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One-Antenna Radiation Pattern Measurement of On-Wafer
Antennas in Probe Station Environment

Jianfang Zheng", Juha Ala-Laurinaho, Zachary D. Taylor, and Antti V. Riisinen

Abstract—We propose and demonstrate the use of radiation pattern measurement method for on-wafer
antennas for the first time that is capable of in-depth antenna characterization with limited equipment.
This one-antenna method extracts gain without the need for a second antenna in the on-wafer probe
station environment. A combination of reference reflector translation and rotation allows radiation
pattern sampling at multiple angles enabling characterization over the relevant solid angle. Several
microstrip patch antennas with varying beam directions (0°, 20°, and 30°) were measured with the
proposed method over 120° in the H-plane with good agreement between simulation and experiment.
The method offers a cost-effective and time-efficient solution for probe-fed, on-wafer antenna radiation
performance characterization.

1. INTRODUCTION

Millimeter-wave (mm-wave) technologies have been extensively developed for various applications, such
as broadband high-data-rate wireless communications and automotive radar [1-4]. In these applications,
the antenna is typically integrated with electronics using coplanar waveguide or microstrip feed lines.
However, especially in the product development phase, the antenna must be characterized separately.
At mm-wave frequencies, it is difficult to interface antennas with a coaxial plug or a waveguide connector
since their dimensions are comparable with, or even smaller than, the size of the connectors. Therefore,
RF probing is a more common way to feed the antenna under test (AUT) in the mm-wave frequency
range.

The radiation pattern measurement of probe-fed antennas was reported in [5], in which an open-
ended waveguide was moved along an arc in the far-field of the AUT using a rotator and a Plexiglas
arm. Similar measurement setups were built for the probe-fed antennas in the frequency range from
2GHz to 325 GHz [6-12]. In these works, a robotic arm or similar mechanical assemblies were used
to move a second antenna in the AUT far-field to measure the radiation pattern. In [7], the AUT
was placed on a small custom-designed sample holder instead of the probe station, which reduces the
interference between the AUT and metallic chuck. In [9], instead of a coaxial cable, a rotation arm
made of WR-15 waveguide was used to reduce the transmission loss. In [10], the realized gain and axial
ratio are quantified, in addition to the AUT radiation pattern.

Another type of radiation pattern measurement in the probe station environment is the planar
near-field measurement. A 24-GHz horn antenna was employed as a near-field measurement probe and
scanned in two dimensions above the AUT [13]. In [14], an open-ended waveguide probe was proposed
to be used to scan the near-field of AUTs up to 325 GHz.

The setup in [15] determines the radiation pattern and gain at 240 GHz from the near-field data.
In addition, the effect of probe scattering on the mm-wave antenna measurement accuracy have been
studied in [16-18].
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In the aforementioned references, the probe-fed antenna radiation pattern measurement systems
all require at least two antennas (AUT and a second antenna). However, there is another easier way
to measure the AUT radiation pattern, namely, one-antenna measurement method. In this method,
only the AUT and a reflector are needed, and the radiation performance (gain and radiation pattern)
can be found from the reflection coefficients. In [19], the antenna radiation pattern was retrieved from
reflection coefficients when a reflective load (metal strip) was translated in front of the antenna aperture.
From the reflection coefficients the antenna aperture field distribution can be retrieved, and finally the
radiation pattern is found through a direct calculation from the equivalent source current.

In [20] and [21], we reported a one-antenna gain measurement method. With the implementation
of Fast Fourier Transform (FFT) and time gating, the multiple reflections can be filtered out and then
obtain an accurate gain result. However, in that work only the gain values at broadside direction were
measured. One-antenna gain method has been applied for radiation pattern measurement in [22] but
only for high-gain antennas.

In this paper, we extend the study of [21] by adding a rotator to measure the AUT gain at
different angles and determine the antenna radiation pattern for the first time in on-wafer probe station
environment. Section 2 introduces the one-antenna gain and radiation pattern measurement method.
The design of the AUTSs used in this work is presented in Section 3. Finally, the measurement setup is
described and the proposed method is demonstrated with different AUTs in Section 4.

2. METHOD

2.1. Gain Measurement

When the AUT radiates towards a sufficiently large, flat perfect electric conductor (PEC) reflector, it
serves as the transmitting as well as the receiving antenna. Moreover, if the reflector is positioned in
the AUT far-field range, then by applying image theory, Friis’ formula can be applied to the AUT and
its image (Figure 1).
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Figure 1. The one-antenna gain measurement method scheme with image theory.

