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T he increasing demand for radar sen-
sors and the wide distribution of 
handheld communication devices 

push the development of low-cost com-
ponents with a small form factor. One 
approach to achieve smaller, low-cost 
devices is the integration of the required 
components on a monolithic microwave-
integrated circuit (MMIC). At frequen-
cies above 100 GHz, passive components 
are small enough to be integrated onto a 
chip, and the advances in semiconduc-
tor technology make it possible to build 
active components that can operate at 
millimeter (mm)-wave frequencies [1], [2]. 
The available bandwidths of several giga-
hertz at mm-wave frequencies offer high 
data rates for communication devices or 
high resolution for remote-sensing appli-
cations. By integrating the radio- frequency 
(RF) components and the antennas, lossy 
off-chip transitions can be avoided, thus 
limiting the required connections to the 
power supply and baseband signals.

While the realizability of commu-
nication and radar MMICs has been 
demonstrated [3]–[6], performance 
can still be improved. To transmit and 
receive signals, attuned antennas with 

specific radiation characteristics for 
the respective application are required, 
and to optimize the antennas, accu-
rate 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. Another 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 
it also makes it possible to feed antenna 
prototypes without requiring active cir-
cuitry on the chip.

The measurements of the anten-
nas proved to be challenging for var-
ious reasons:

 ■ With wavelengths of around 1 mm, 
small deviations of the measure-
ment 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.

 ■ Parasitic wafer probe radiation super-
imposes with the AUT radiation and 
distorts the results [9].
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 ■ The measurement setups themselves 
distort the signals and create reflec-
tions and interference.

 ■ Bending and movement of RF 
cables change their electrical char-
acteristics and influence the mea-
sured signal.

 ■ Small wavelengths make the con-
struction of different components 
like probe antennas and connec-
tors 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 across 
multiple frequencies.

For accurate measurements, setups 
must be sturdy, precise, minimally re -
flective, and steady over different factors 
like position and frequency. Further-
more, measurement setups have to be 
flexible and adaptable to support vari-
ous antenna configurations for multiple 
measurement scenarios. This allows the 
investigation of different aspects of the 
antenna performance [12].

Different measurement setups have 
been presented to meet these require-
ments. The first setups for three-
dimensional (3-D) radiation pattern 
measurements of integrated anten-
nas used two rotary joints to move the 
receiving antenna on a spherical surface 
around the AUT [13], [14]. The setup in 
[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], and [18] were designed 
for frequencies around 60 GHz, and the 
setup in [16] was designed for frequencies 
up to 110 GHz.

In [19]–[21], planar scans of the radi-
ated near field are 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 lim-
ited as shown in Figure 1. This hampers 
integrated antenna measurements in par-
ticular as the wide beamwidth requires a 
large scanning area to take into account 
as much of the radiated fields as possible 
for an accurate near-field to far-field trans-
formation. While this signal truncation is 
not as critical in the plane orthogonal to 

the probe (x-z-plane in Figure 1), it severe-
ly distorts the calculated far field in probe 
direction (y-z-plane). The same is true for 
far-field measurements, where the distor-
tion in the y-z-plane is caused by probe 
reflections when measuring with stan-
dard 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 radi-
ated fields. This offers high flexibility in 
terms of size, position, and orientation of 
the AUT as well as in terms of scanning 
geometry, as the movements of the robot 
can be adjusted to changing measure-
ment conditions by software.

The setup used in this article also 
uses a robotic arm to move the Rx 

antenna; however, to be able to mea-
sure integrated antennas, a probe sta-
tion is used to contact integrated circuits 
on a chip. With the robotic arm, both 
near- and far-field measurements can be 
performed, as well as polarization and 
extrapolation measurements. The mea-
surement is adaptable to many different 
antenna types and measurement scenar-
ios with high precision.

