' Aalto University

Zheng, Jianfang; Ala-Laurinaho, Juha; Raisanen, Antti

On the One-Antenna Gain Measurement Method in Probe Station Environment at mm-Wave
Frequencies

Published in:
IEEE Transactions of Instrumentation and Measurement

DOI:
10.1109/TIM.2018.2890454

Published: 21/01/2019

Document Version
Peer-reviewed accepted author manuscript, also known as Final accepted manuscript or Post-print

Please cite the original version:

Zheng, J., Ala-Laurinaho, J., & Raisanen, A. (2019). On the One-Antenna Gain Measurement Method in Probe
Station Environment at mm-Wave Frequencies. IEEE Transactions of Instrumentation and Measurement,
68(11), 4510 - 4517. https://doi.org/10.1109/TIM.2018.2890454

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.1109/TIM.2018.2890454
https://doi.org/10.1109/TIM.2018.2890454

This is the accepted version of the original article published by IEEE.

© 2019 IEEE. Personal use of this material is permitted. Permission from IEEE must
be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating
new collective works, for resale or redistribution to servers or lists, or reuse of any
copyrighted component of this work in other works.



IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT

On the One-Antenna Gain Measurement Method 1n
Probe Station Environment at mm-Wave
Frequencies

Jianfang Zheng, Juha Ala-Laurinaho, and Antti V. Réisénen, Life Fellow, IEEE

Abstract—In this paper, an antenna gain measurement method
for millimeter wave (mm-wave) antennas in an on-wafer probe
station environment is studied. The one-antenna gain measure-
ment has been known since the 1940’s. However, the authors
believe that this extension of their previous work is the first time
when the method is systematically studied in the on-wafer probe
station environment. The main difference between the original
one-antenna gain measurement and our method is that in the
probe station environment the space is limited and, therefore,
the reflecting plate dimensions are limited. We have studied the
effect of the reflector size limitation through computations using
physical optics (PO) and through measurements with a standard
gain horn (SGH) and with a printed microstrip patch antenna.
The necessary size of the reflecting plate naturally depends on the
beamwidth of the antenna under test (AUT) and on the distance.
Time gating has been applied in the retrieving calculation to filter
out multiple reflections. According to this study, the one-antenna
gain measurement in the W-band results in the correct antenna
gain with very high accuracy for the highly directional SGH.
For the patch antenna, the gain measured in the on-wafer probe
station environment agrees well with the simulated one.

Index Terms—Antennas, gain measurement, millimeter wave
(mm-wave), physical optics (PO), probe station, reflecting plate,
standard gain horn, time gating.

I. INTRODUCTION

ILLIMETER-WAVES (mm-wave) have been applied

in a wide range of applications, e.g., indoor high-
data-rate communication systems, high-resolution automotive
radars, and imaging systems [1]-[3]. These systems use small
antennas that are usually on-chip or printed on flexible sub-
strates and have tiny feeding points which cannot be connected
by conventional coaxial lines. It is difficult to measure the
radiation performance of these antennas, since they need an
on-wafer probe station measurement set-up. Further, it is
generally infeasible to build such a set-up for the conventional
far-field gain measurements. Moreover, it is difficult to find an
on-wafer reference antenna for the probe station calibration.
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Traditional far-field antenna gain measurement techniques
include the well-known three-antenna method, the two-antenna
method, and the one-antenna method [4]-[7]. In the two-
antenna method, the antenna gain can be obtained by mea-
suring the transmission power between the two presumably
identical antennas. If there is no antenna identical to the
antenna under test (AUT), the three-antenna method can be
utilized by measuring the transmission power between all
possible two-pair combinations.

