasitic wafer probe radiation superimposes with AUT
radiation and distorts the results [9].
The measurement setups themselves distort the signals
and create reflections and interference.
Bending and movements of RF cables change their electrical characteristics and influence the measured signal.
Small wavelengths make the construction of different
components like probe antennas and connectors challenging.
Measurement techniques used at lower frequencies like
the Wheeler cap method [10], [11] are difficult to realize
for the small dimensions on a chip and are often unstable
over frequency.

For accurate measurements, setups must be sturdy, precise,
little reflective, and steady over different factors like position
and frequency. Furthermore, measurement setups have to be
flexible and adaptable to support various antenna configurations for multiple measurement scenarios that allow the investigation of different aspects of the antenna performance [12].
Different measurement setups have been presented to meet
these requirements. The first setups for 3D-radiation pattern
measurements of integrated antennas used two rotary joints
to move the receiving antenna on a spherical surface around
the AUT [13], [14]. [13] was later extended for frequencies
up to 325 GHz [15]. More recent setups focused on a higher
positional accuracy [16] and minimal reflections [17], [18].
The setups in [14], [17], [18] were designed for frequencies
around 60 GHz, [16] for frequencies up to 110 GHz.
In [19]–[21] planar scans of the radiated near field are
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Fig. 2. Schematic of the measurement setup.
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Fig. 3. Polarization and extrapolation measurements.

performed at around 100 GHz. However, due to the wafer
probe, which is located right next to the AUT, the near
field scanning range is limited as shown in Fig. 1. This is
particularly hampering for integrated antenna measurements
as the wide beamwidth requires a large scanning area to take
into account as much as possible of the radiated fields for
an accurate near field to far field transformation. While this
signal truncation is not as critical in the plane orthogonal to the
probe (x-z-plane in Fig. 1), it severely distorts the calculated
far field in probe direction (y-z-plane). The same is true for
far field measurements, where the distortion in the y-z-plane
is caused by probe reflections, when measuring with standard
wafer probes.
A different approach was taken by [22], where a robotic
arm is used to move the Rx antenna on the desired trajectory
around the AUT to measure the radiated fields. This offers
high flexibility in terms of size, position, and orientation of the
AUT and in terms of scanning geometry as the movements of
the robot can be adjusted to changing measurement conditions
by software.
The setup used in this paper also uses a robotic arm
to move the Rx antenna, however, in order to be able to
measure integrated antennas, a probe station is used to contact
integrated circuits on a chip. With the robotic arm both near
and far field measurements, as well as polarization and extrapolation measurements can be performed. The measurement is
adaptable to many different antenna types and measurement
scenarios with high precision.
II. M EASUREMENT S ETUP OVERVIEW
A block diagram of the setup is shown in Fig. 2. After
a measurement was initiated the control computer sends the
measurement type, velocity, acceleration, movement limits,
and resolution to the robot controller. The measurement frequency and resolution bandwidth are sent to the vector network
analyzer (VNA), which is triggered by the robot whenever a
measurement position is reached. Two different measurement
modes are supported. During on-the-fly (OTF) measurements
the robot moves with constant speed and the measurements are
performed while moving. For point-to-point (PTP) measurements the robot stops at every measurement point, triggers
the VNA after a specified wait time, and continues to the next
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Fig. 4. Far field scan trajectory.