It was reported in [21] that the change in the reflection coefficient S1; of the antenna due to the

presence of the reflector is:

G
|S11dif] = Srd (1)

where A is the free space wavelength, and d is the distance between AUT and reflector. Syigir is the
difference in S1; measured in the presence and absence of the reflector. Eq. (1) can be rewritten as:

81
G = |S11aif| - SN d (2)

In principle, the AUT gain is obtained by a single measurement where the reflector is placed at
some arbitrary far-field distance. However, the extracted gain is dependent on the distance due to the
edge diffraction arising from the limited reflector size [21]. To account measurement system induced
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gain variation, the reflector is translated over some range in the reflector broadside direction, and the
average of the corresponding gains is defined as the final gain:

1 X

where N denotes the number of reflector locations during the sweep, and G, is the n' gain value
calculated when the reflector is at the n'® position in Eq. (2).

As in [21], during the post processing, it is necessary to apply FFT techniques for the frequency
domain reflection coefficient at each reflector position to filter out multiple reflections between the
reflector and the wafer surface that cannot be covered with absorbers and other possible reflections
from the environment. Thus, the measurement accuracy of each G,, is improved.

2.2. Radiation Pattern Measurement

The idea of measuring antenna radiation pattern by the one-antenna gain measurement method is
to measure the gain at desired angles, i.e., repeating the gain measurement process described in the
previous section at different angles. As shown in Figure 2, the reflector is translated along the 64

direction at different positions dy1, dis, di3, ..., din, S11 is measured at each position, and the gain at
01 direction can be determined. Similarly, when rotating the reflector to 6, direction and moving it at
distances dq1, dg2, dg3, - - ., dgn, the gain value at 6, direction can be found. Here, ¢ = 1,...,Q, where

@ is the number of the angle points, and n = 1,..., N, where N is the number of the distances. By
repeating the process at desired directions, the full radiation pattern is determined.

Compared with the one dimensional (linear) movement in [21], we add a rotator to enable the
angular sampling. Detailed measurement setup is described in Section 4.1.
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Figure 2. The principle of antenna radiation pattern measurement by measuring the gain values at
each angle with a reflector.

3. TEST ANTENNAS

Radiation pattern measurement performance was demonstrated through measurements of microstrip
patch antennas operating in the 77-GHz band. Four microstrip patch antennas were designed for this
measurement demonstration: 1 x 1 antenna element and three 1 x 4 antenna arrays with beams directed
at 0°, 20°, and 30°.

The antennas were fabricated by evaporating on a 210-um thick quartz substrate with a permittivity
of e, = 4.3, tand = 0.003. Figure 3 shows the design of the antennas (1 x 1 antenna element and
1 x 4 antenna array with 0° beam direction and concept of 1 x 4 array for other directions) with key
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dimensional parameters. Other dimensions are: (grounded) coplanar waveguide (CPW) signal line
width wgigna = 90 pm; gap between CPW ground and signal line wga, = 12 um; 50-€2, 70-Q and 100-Q2
microstrip line widths are wsgo = 0.4 mm, wrgq = 0.22 mm and wiggq = 0.15mm. The 1 x 4 antenna
arrays with 20° and 30° beam directions are implemented by shifting the feeding lines away from the
center of the 1 x 2 power dividers by which phase differences between the elements are created and the
desired beam directions are achieved (Figure 3(c)). Table 1 shows the detailed dimensions. During the
measurements, the grounded antenna wafer, including large numbers of antennas, is placed on the probe
station wafer chuck. The wafer chuck size and computational resource constraints limited simulations
to a 7T0mm x 80mm ground plane. Antenna simulation results and corresponding measurements are
presented in Section 4.3.

Table 1. Dimensions of antenna arrays in Figure 3(c).

1 x 4 Antenna Array [li1, (mm) l3r (mm) lop (mm) Ilog (mm)

Beam towards 20° 0.98 1.92 0.67 1.13
Beam towards 30° 0.85 2.05 0.60 1.20
1.9 mm
1.35 mm o

B

B
3
0.82 mm

1.3 mm

(a) (b)
e l 1L l 1R
(©)

Figure 3. Designed patch antennas with dimensions. (a) 1 x 1 antenna; (b) 1 x 4 antenna array with
broadside (0°) beam; (c) 1 x 4 antenna array with other beam directions.

4. MEASUREMENT

4.1. Setup

The measurement setup is shown in Figure 4. Absorber sheets are placed on top of the measurement
setup and outside the wafer area. A Standa® translation stage (2.5 um resolution) and a rotational
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Figure 4. Setup of the antenna radiation pattern measurement.

stage (0.9" angular resolution) are combined in this measurement and their movements are driven by a
motor controller with MATLAB script. After the approximation of the required reflector size by the
physical optics method in [21], an aluminum-coated optical mirror with 76 mm diameter is employed as
the reflector.