Furthermore, if there are no other proper antennas available,
then the one-antenna gain measurement method devised by
Purcell can be used [8]. In this method, the identical antenna
in the two-antenna method is substituted with the image of the
AUT, which can be realized with a reflecting plate. Pippard
et al., as well as Lee and Baddour have implemented the
one-antenna method by changing the distance between the
reflecting plate and the antenna aperture [9], [10]. In these
measurements, the operating frequencies were much lower
than the mm-wave frequencies used in the current work, and
the size of the reflecting plate was not critical. Coquet et
al. have demonstrated one-antenna gain measurement also at
mm-wave frequencies [11]; in their method the frequency is
swept while the reflector distance from the antenna aperture
is kept constant. Bhardwaj et al. have characterized circularly
polarized antenna gain at mm-wave and THz frequency range
[12]. On-wafer antenna gain measurement with near-field
and far-field method have been reported in [13] and [14],
respectively. In [15], a one-antenna gain measurement in on-
wafer probe station without reflector movement is shown.

In this work, we systematically study the optimal size of
the movable reflecting plate, making it possible to measure
antenna gain in the limited space of the probe station. Prelim-
inary results of the one-antenna gain measurement in the on-
wafer probe station were reported in [16]. However, optimal
reflecting plate size was not studied. Removal of the effect of
multiple reflections through time-gating is studied in [17].

In this article, first the on-wafer probe station mm-wave
antenna gain measurement method is introduced. Then, we
study the selection of reflecting plate size through simulations.
Reference measurements with standard gain horn (SGH) have
been made to verify the presented method. Finally, a microstrip
patch antenna is measured on the probe station with the
proposed method.
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II. THEORETICAL BACKGROUND
A. One-Antenna Gain Measurement Method

Fig. 1 describes the one-antenna gain measurement set-up.
When the antenna radiates towards the reflector, its image is
created on the other side of the reflector plate. Therefore, the
power reflected by the plate is equivalent to transmission from
an identical antenna located at 2d.

Reflecting plate

AUT

[ ] Probe station

Cable/waveguide

Reflecting plate

Movement in
z-direction

Steel chuck

(b)

Fig. 1. (a) Theoretical and (b) practical schematic of the one-antenna-method
of gain measurement set-up.

Assuming that the reflecting plate is far enough from the
AUT to fulfill the far-field condition, the ratio of the received
and transmitted powers is obtained from Friis’ formula:

P, A
TG -G, -
P, ¢ (

2

4 - r) M
where Gy and G, are the gains of the transmitting and receiv-
ing antennas respectively, A is the wavelength, and r is the
distance between the AUT and its image. In the one-antenna
system, the gains of the transmitting and receiving antennas
are equal (Gy = G; = G), and the antenna separation is twice
the AUT to reflector distance (r = 2d). The power ratio is the
square of the amplitude of the transmission coefficient Ss1,

which equals to the reflection coefficient S7; by the reflector.
Therefore, we can rewrite (1) as:

1 _ 8
|S11aie] G- A

where S11qir is the difference of Sq1 in two cases: AUT with

and without a reflector. In order to improve the accuracy of

the method, the reflecting plate is translated in the z direction.

1/|S11ai| has a linear relationship with respect to d and from

the slope 87/GA, we can determine the antenna gain value.
The measurement procedure in practice is:

d 2)

1) measure the reflection coefficient towards free space and

record the original reflection coefficient Siiorig;

2) put a reflecting plate on top of (in front of) the AUT and

measure the reflection coefficient S71meas. Then obtain
the [S11dif| = [S11meas — S11orig] i (2);

3) move the reflector within a distance range, find the slope

in (2), and determine the AUT gain.

Time gating must be used during the data processing to
remove the effect of multiple reflections which improves
measurement accuracy. Fourier transform (FFT) techniques
were applied for the frequency domain reflection coefficient
at each reflector position and the time-gated response over
the reflector distance range was obtained. A proper window
is used to filter out multiple reflections away. Finally, the
transformed main reflection signal is transformed back to
the frequency domain to calculate the antenna gain with the
method above. MATLAB® built-in functions £ft and ifft
can be used for the data processing [18]. Since the bandwidth
in the frequency domain defines the resolution in the time
domain, it is recommended to measure the S-parameter over a
wide frequency band. Therefore, there is a trade-off between
time resolution and measurement time. More details on the
FFT data processing for this measurement method are shown
in Section IV.