MEASUREMENT SETUP OVERVIEW
A block diagram of the setup is shown 
in Figure 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 fre-
quency and resolution bandwidth are sent 
to the vector network analyzer (VNA), 
which is triggered by the robot whenever a 
measurement position is reached. Two dif-
ferent measurement modes are supported. 
During on-the-fly measurements, the 
robot moves with constant speed and the 
measurements are performed while mov-
ing. For point-to-point measurements, the 
robot stops at every measurement point, 
triggers the VNA after a specified wait 
time, and continues to the next point after 
the measurement was performed. For on-
the-fly measurements, the measurement 
trajectory has to be run through once for 
every frequency, which is why point-to-
point measurements are preferable for 
wide-band measurements, while being 
slower for single-frequency measurements. 
A graphical user interface is used to align 
the AUT and RX antenna, to adjust all 
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FIGURE 1. The wafer probe limits the 
scannable area for near-field scans. 
(Figure courtesy of Ulm University, 
Germany.)
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FIGURE 2. A schematic of the measurement setup. LO: local oscillator; PC: personal 
computer; GUI: graphical user interface. (Figure courtesy of Ulm University, Germany.) 
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settings for the different measurement 
scenarios, and to initiate a measurement.

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 rotated around the azimuth 
angle to determine the received field 
over z [Figure 3(a)]. The cross-polariza-
tion 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 copolarization angle is calculated 
with .90co-pol cross-pol ! ci i=  After co-poli  
and cross-poli  have been determined, an 
automatic alignment for co- and cross-
polarization measurements can be cho-
sen for all measurement types. During 
an extrapolation measurement [Fig-
ure 3(b)], the radiated field is measured 
over the separation between the AUT 
and Rx antenna, which can be used to 
analyze the influence of reflections.

For far-field measurements, a mini-
mum, maximum, and increment for z  
(azimuth) and i  (elevation) angles must 
be chosen, as displayed in Figure 4. 
An arbitrary polarization (e.g., ,E Ez i , 
co/cross-polarization) can be chosen. To 
maintain the correct Rx antenna orienta-
tion for co/cross-polarization measure-
ments, the antenna is rotated around its 
axis in between two cuts, as indicated in 
Figure 4. After a far-field measurement, 

an automatic AUT phase center deter-
mination can be performed, which can 
then be used as the measurement ori-
gin for subsequent measurements [23]. 
For planar near-field measurements, the 
start and stop value as well as the incre-
ment for the x and y range have to be 
specified (see Figure 5).

COMPONENTS
The setup is shown in Figure 6. The dif-
ferent components are explained next.

ROBOT
The robot has six degrees of freedom, 
a positional accuracy of 350 µm, and a 
repeatability of 50 µm. Two-dimensional 
cuts can be performed for i-ranges over 

.90! c  When measuring 3-D patterns, 
the maximum i-angle depends on the 
measurement distance. For a distance of 
150 mm, the maximum i-range is over 

,90! c  and for a distance of 250 mm, the 
maximum range is around .60! c

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 anten-
na measurements, a custom-made plastic 
chuck is used, which significantly reduces 
reflections [24].
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FIGURE 3. Polarization and extrapolation 
measurements. (a) The Rx antenna rotates 
around the z axis during a polarization 
measurement. (b) The radiation 
measurement for different AUT to Rx 
antenna separation distances. (Figure 
courtesy of Ulm University, Germany.)
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FIGURE 4. A far-field scan trajectory. 
(Figure courtesy of Ulm University, 
Germany.)
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FIGURE 5. A near-field scan trajectory. 
(Figure courtesy of Ulm University, 
Germany.)
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FIGURE 6. A measurement setup with components. (Photo courtesy of Ulm 
University, Germany.) 
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MEASUREMENT EQUIPMENT
Measurements are taken with a VNA and 
appropriate converter modules for the 
different frequency ranges. For frequen-
cies 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 Figure 7. A 180c 
waveguide bend is used to connect the Rx 
antenna with the Rx module. Figure 8 
shows  the mounting structure with and 
without the waveguide bend. Without the 
bend [Figure 8(a)], the distance between 
the Rx antenna aperture and the robot is 
about 13 cm. When using the waveguide 
bend as shown in Figure 8(b), the dis-
tance decreases to 7 cm, which allows for 
larger scanning angles. During a mea-
surement, the mounting structure is cov-
ered with absorbers to reduce reflections.