point after the measurement was performed. For OTF measurements the measurement trajectory has to be run through
once for every frequency, which is why PTP measurements are
preferable for wide-band measurements, while being slower
for single frequency measurements.
Near field, far field, extrapolation, and polarization scan
measurements can be performed. During a polarization scan
the Rx antenna is centered over the AUT and is rotated
around the azimuth angle to determine the received field
over φ (Fig. 3a). The cross-polarization angle can then be
determined by finding the angle, for which the received
field has the minimum value. As the maximum is usually
not as well defined, the co-polarization angle is calculated
with θco-pol = θcross-pol ± 90 ◦ . After θco-pol and θcross-pol have
been determined an automatic alignment for co- and crosspolarization measurements can be chosen for all measurement
types.
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Fig. 5. Near field scan trajectory.
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During an extrapolation measurement (Fig. 3b) the radiated
field is measured over the separation between AUT and Rx
antenna, which can be used to analyze the influence of
reflections.
For far field measurements minimum, maximum, and increment for φ (azimuth) and θ (elevation) angles must be
chosen as displayed in Fig. 4. An arbitrary polarization (e.g.
Eφ , Eθ , co-/cross-polarization) can be chosen. In order to
maintain the correct Rx antenna orientation for co-/crosspolarization measurements, the antenna is rotated around its
axis in between two cuts as indicated in Fig. 4. After a far field
measurement an automatic AUT phase center determination
can be performed, which can then be used as the measurement
origin for subsequent measurements [23].
For planar near field measurements the start and stop value
as well as the increment for the x- and y-range have to be
specified (see Fig. 5).
A graphical user interface (GUI) is used to align the
AUT and RX antenna, to adjust all settings for the different
measurement scenarios, and to initiate a measurement.
III. C OMPONENTS
The setup is shown in Fig. 6. The different components are
explained in this section.
A. Robot
The robot has six degrees of freedom, a positional accuracy
of 350 µm, and a repeatability of 50 µm. 2D-cuts can be
performed for θ-ranges over ±90◦ . When measuring 3Dpatterns, the maximum θ-angle depends on the measurement
distance. For a distances of 150 mm, the maximum θ-range is
over ±90◦ , for a distance of 250 mm around ±60◦ .
B. Probe Station
The probe station is required to contact integrated antennas
and has a modular setup. Positioners, microscope, and chuck
can be moved or removed depending on the measurement
setup to minimize reflective surfaces. For integrated antenna
measurements a custom made plastic chuck is used, which
reduces reflections significantly [24].

C. Measurement Equipment
The measurements are taken with a VNA and appropriate
converter modules for the different frequency ranges. For
frequencies above 60 GHz, the AUT is fed with an RxTx
converter module and the signal received by the Rx antenna
is fed to an Rx converter module, which is mounted to the
robot as shown in Fig. 7. A 180◦ waveguide bend is used
to connect the Rx antenna with the Rx module. Figure 8
shows the mounting structure with and without waveguide
bend. Without the bend (Fig. 8a), the distance between the Rx
antenna aperture and the robot is about 13 cm. When using the
waveguide bend as shown in Fig. 8b, the distance decreases
to 7 cm, which allows for larger scanning angles. During a
measurement the mounting structure is covered with absorbers
to reduce reflections.
Cables with a high phase stability are used to connect
the converter modules to the VNA and a spring balancer
ensures minimum stress and bending during a measurement.
The maximum phase error, measured on 15 cm ×15 cm planar
scan area in the x-y-plane (see Fig. 6), is less than 3◦ at
160 GHz.
Wafer probes to contact integrated antennas up to 325 GHz
are available. As chip sizes are small, the distance between
probe tip and AUT is usually smaller than 1 mm. The probe
body of standard wafer probes presents a comparably big
reflective surface in the direct vicinity of the AUT. In order to
reduce the reflections, a special probe with an extended probe
tip was designed (see Fig. 9) for the frequency range between
140 GHz and 220 GHz (WR5.1) to increase the distance between probe and AUT.
D. Laser Range Finder
For the Rx AUT alignment a laser distance meter can be
attached to the robot as shown in Fig. 8b. The laser beam
must then be centered over the AUT using the GUI. Once
the laser points on the AUT, the distance can be measured.
With the distance between laser and AUT, the current robot
position and the relative distance between laser, AUT, and
robot, the position of the AUT is calculated and used as the
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Fig. 9. Contacting the AUT with wafer probe and microscope.