B. Physical Optics Method

For the one-antenna-method measurement, it is necessary
to choose the reflecting plate, which should be as small as
possible and at the same time large enough in order to cover
sufficiently the main beam of the antenna, and this way to
enable the accurate gain measurement.

We use physical optics (PO) to evaluate the influence of
the reflector size on the measurement. The PO approximation
takes into account the diffracted field near the geometric
boundaries (edge diffraction) [19], [20], so it is sufficiently
accurate to estimate the effects of the reflective plate size
applied in the one-antenna method. The calculation model is
shown in Fig. 2. Here, we transform the one-antenna model to
the two-antenna model with the identical antenna instead of
the image and the slot instead of the reflecting plate. On each
point on the slot (seen as the complement of the reflecting
plate), the scattering field by the antenna is [21]:

Escal(xlay/) = /SEO ' f(xvy)%e_]kl{

X [uy, (2" —2) —u.(y —y)ldS (3)
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where Ey is the normalized field vector, f(x,y) is the
field distribution function of the antenna aperture, R =
V(=224 (y—y)2+ (2 — 2/)? is the distance from a
point in the aperture to a point in the slot, k& = 2w/ is the
free-space wave number, u,(z’ — z) — u.(y’ — y) defines the
polarization (y-polarized), and S is the surface of the antenna
aperture. In the image antenna, the received field at each point
of the aperture is the integral of the field scattered from the

slot:
14+ kR ., o
Er(x//yy”) = // Escat(x/ay/) ’ ﬁe kR

X [uy (2" —2") —u (v —

Nds" 4

where R = /(z/ —2")2+ (y —y")2+ (2/ — 2")? is the
distance from a point in the slot to a point in the image
aperture, and S’ is the aperture of the slot. Only y-polarized
incident tangential field is taken into account in the integral.
Finally, the total received field by the antenna image is the
coupling integral over the antenna image aperture S”:

Eotal :/ Er(x”,y”)~f(x”,y")* ds”. (5)
S//
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Fig. 2. Model used to simulate the measurement.

Through this model, we can observe the distribution of
the received power by the antenna image when changing the
reflector size and its distance from the antenna aperture. It is
worth noting that multiple reflections are neglected here.

III. SIMULATION
A. Ideally Aligned Reflector

To verify the one-antenna gain measurement method, we
choose a WR-10 standard gain horn antenna (SGH) with
dimensions of 14.48 mm x 11.18 mm (a X b) and a microstrip
patch antenna with he aperture (patch) dimensions of 1.8 mm
x 1 mm for the validation test. Before measurements, we em-
ployed the PO method ( Section II-B) to simulate the influence
of reflector size on measured gain values. MATLAB® is used
to realize this calculation. In all simulations for the SGH and
patch antenna, the length of the reflecting plate [ is 100 mm
and the width range is from 25 to 125 mm.

The far-field distance of the SGH is 112 mm at 80 GHz, so
the reflecting plate was placed 56 mm away from the SGH to
meet the far-field condition. However, reference [22] suggests
that distances moderately less than 2D?/\ do not result in
appreciable error. Therefore, in the simulation, the selected

64
-64 |

-66
66 <

68 -68
70 4 -70

72 -

Electric Field at Image (dB V/m)

-72

Electric Field Normalized to 1 Watt Input Power (dB V/m)

74

-74

60 40

120 100 80 0
Distance (mm)

60 40
Reflector Width (mm)

-115
115

-120
-120

125 4 125

-130 -130

-135
-135

Electric Field at Image (dB V/m)

-140 |

-140

Electric Field Normalized to 1 Watt Input Power (dB V/m)

120 400

20
40
80 g 60

80
100
Reflector Width (mm) 40 120

Distance (mm)
(b)

Fig. 3. Electric field level (non-normalized) of (a) the SGH at 80 GHz and
(b) the patch antenna at 80 GHz with a 20-mm reflector offset from the AUT
center.