Cables with a high phase stability 
are used to connect the converter mod-
ules 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 
Figure 6) is 3c1  at 160 GHz.

Wafer probes designed to contact 
integrated antennas up to 325 GHz are 
available. As chip sizes are small, the 
distance between probe tip and the AUT 
is usually smaller than 1 mm. The probe 
body of standard wafer probes presents 
a comparatively large reflective surface 
in the direct vicinity of the AUT. To 
reduce reflection, a special probe with 
an extended probe tip was designed 
(Figure  9) for the frequency range of 
140–220 GHz (WR5.1) to increase the 
distance between probe and the AUT.

LASER RANGE FINDER
For the Rx AUT alignment, a laser dis-
tance meter can be attached to the robot 
as shown in Figure 8(b). The laser beam 
must then be centered over the AUT using 
the graphical user interface. Once the 
laser points on the AUT, the distance can 
be measured. With the distance between 
laser and the AUT, the current robot posi-
tion and the relative distance between 
laser, AUT, and robot, the position of the 
AUT is calculated and used as the ori-
gin for measurements. The laser and its 
mounting structure [see Figure 8(b)] are 
removed during the measurement.

HORN ANTENNA MEASUREMENTS
To optimize the measurement setups, 
different absorber placements and cable 
routings were analyzed. Measurements 
were performed at 280 GHz with a horn 
antenna as the AUT. Figure 10 shows 
a comparison between a measurement 
without any absorbers and a measure-
ment where the robotic arm and the 
probe station were covered with absorb-
ers. The absorbers reduced reflections 
around the maximum of the antenna 
pattern and for angles ,0c2i  where the 
arm of the robot was over the AUT [25].

With optimized cable routing and 
additional absorbers around the Rx 
antenna as shown in Figure 7, the devia-
tions between measurement and simula-
tion results are 51  dB within 40c of the 
main lobe as shown in Figure 11. The 

occurring deviations are mostly caused 
by production tolerances of the antenna 
rather than measurement errors. The 
production tolerances manifest them-
selves in the asymmetry between nega-
tive and positive i-angles in the H-plane 
measurement, while the simulation is 
symmetrical. If the AUT is rotated by 
180c around the z axis (see Figure 4), the 
measurement result is the mirrored result 
of Figure 11, which shows that the asym-
metry 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 3-D mea-
surement of the same horn antenna.

As mentioned in the “Measurement 
Setup Overview” section, planar near-
field measurements can be performed. 
Figure 13 shows the result of a near- to 
far-field transformation of a horn antenna 
at 160 GHz in the H-plane. The mea-
surement distance for the planar near-
field measurement was 30 mm, and 
the sample spacing in x and y direction 
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FIGURE 7. An Rx converter mount with 
an Rx antenna. (Photo courtesy of Ulm 
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FIGURE 8. A comparison of Rx module-mounting structures: (a) a mounting structure 
without the waveguide bend and (b) a mounting structure with the waveguide bend 
and removable laser range finder. (Figure courtesy of Ulm University, Germany.) 

FIGURE 9. Contacting the AUT with 
wafer probe and microscope. (Photo 
courtesy of Ulm University, Germany.) 
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was ..  x y 0 5 mmincr incr= =  While this 
demonstrates the viability of near-field 
measurements with the setup, no probe 
or position correction measures were 
applied, which explains why the mea-
surements deviate from the simulation 
results for .30c2i

UNCERTAINTY BUDGET
To quantify the overall accuracy of the 
measurement setup, an error analysis 
as explained in [26] was performed, and 
the uncertainty budgets for radiation 
pattern, directivity, and gain measure-
ments for integrated antennas were cal-
culated at 160 GHz.