In order to optimize the measurement setups different absorber placements and cable routings were analyzed. Measurements were performed at 280 GHz with a horn antenna as
AUT. Figure 10 shows a comparison between a measurement
without any absorbers and a measurement, where the robotic
arm and the probe station were covered with absorbers. The
absorbers reduce reflections around the maximum of the
antenna pattern and for angles θ > 0 ◦ , where the arm of
the robot is over the AUT [25].
With optimized cable routing and additional absorbers
around the Rx antenna as shown in Fig. 7, the deviations
between measurement and simulation results are less than 5 dB
within 40◦ of the main lobe as shown in Fig. 11. The occurring
deviations are mostly caused by production tolerances of the
antenna rather than measurement errors. The production tolerances manifest themselves in the asymmetry between negative
and positive θ-angles in the H-plane measurement, while the
simulation is symmetrical. If the AUT is rotated by 180◦
around the z-axis (see Fig.4), the measurement result is the
mirrored result of Fig. 11, which shows that the asymmetry is
not due to a measurement error. Ripples caused by reflections
can only be seen for relative amplitudes smaller than −60 dB.
Figure 12 shows a 3D-measurement of the same horn antenna.
As mentioned in Section II, planar near field measurements
can be performed. Figure. 13 shows the result of a near field
to far field transformation of a horn antenna at 160 GHz in
the H-plane. The measurement distance for the planar near
field measurement was 30 mm and the sample spacing in xand y-direction was xincr = yincr = 0.5 mm. While this
demonstrates the viability of near field measurements with the
setup, no probe or position correction measures were applied,
which is why the measurements deviate from the simulation
results for θ > 30◦ .

0
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V. U NCERTAINTY B UDGET
In order to quantify the overall accuracy of the measurement
setup, an error analysis as explained in [26] was performed and
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the uncertainty budgets for radiation pattern, directivity, and
gain measurements for integrated antennas were calculated at
160 GHz.
The uncertainty budget was determined with
v
uN
uX
2
Uc (y) = k t
(ci · sxi ) .
(1)
i=1

sxi is the standard deviation of a certain error source xi and ci
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Fig. 13. Near field to far field transformation result (H-plane) of a planar near
field measurement of a horn antenna at 160 GHz. The measurement distance
was 30 mm.

is the sensitivity of the measurement result towards this error
source. N is the total number of considered uncertainties and
k is the coverage factor. It was set to k = 2 in this paper,
which corresponds to a 95% confidence. In this paper it was
assumed that the error sources follow a normal distribution, in
which case the standard deviation of an error source can be
calculated with [26]
1
(2)
sxi = u(xi ) ,
3
where u(xi ) is the maximum deviation.
The impact of the identified error sources, listed in Table I,
on the measurement results was analyzed for radiation pattern,
directivity, and gain measurements in order to calculate the
overall measurement uncertainty.
A scaled to 160 GHz version of the 280 GHz integrated
antenna shown in Fig. 14 was used as an AUT for all
measurements. The microstrip feeding line couples in a substrate integrated resonator, which then couples in a dielectric
resonator that is glued on the chip [27].
VI. R ADIATION PATTERN
A comparison between the measured and simulated radiation pattern is shown in the H-plane and in the E-plane
in Fig. 15. Good agreement with the simulation results is
achieved in both planes with deviations of less than 1.5 dB
in the H-plane and less than 2 dB in the E-plane for θ-angles
within 60◦ of the main lobe. Deviations can be due to production tolerances, e.g. misalignment of the dielectric resonator.
The measured E-plane pattern has more ripples than the Hplane pattern, which is caused by reflections from the wafer
probe. As the probe is connected in the E-plane (see Fig. 14),
the reflections from the probe surface create more distortions
in the E-plane compared to the H-plane. Furthermore, the
probe and the converter module block part of the area around
the AUT and prevent the robot from measuring the complete
upper hemisphere. The E-plane could therefore only be measured for −90 ◦ < θ < 50 ◦ .
The radiation pattern uncertainty was evaluated in an interval within 30 dB of the main lobe, which almost covers the
θ-angles from −90 ◦ < θ < 90 ◦ .
The sensitivities were determined by comparing a reference measurement with an erroneous measurement, where
one source of uncertainty was deliberately changed. When
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TABLE I
U NCERTAINTY B UDGETS
#

Source of Uncertainty
xi

Affected
Measurements

Uncertainty (±)
u(xi )