movement range of the reflecting plate spanned from 30 to
120 mm. We use a cosine aperture electric field distribution
f(z,y) = cos(mz/a), |z| < a/2, |y| < b/2 for the SGH.
The far-field distance of the microstrip patch antenna is much
smaller than that of the SGH. Therefore, the movement range
is 5-120 mm for the patch antenna simulation at 80 GHz. In
practice, because of the spatial limitation due to the probe and
the feeding cable or waveguide, the reflector cannot extend
too far towards the probe side from the AUT, see Fig. 1(b).
Therefore, for the patch antenna case the reflector has an
offset of 20 mm in the y direction, whereas for the SGH, the
reflecting plate was symmetrically placed. The aperture field
distribution of the patch antenna is obtained from a simulation
by commercial 3D full wave software ANSYS High Frequency
Structure Simulator (HFSS) [23].

The simulated results of the received electric field level
of the SGH and the patch antenna by the PO method are
shown in Fig. 3. It demonstrates that , the received electric
field level decreases with the increasing distance. Because at
larger distance the main beam covers a wider area, the wider
reflector results in a smoother response as a narrow reflector
may fail to cover a large enough portion of the antenna beam
and the effect of the edge diffraction is stronger.
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SGH at 80 GHz
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Fig. 4. Influence of reflector width on the accuracy of one-antenna-method
in antenna gain measurement of (a) the SGH and (b) the patch antenna with a
20-mm reflector offset from the AUT center. Slope determined over different
movement range.

By choosing some specific distance range, we can calculate
the gain level using the process presented in Section II-A.
Here, we use two different distance ranges as examples, i.e.
30-50 mm and 50-90 mm. The analyzed results are shown in
Fig. 4. For the SGH, when the distance range is 30-50 mm,
in order to get a stable power (gain) level, we should use
a reflector wider than 40 mm, and the variation is less than
0.01 dB (dotted line in Fig. 4(a)). However, when increasing
the distance, i.e. to 50-90 mm, we need a wider reflector (more
than 60 mm) to cover the main beam and maintain a stable
gain value (black dashed line in Fig. 4(a)). In this movement
range, if we chose a 25-mm wide reflector, we may obtain a
2.4 dB increase due to high edge diffraction. Similarly, for the
patch antenna measurement set-up, when the movement range
is 5-30 mm, a reflector width more than 40 mm produces a
stable gain; however, we need an 100 mm wide reflector when
the movement range is 50-60 mm.

B. Imperfectly Aligned Reflector

In practice, reflector alignment errors during measurement,
e.g., tilt or/and offset are unavoidable. To explore the effects of
these kinds of misalignment on the measurement accuracy, we
assume several error cases related to the reflector in Fig. 2: (a)
tilt around the reflector longer center line (y-axis); (b) offset
horizontally (along x-axis); and (c) tilt with offset (case (a)
and (b)). The tilt angles chosen for the study are 2° and 5°
since the testing personnel should be able to perceive a larger
tilt angle. The offset is considered only along the z-axis (w
in Fig. 2), because the reflector length is much larger than the
antenna aperture so that small offset in that direction has no
apparent effect. The antenna for calculation is SGH, because it
has a narrower beam and is expected to be more vulnerable to
imperfectly aligned reflectors. The reflector distance range is
50-90 mm. Other parameters are the same as in Section III-A.

Effects of the Reflector Imperfect Alignment on Measurement Results

Perfectly aligned
= = =Tilted 2°around y-axis
Tilted 5 ° around y-axis
---------- Offset 5 mm in x-axis direction
_____ Tilted 2 ° around y-axis with offset 5-mm in x-axis

N

-

Normalized Received power (dB)

3 . . .
25 50 75 100 125

Reflector width (mm)

Fig. 5. Effects of the reflector imperfect alignment on the SGH measurement
results.

The simulated results are shown in Fig. 5. Note that all
curves are normalized and compared with the level of the
perfectly aligned case. We can see that an offset of 5 mm
has nearly no effect on the accuracy except when the reflector
width is too small. A tilt of 2° will cause an error of 0.1 dB.
Tilting 5° will increase the error to 0.7 dB. In conclusion, a
small misalignment of the reflector causes a minor reduction
in the measured gain.