The uncertainty budget was deter-
mined with

 ( ) ( · ) .U y k c sc i x
i

N
2

1
i=

=

/  (1)

In (1), sxi  is the standard deviation 
of a certain error source ,xi  and ci  
is the sensitivity of the measurement 
result toward this error source. The 
total number of considered uncertain-
ties is denoted by N, and k is the cov-
erage factor, which was set to k 2=  
in this case to correspond to a 95% 
confidence. We assumed that the error 
sources follow a normal distribution, in 
which case the standard deviation of an 
error source can be calculated with [26]

 ( ),s u x3
1

x ii =  (2)

where ( )u xi  is the maximum deviation.
The impact of the identified error 

sources, listed in Table 1, on the mea-
surement results was analyzed for 
radiation pattern, directivity, and gain 
measurements to calculate the overall 
measurement uncertainty.

A version of the 280-GHz integrated 
antenna shown in Figure 14 was scaled 
to 160 GHz and used as an AUT for 
all measurements. The microstrip feed-
ing line coupled in a substrate-integrat-
ed resonator, which then coupled in a 
dielectric resonator that was glued on 
the chip [27].

RADIATION PATTERN
A comparison between the measured 
and simulated radiation patterns is 
shown in the H- and E-planes in Fig-
ure  15. Good agreement with the 
simulation results is achieved in both 
planes with deviations of .1 51  dB in the 
H-plane and 21  dB in the E-plane for 
i-angles within 60c of the main lobe. 
Deviations can be due to production tol-
erances, e.g., misalignment of the dielec-
tric resonator.
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FIGURE 10. The influence of absorbers on the measured 
antenna pattern. (Figure courtesy of Ulm University, Germany.)
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FIGURE 12. A 3-D measurement of a horn antenna at 280 GHz. 
(Figure courtesy of Ulm University, Germany.) 
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FIGURE 11. A measurement of a horn antenna at 280 GHz. 
(Figure courtesy of Ulm University, Germany.)

−90 −60 −30 0 30 60 90

−60

−40

−20

0

θ (°)

C
 (

dB
)

Simulation
Measurement

FIGURE 13. The near- 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. 
(Figure courtesy of Ulm University, Germany.)
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TABLE 1. UNCERTAINTY BUDGETS. 

#
Source of  
Uncertainty xi 

Affected 
Measurements

Uncertainty 
(±) u(xi)