The measurement procedure in brief is: (i) mechanical system alignment and vector network
analyzer (VNA) calibration: the alignment is done by using a laser pointer and a gradienter (0.1°
resolution) applied in azimuth and inclination; (ii) probing antennas with the aid of the microscope,
then lift and remove the microscope for the convenience of translation stage movement; (iii) turn rotator
(mirror) and measure S; at each angle; (iv) move translation stage linearly and repeat step (iii); (v) data
processing. Figure 5 shows how the measurement proceeds and data are stored. When the translation
stage is at a given distance, the VNA sweeps frequencies and records S1; data (P frequency points).
Then the reflector is rotated over the angular range (Q angle points) and corresponding Si; values
are stored. Finally the translation stage is moved within the linear moving range (N distance points)
and the rotation is repeated to get all measurement data. Si1(fp,0y,dqn) denotes the Si; value of the

pt frequency point when the reflector is at ¢*" angle and n'" distance position. Note that dgn is the
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Figure 5. Storage structure of measurement data.
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perpendicular distance of the AUT to reflector. The d, also depends on mirror angle because the AUT
is not coincident with the axis of rotation (see Figure 2).

4.2. Reflector

The size of the reflector in the measurement affects the performance of the method: a large reflector
brings good accuracy but bulky setup, whereas a compact setup results from a small reflector. There
is a trade-off between the measurement accuracy and the system complexity, often parameters such as
the largest possible angle.

The physical optics (PO) considering edge diffraction has been applied in the one-antenna
simulation, thus, used to select an appropriate reflector [21]. In this work, the effect of the 76-mm
diameter aluminum-coated optical mirror is calculated. As a reference, a large enough mirror (diameter
400 mm) is also simulated. The results for patch antenna are shown in Figure 6.
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Figure 6. The effect of 76-mm diameter mirror as the reflector, compared with a 400-mm diameter
mirror: (a) placed at broadside and (b) rotated at 60°. Calculated by PO [21].

When the reflector is large enough, the reflected electric field decreases smoothly according to
1/d. For the 76-mm diameter mirror, the electric field has some ripples over distance, which is caused
by the mirror edge diffraction. Perfect alignment has the worst ripple level because the mirror edge
diffraction superposes from all sides with the same phase. However, a small offset breaks the phase
symmetry reducing the diffraction effect. After applying averaging as in Equation (3), the gain value
differences by the two mirrors (76-mm vs 400-mm) are 0.71dB and 0.35dB at broadside and 60°
directions, respectively, and 0.1dB and 0.3dB after applying a 1-mm offset, which is acceptable by
normal measurement requirement.

4.3. Results

The antennas are fed by a ground-signal-ground probe (Cascade ACP110-GSG-100). The measured
reflection coefficients S, towards free space are shown in Figure 7. They have small frequency shifts
compared with the simulated ones, but all have good amplitude levels below —10dB at 77 GHz.

The gains are calculated using the process presented in Section 2.1. Figure 8 shows the measured
gain values of all antennas at their designed beam directions in the H-plane. The measured gain curve
shapes agree well with simulations, but the measured gain values have frequency shifts similar to those
in the measured S7; parameters.

As described in Section 2, one-antenna radiation pattern measurements require two degrees of
freedom: reflector location and rotational orientation. Due to the obstacle of feeding cable and probe,
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Figure 7. Simulated and measured S7; of Figure 8. Simulated and measured realized gains
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Figure 9. Simulated and measured antenna H-plane radiation patterns (realized gain) at 77 GHz: (a)
1 x 1 antenna element; (b) 1 x 4 antenna array with broadside (0°) beam; (c)—(d) 1 x 4 antenna arrays
with 20° and 30° beam directions, respectively.

the reflector cannot rotate along the whole upper half of the F-plane. Therefore, in this measurement
we only measured the radiation pattern in the H-plane. Further, these practical constraints limited
rotation to £60° (sampled in steps of 5°) and translation from 46 mm to 60 mm (steps of 1 mm). To
increase the measuring range, custom-designed sample holder like in [7] could be used to make the
mirror rotating over the upper half H-plane (—90° to 90°).

The measured realized gain radiation patterns are plotted in Figure 9. It is clear that almost
all antennas have radiation towards their designed beam directions, and have excellent agreements
between the corresponding simulated and measured results: almost the same realized gain levels and
beam patterns. For antennas with 20° and 30° beam directions, the measured radiation patterns have
small angular shifts compared with simulations. This is most likely because the fabrication error: as



38 Zheng et al.

shown in Table 1, a dimensional difference of a few tens of microns will lead to a beam direction difference
of 10°. However, for the broadside antennas, because of the dimensional symmetry, no pattern shifts
are observed.

5. CONCLUSION

This paper presents for the first time the application of the one-antenna radiation pattern method for on-
wafer antennas in the probe station environment. Unlike traditional on-wafer antenna radiation pattern
measurement techniques, this method does not require a second antenna and its associated translation
mechanics and flexible transmission lines. Our method employs a reflector with a translation stage
to measure the antenna gain and the addition of the rotator enables radiation pattern measurement.
Several CPW-fed microstrip patch antennas with different beam patterns were fabricated and measured
with this method. The results show excellent agreement between the measurement and simulation in
the angular range of —60° to +60° in H-plane.
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