1
2
3
4
5
6

AUT
AUT
AUT
AUT
AUT
AUT

RP/D/G
RP/D/G
RP/D/G
RP/D/G
RP/D/G
G

1.5 mm
1.5 mm
2.0 mm
1.0 mm
0.125 ◦

0.072 dB/mm
0.100 dB/mm
0.127 dB/mm
0.034 dB/mm
0.2 dB/◦
—

0.5 mm
0.5 mm
0.67 mm
0.03 mm
0.042 ◦
—

0.002 dB/mm
0.004 dB/mm
0.001 dB/mm
0.001 dB/mm
≈0
—

—
—
—
—

0.1 ◦
100 µm
5.0 mm
0.2 dB

—
—
—
—

—
—
—
—

—
—
—
—
—

pos x
pos y
pos z
phase center
tilt
mismatch

7
8
9
10

Rx
Rx
Rx
Rx

tilt
length
phase center
Gain

11
12
13
14
15

REF gain
REF tilt
REF phase center
REF mismatch
Connectors

G
G
G
G
G

0.4 dB
0.125 ◦
5.0 mm

16
17
18

Trigger position
Cable flex
Noise

RP
RP
RP/G

350 µm

19
20
21

AUT-Rx-polarization
Distance
Reflections

RP/D/G
G
RP/D/G

0.1 ◦
350 µm

22
23
24

φ resolution (4 ◦ )
θ resolution (0.5 ◦ )
Maximum-θ truncation

D
RP/D
D

25
26
27
28
29

VNA crosstalk
Absorber placement
Probe placement
Receiver non-linearity
Long term effects

RP/D
RP/D/G
RP/D/G
RP/D/G
RP/D/G

Radiation Pattern
ci
sxi

sxi

0.5 mm
0.5 mm
0.67 mm
0.03 mm
—
—

0.048 dB/mm
0.04 dB/mm
0.063 dB/mm
0.027 dB/mm
0.01 dB/◦
≈0

0.5 mm
0.5 mm
0.67 mm
0.33 mm
≈0
—

—
—
—
—

—
—
—
—

—
—
—
—

—
—
—
—

—
—
—
—
—

—
—
—
—
—

—
—
—
—
—

1
1.37 dB/◦
0.015 dB/mm
≈0
1 dB/dB

0.13 dB
0.04 ◦
2.33 mm
—
0.53 dB

1 dB/dB

0.04 dB

1 dB/dB

0.01 dB

—
—
1 dB/dB

—
—
0.09 dB

—
—
1 dB/dB

≈0
—
0.04 dB

—
—
1 dB/dB

≈0
—
0.02 dB

—
≈0
1 dB/dB

≈0
≈0
0.04 dB

—
≈0
—

—
—
—

1 dB/dB

0.04 dB

1 dB/dB

0.07 dB

—
—
—

—
—
—

—
—
1 dB/dB
1 dB/dB
1 dB/dB

≈0
≈0
0.07 dB
0.05 dB
0.03 dB

—
—
—
1 dB/dB
1 dB/dB

≈0
≈0
≈0
0.07 dB
0.07 dB

—
—
—
—
1 dB/ dB

≈0
≈0
≈0
≈0
0.33

Expanded uncertainty Uc (y) (95% confidence):

0.3 dB

analyzing a specific error source xi , the effects of other
error sources should be minimized. In order to make sure
that random errors are not included in the calculation of the
sensitivity towards xi , ten measurements were averaged for the
reference and the erroneous measurement. Figure 16 shows the
calculated difference for two examples: the difference between
two averaged reference measurements and between averaged
reference measurements and measurements with an out-ofcenter AUT Cy-offset . The measurement was taken in the yz-plane and the AUT was moved in −y-direction. The results
of Cy-offset are therefore too high for negative θ values and
too low for positive θ values. The mean error for the offset
measurement is 0.15 dB and much higher than the deviation
between the two reference measurements of 0.02 dB. The noise
contribution to the measured error can therefore be neglected
and the error can be fully attributed to the y-offset.
The sensitivity towards a y-offset can now be calculated
with

cy-offset =

mean error
0.15 dB
dB
=
= 0.1
.
y-offset
1.5 mm
mm

Gain
ci

0.4 dB

112 nVrms

Directivity
ci
sxi

(3)

The overall expanded uncertainty budget is 0.3 dB for radiation
pattern measurements with a coverage factor of k = 2.