Radiation Pattern Directivity Gain

ci sxi ci  sxi ci sxi

1 AUT pos x RP/D/G 1.5 mm 0.072  
dB/mm 

0.5 mm 0.002  
dB/mm 

0.5 mm 0.048  
dB/mm 

0.5 mm 

2 AUT pos y RP/D/G 1.5 mm 0.100  
dB/mm 

0.5 mm 0.004  
dB/mm 

0.5 mm 0.04  
dB/mm 

0.5 mm 

3 AUT pos z RP/D/G 2.0 mm 0.127  
dB/mm 

0.67 
mm 

0.001  
dB/mm 

0.67 
mm 

0.063  
dB/mm 

0.67 mm 

4 AUT phase center RP/D/G 1.0 mm 0.034  
dB/mm 

0.03 
mm 

0.001  
dB/mm 

0.03 
mm 

0.027  
dB/mm 

0.33 mm 

5 AUT tilt RP/D/G 0.125° 0.2 dB/° 0.042° 0.  — 0.01 dB/° 0.  

6 AUT mismatch G — — — — 0.  — 

7 Rx tilt — 0.1° — — — — — — 

8 Rx length — 100 µm — — — — — — 

9 Rx phase center — 5.0 mm — — — — — — 

10 Rx gain — 0.2 dB — — — — — — 

11 REF gain G 0.4 dB — — — — 1 0.13 dB

12 REF tilt G 0.125° — — — — 1.37 dB/° 0.04°

13 REF phase center G 5.0 mm — — — — 0.015 
dB/mm 

2.33 mm 

14 REF mismatch G — — — — 0.  — 

15 Connectors G 0.4 dB — — — — 1 dB/dB 0.53 dB 

16 Trigger position RP 350 µm — — 

17 Cable flex RP — — 

18 Noise RP/G 1 dB/dB 0.04 dB 1 dB/dB 0.01 dB 1 dB/dB 0.09 dB 

19 AUT-Rx-polarization RP/D/G 0.1° — 0.  — 0. — 0.  

20 Distance G 350 µm — — — — 0.  0.  

21 Reflections RP/D/G 1 dB/dB 0.04 dB 1 dB/dB 0.02 dB 1 dB/dB 0.04 dB 

22 z  resolution (4°) D — — — — 

23 θ resolution (0.5°) RP/D 0.  — 1 dB/dB 0.04 dB — — 

24 Maximum-θ 
truncation 

D — — 1 dB/dB 0.07 dB — — 

25 VNA crosstalk RP/D 112 nV rms  — 0.  — 0. — 0.

26 Absorber 
placement 

RP/D/G — 0.  — 0. — 0.  

27 Probe placement RP/D/G 1 dB/dB 0.07 dB — 0. — 0.  

28 Receiver 
nonlinearity 

RP/D/G 1 dB/dB 0.05 dB 1 dB/dB 0.07 dB — 0.  

29 Long-term effects RP/D/G 1 dB/dB 0.03 dB 1 dB/dB 0.07 dB 1 dB/dB 0.33 

Expanded uncertainty ( )U yc   
(95% confidence):

0.3 dB 0.3 dB 1.3 dB 
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The measured E-plane pattern has 
more ripples than the H-plane pat-
tern, which is caused by reflections 
from the wafer probe. As the probe 
is connected in the E-plane (see Fig-
ure 14), the reflections from the probe 
surface create more distortions in the 
E-plane compared to the H-plane. Fur-
thermore, the probe and the converter 
module block part of the area around 
the AUT and prevent the robot from 
measuring the complete upper hemi-
sphere. The E-plane could therefore 
only be measured for .90 50c c1 1i-

The radiation pattern uncertainty was 
evaluated in an interval within 30 dB of 
the main lobe, which almost covers the  
i-angles from .90 90c c1 1i-

The sensitivities were determined 
by comparing a reference measure-
ment with an erroneous measurement, 
where one source of uncertainty was 
deliberately changed. When analyzing 
a specific error source, ,xi  the effects 
of other error sources should be min-
imized. To make sure that random 
errors are not included in the calcula-
tion of the sensitivity toward ,xi  ten 
measurements were averaged for the 
reference and the erroneous measure-
ment. Figure  16 shows the calculated 
difference for two examples: the dif-
ference between two averaged refer-
ence measurements and between 
averaged reference measurements and 
measurements with an out-of-center 
AUT .Cy offset-  The measurement was 
taken in the y-z-plane, and the AUT was 
moved in – y-direction. The results of 
Cy offset-  are therefore too high for nega-
tive i  values and too low for positive  
i  values. The mean error for the offset 
measurement is 0.15 dB and much high-
er 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 toward a y offset can 
now be calculated with

 

.