IV. MEASUREMENT
A. SGH Measurement

In the SGH gain measurement, we arranged flat metal plates
with three different widths (w = 25, 60, and 125 mm) in
front of the antenna. All surrounding surfaces were obscured
with microwave absorbers (Fig. 6). The measurement steps
were described in Section II-A, and the reflector was displaced
vertically in step of 0.5 mm.

Fig. 7 shows the time-domain response of the measured
SGH reflection coefficient when the reflector width is 125 mm.
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Aluminium plate

—

+—Image

Fig. 6. Photo of the SGH measurement set-up.

The time-domain response is similar to the 25-mm and 60-
mm wide strips. The full movement range of the reflector
spanned 10 mm to 130 mm from the SGH aperture. The
antenna free-space reflection coefficient is removed, so there
is no response at the time instant ¢ = 0. It is clear that a strong
signal line appears which represents the main reflection by the
reflector. In addition, there are some small multiple reflections
delineated by the different slopes with the increasing time.
It is worth noting that when the reflector distance is less
than 30 mm, there are some interfering signals with the main
reflection. Therefore, when applying filtering, we should avoid
this region, and instead, use some ‘pure’ signal region. In this
case (w = 125 mm), we extract a 0.5 ns wide window to
filter the time domain response, and the distance range is 50-
90 mm (Fig. 7(b)). The time gate is shifting with the reflector
distance to keep the main reflection signal. Similarly, for the
w = 60 mm case, based on the time domain response of the
measured results, we choose a distance range of 30-50 mm.

The retrieved SGH gain results by the one-antenna method
and the conventional three-antenna method are shown in Fig.
8. In the three-antenna method measurement, we used another
SGH and an open-ended waveguide (OEWG) antenna. The
SGH has reference gain values ranging from 18 to 21 dBi
in the frequency range of 75-105 GHz (blue solid line, data
provided by the manufacturer [24]). The measured SGH gain
curves revealed some pass band ripple due to finite wall
thickness. Excellent agreement with the three-antenna method
was observed with the one-antenna measurement method.
Data from the complementary methods using the 60 mm (30-
50 mm vertical displacement) and 125 mm (50-90 mm vertical
displacement) width plates data diverged from theory ~0.1 dB.
When the reflector width is 25 mm, the retrieved gain has a
2-dB higher gain value (black solid line) at 80 GHz when
the distance range is 50-90 mm, but it agrees better when the
distance range is 30-50 mm (green solid line). These results
agree well with the prediction in Fig. 4(a). Therefore, we
believe the PO method can be a good tool and reference for
choosing the proper reflector in the one-antenna measurement
method.

SGH Measurement (w= 125 mm)
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Fig. 7. (a) SGH time domain response calculated from the measured

frequency domain reflection coefficient (w=125 mm); (b) Gated time domain
signal used for the SGH gain retrieval. The plate distance range is 50-90 mm.
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Fig. 8. Gain measurement results of the SGH with different methods.

B. Patch Antenna Gain Measurement on Probe Station

A microstrip patch antenna working at the center frequency
of 80 GHz was designed and fabricated. The substrate is
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Polyethylene Naphthalate (PEN) with a thickness of 125 um
and measured dielectric constant €, = 2.95 and loss tangent
tand = 0.004 at 75 GHz. The patch metal has a sheet
impedance value R of 1.54+0.5 €/sq, arising from the printing
of silver nanoparticle ink on the substrate followed by sintering
120 minutes at 180 °C [25], [26]. With the help of ANSYS
HFSS, we simulated the performance of the designed antenna.
In simulation, we use R = 1.5 Q/sq and R = 2 Q/sq as
references. The main parameters of the antenna are shown in
Fig. 9(a).

1mm

ww g'T

(b)

Fig. 9. (a) Dimensions of the designed patch antenna; (b) antenna in the
probe station measurement set-up.

Section III indicated a small reflector movement range and
a wide reflector width for patch antenna measurement. Here,
we use 60 mm and 80 mm wide copper plates with the full
movement range of 4-64 mm in the measurement on the probe
station (Fig. 9(b)).