0.3 dB

1.3 dB

VII. D IRECTIVITY
In order to determine the directivity of the AUT a 3Dmeasurement over the radiated field was performed. The
directivity can be calculated by integrating over the normalized
radiation pattern magnitude C(θ, φ) on a sphere around the
AUT:
4π
Di = R π R π
.
(4)
2 (θ, φ) |sin(θ)| dθ dφ
C
φ=0 θ=−π
Due to the integration, misalignment errors have a smaller
impact compared to radiation pattern measurements. Furthermore, random errors are averaged by the integration leading
to a smaller sensitivity towards noise and trigger position of
0.01 dB compared to 0.04 dB for radiation pattern measurements. As long as the φ- and θ-increment is not unreasonably
big, the discrete integration has a small impact on the result.
For these measurements the φ- and θ-increments were 4◦ and
0.5◦ , respectively.
For the directivity calculation, the field must be integrated
over a full sphere around the AUT. Due to the probe station
and the limited robot movements the lower hemisphere cannot
be measured. The RxTx converter module and the positioner
(see Fig. 6) block part of the upper hemisphere, which is
why the hashed areas in Fig. 18 could also not be measured.
The error (#24 – maximum-θ truncation in Table I) can be
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estimated by calculating boundary values for the directivity.
If the areas that could not be measured are assumed to be
zero (Fig. 18a), the integral is underestimated, which leads to
an upper bound of the directivity of 9.76 dBi. The estimated
directivity was calculated by mirroring the measured field in
the area, where no measurements could be taken as shown in
Fig. 18b. Additionally, the field in the lower hemisphere was
assumed to be the same as on the edges at θ = |90 ◦ |. This
results in a measured directivity of 9.54 dBi, which is very
close to the simulated directivity of 9.47 dBi. The standard
deviation of the maximum θ uncertainty is

Mean error = 0.15 dB

sxθ =
0

−0.5

The expanded uncertainty for directivity measurements
is 0.3 dB.
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Fig. 16. Deviation between two sets of reference measurements and between
a y-offset and reference measurement.
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9.76 − 9.54
Dupper − Dmeas
=
dB = 0.07 dB . (5)
3
3

VIII. G AIN
The gain comparison method was used to determine the
gain of the AUT. After measuring S21 of a reference antenna,
the gain of the AUT can be calculated with
GAUT |dBi = S21,AUT |dB −S21,ref |dB +Gref |dBi −S21,con |dB .
(6)
S21,con takes all connectors into account that differ between
the two measurements. In this case the connectors were a 90 ◦
waveguide bend (S21,WGB ), which was used to connect the
reference horn antenna, the wafer probe to contact the chip
(S21,probe ), and the microstrip line on the chip itself (S21,chip ).
S21,con |dB = S21,probe |dB + S21,chip |dB − S21,WGB |dB . (7)
The overall uncertainty budget for gain measurements is
1.3 dB, mainly caused by the high sensitivity towards faulty
connector attenuations. The uncertainty is much higher compared to the radiation pattern and directivity uncertainty, but
still reasonably good. A comparison between simulated and
measured gain over frequency is shown in Fig. 19.

IEEE ANTENNAS & PROPAGATION MAGAZINE

8

Gain in dBi

10
8
6
4
Simulation
Measurement

2
140

150

160

170

180

190

Frequency in GHz
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IX. C ONCLUSION
In this paper a highly flexible measurement setup for
integrated antennas at frequencies above 100 GHz was shown
and the different components were discussed. Measurements
of a horn antenna at 280 GHz closely matched the simulation
results. Furthermore, a thorough uncertainty analysis of a
measurement setup for integrated antennas at 160 GHz was
performed. The calculated measurement uncertainty is below
0.3 dB for both radiation pattern and directivity measurements.
This small uncertainty is supported by the good agreement
between measurement and simulation results. The maximum
deviation for the radiation pattern was less than 2 dB for
angles within θ < 60 ◦ of the main lobe and the difference
between measured and simulated directivity less than 0.1 dB.
The uncertainty for gain measurements of 1.3 dB was higher.
The main source of uncertainty were the connectors, especially
due to the high sensitivity of the measured gain towards
inaccurate connector attenuations.
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