. . .

c y

1 5
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mm
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-y offset- =

= =
 

(3)

The overall expanded uncertainty 
budget is 0.3 dB for radiation pattern 
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FIGURE 14. The integrated antenna at 280 GHz. (Photo courtesy of Ulm University, 
Germany.) 
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FIGURE 15. The (a) H-plane and (b) E-plane measurement of the integrated 
antenna at 160 GHz. (Figure courtesy of Ulm University, Germany.)
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measurements with a coverage factor of 
.k 2=

DIRECTIVITY
To determine the directivity of the AUT, 
a 3-D measurement over the radiat-
ed field was performed (see Fig ure 17). 
The directivity can be calculated by inte-
grating over the normalized radiation 
pattern magnitude ( , )C i z  on a sphere 
around the AUT:

( , ) ( )
.

sin d d
D

C
4

i
2

0
i z i i z

r=

i r

r

z

r

=-=
##

 (4)

Due to the integration, misalignment 
errors have a smaller impact compared 
to radiation pattern measurements. Fur-
thermore, random errors are averaged by 
the integration leading to a smaller sensi-
tivity toward noise and trigger position of 
0.01 dB compared to 0.04 dB for radia-
tion pattern measurements. As long as 
the z- and i-increments are not unrea-
sonably large, the discrete integration has 
a small impact on the result. For these 

measurements the z- and i-increments 
were 4c and .0 5c, respectively.

For the directivity calculation, the 
field must be integrated over a full sphere 
around the AUT. Due to the probe sta-
tion and the limited robot movements, 
the lower hemisphere cannot be mea-
sured. The RxTx converter module and 
the positioner (see Figure 6) block part 
of the upper hemisphere, which is why 
the hashed areas in Figure 18 also could 
not be measured. The error (#24 – max-
imum-i  truncation in Table 1) can be 
estimated by calculating boundary values 
for the directivity. If the areas that could 
not be measured are assumed to be zero 
[Figure 18(a)], the integral is underesti-
mated, 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 Figure 18(b). Additionally, the field in 
the lower hemisphere was assumed to be 
the same as on the edges at .90ci =  
This results in a measured directivity of 
9.54 dBi, which is very close to the simu-
lated directivity of 9.47 dBi. The standard 
deviation of the maximum i uncertainty is
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The expanded uncertainty for directivity 
measurements is 0.3 dB.

GAIN
The gain comparison method was used 
to determine the gain of the AUT. 

After measuring the S21  of a reference 
antenna, the gain of the AUT can be 
calculated with
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All connectors that differ between the 
two measurements are taken into account 
by .S ,21 con  In this case, the connectors 
were a 90c waveguide bend ,S21,WGB^ h  
which was used to connect the reference 
horn antenna, the wafer probe to contact 
the chip ,S ,21 probe^ h  and the microstrip 
line on the chip itself .S21,chip^ h
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The overall uncertainty budget for 
gain measurements is 1.3 dB, mainly 
caused by the high sensitivity toward 
faulty connector attenuations. The 
uncertainty is much higher compared 
to the radiation pattern and directiv-
ity uncertainty, but it is still reasonably 
good. A comparison between simulated 
and measured gain over frequency is 
shown in Figure 19.

CONCLUSIONS
We have described a highly flexible mea-
surement setup for integrated antennas 
at frequencies above 100 GHz as well as 
its different components. Measurements 
of a horn antenna at 280 GHz closely 
matched the simulation results. Further-
more, we performed a thorough uncer-
tainty analysis of a measurement setup 
for integrated antennas at 160 GHz. The 
calculated measurement uncertainty is 
below 0.3 dB for both radiation pattern 
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FIGURE 19. The simulated and measured gain of the integrated 
antenna at 160 GHz. (Figure courtesy of Ulm University, 
Germany.)
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FIGURE 18. The measured radiation pattern of the integrated 
antenna at 160 GHz: (a) the upper bound for the directivity and 
(b) the estimated directivity. The wafer probe is located in the z  
= 0c direction. (Figure courtesy of Ulm University, Germany.)
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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 
21  dB for angles within 60c1i  of the 

main lobe, and the difference between 
 measured and simulated directivity was 

.0 11  dB. The uncertainty for gain mea-
surements of 1.3 dB was higher. The 
main source of uncertainty was the con-
nector, especially due to the high sen-
sitivity of the measured gain toward 
inaccurate connector attenuations.
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