Similar to that in Section IV-A, we use FFT to obtain
the time responses of the patch antenna under reflectors of
widths 60 mm and 80 mm (Fig. 10). It is clear that there are
several multiple reflections. This is because the large metal
(steel) chuck forms a large reflective area, which is difficult
to cover with absorbers. Therefore, the multiple reflections
between the AUT, the reflector and the measurement setup
cannot be avoided. There are some measurement artefacts
occurring at some reflector positions. Some interferences or
distortions happen when the reflector is very close to the AUT

aperture seen as horizontal lines in Fig. 10, perhaps due to
electromagnetic interference. Also, a wide interference occurs
at t =~ 1.6 ns, which was traced back to the fixed microscope,
24 cm on top of the steel chuck.

w=60 mm
-80
60
0 =
50 g
— [14]
£ -100 2
£40 %
§ -110 &
30 T
3 £
a -120 A
20 g
130 ™
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-140
0 0.5 1 1.5 2
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-80
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90 -
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— [}
£ -100 &
E40 %
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i :
a 2120 §
20 .g
130 7
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-140
0 0.5 1 1.5 2
Time (ns)

(b)

Fig. 10. Patch antenna time domain response calculated from the measured
frequency domain reflection coefficient: (a) w= 60 mm; (b) w= 80 mm.

To reduce the influence of multiple reflections and distor-
tions on the retrieved gain results, we use a 0.125 ns wide
window to filter the time domain signal and get suitable
sections for the gain retrieval (Fig. 11). The distance range
is 20-30 mm.

The measured and retrieved results are shown in Fig. 12.
The measured S7; of the AUT has a small frequency shift
from the simulated one. The second resonance results from the
whole test structure including also the CPW feed line, leading
to a resonance in Si1, but it does not contribute to radiation.
Correspondingly, the measured gain has a frequency shift as
well. The retrieved gain values with two different reflector
widths, i.e. 60 mm and 80 mm, agree well with the simulated
ones.
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Fig. 11. Gated time domain signal used for the patch antenna gain retrieval.
(a) w= 60 mm; (b) w= 80 mm. The plate distance range is 20-30 mm.

V. DISCUSSION

In the model presented, we consider the antennas having
broadside beams. For an antenna with beam steering or un-
known radiation pattern, in order to measure the maximum
gain, it is needed to characterize its radiation performance
first, e.g., using the method presented in [27]. Then the
reflecting plate is tilted towards the main beam direction and
the proposed one-antenna gain measurement method can be
used.

VI. CONCLUSION

This article discussed the one-antenna gain measurement
method which can be used in the probe station environment,
where the application of the conventional gain measurement
methods is difficult. The selection of the proper reflector size
has been studied through physical optics and measurements
with two different antennas. Time gating is used to filter out
the multiple reflections in the gain retrieval process. Reference
measurements with an SGH operating in the W-band show that
with this method it is possible to measure accurately the gain
of a directive antenna. A microstrip patch antenna operating

1S 4] (dB)

E —— Simulation
: ---------- Measurement
-30 — ‘ ‘ ‘
- 80 85 90 95 100

Frequency (GHz)

Gain (dBi)

—— Simulated Gain (R= 1.5 Q/sq)
= = =Simulated Gain (R=2 Q/sq)

Measured Gain (w= 60 mm, d= 20-30 mm)
----- Measured Gain (w= 80 mm, d= 20-30 mm)
-10 : : . :

75 80 85 90 95
Frequency (GHz)

(b)

100

Fig. 12. Patch antenna reflection coefficient and gain retrieved from gated
time domain signal. (a) reflection coefficient and (b) realized gain when w=
60 mm and w= 80 mm. The reflector distance range is 20-30 mm.

at 80 GHz fed by the on-wafer probe has also been measured
in the probe station with the proposed method. The measured
gain agrees well with the simulated ones although a frequency
shift in the measured gain response is observed.

The work presented in this paper supports application of
the one-antenna method for gain measurement of antennas
working in mm-wave frequency range in a probe station
environment.
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