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Abstract

One of the current trends in the integrated circuit (IC) development is the integration of
antennas on-chip or in the package of the IC. This poses challenges in the production testing
process of the packaged IC, as the antenna functionality has to be included and at least one of
the signal ports cannot be accessed at a conducted manner. In order to measure the reflection
coefficient of an integrated antenna, a contactless characterization method (CCM) can be
used. In this paper, the practicality of a CCM is assessed, having the application of a cost-
effective high-volume testing procedure for integrated antennas in mind. It is shown that
the CCM yields accurate results for different imperfections in the measurement setup.
Moreover, measurement results around 33 GHz using a connectorized patch antenna are
shown, which experimentally verify the validity of using the CCM under near-field
conditions.

Introduction

In a cost-effective high-volume integrated circuit (IC) manufacturing facility, the majority of
the tasks are completely automated. To bring a (packaged) IC from one station to the next,
pick and place handlers using suction are often utilized. These handlers typically are embedded
in a system which can be used to test and verify the functionality of the IC [1]. One of the
current trends in the IC development is the integration of antennas on-chip or in the package
of the IC [2–9]. This poses challenges in the production testing process of the packaged IC, as
the antenna functionality has to be included. The characterization of these integrated antennas
is challenging as they usually do not provide a suitable direct interface for the measurement
equipment [10]. Adding a separate interface to connect the antenna to the measurement sys-
tem results in additional complexity and associated costs, which is not desired for high-volume
production and testing.

In [11], a method is introduced with which the input reflection coefficient, among
other parameters, of an unknown and possibly integrated antenna can be measured in a
contactless manner. To do this type of over-the-air (OTA) measurement, an extensive
calibration procedure is required. Performing a calibration results in down-time of the
measurement system, hence requiring calibration is disadvantageous for high-volume
testing. In [12–16], a similar contactless method has been used. With this method, only
the reflection coefficient of the antenna can be determined, but no calibration procedure
is required.

In [12–15], the measurements were performed in an anechoic chamber. Anechoic cham-
bers suited for high-frequency RF measurements are expensive and the used absorbers typic-
ally are covered by carbon dust. ICs are usually manufactured in a clean room, making the use
of common RF absorbers in an IC testing facility not practical, if not impossible. It is experi-
mentally verified in [16], that the use of an anechoic chamber is not a necessity to acquire
accurate results using this contactless characterization method (CCM), making this CCM
attractive for high-volume testing.

In [12–16], the reported separation between the measurement antenna and the
antenna-under-test (AUT) has always been larger than the far-field distances of either
antenna. However, reducing the separation between the antennas will potentially relief
dynamic range requirements of measurement equipment and would allow for more compact
testing solutions. Traditionally, pick and place handling systems are not equipped with an
OTA testing functionality, but with the upcoming trend of integrating the antenna with the
IC, it might even be beneficial that such testing functionality will be included in a pick and
place handler. For instance, an RF probe could be embedded in the pick and place handler,
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combining both the RF testing and pick and place functionality.
The concept of such a novel probe is shown in Fig. 1 and is
patented in [17].

In this paper, the concept of using the CCM in combination
with the probe illustrated in Fig. 1 is assessed from an RF point
of view. It is investigated for the first time whether the CCM
can be used under near-field conditions, since this will enable
compact testing solutions and potentially relief dynamic range
requirements. In this case, coupling between the RF probe and
the AUT is inevitable. Hence, the sensitivity of the CCM due to
the position and alignment errors of the probe is examined. To
perform this assessment, positional tolerances of cost-effective
commercial available pick and place handlers are used. The effect
of vibrations in the measurement system is also examined. To
generalize the obtained results, the assessment is performed on
three different integrated antenna structures. Moreover, measure-
ment results around 33 GHz using a connectorized patch antenna
are shown, which experimentally verify the validity of using the
CCM under near-field conditions at millimeter-wave frequencies.

The paper is structured as follows. In Section “The contactless
characterization method,” the CCM is briefly explained. Section
“Sensitivity of the CCM under near-field conditions” is devoted
to modeling the characterization method and adding imperfec-
tions in the measurement setup. In Section “Experimental verifi-
cation,” the measurement setup and results are shown. In Section
“Conclusion and future work,” the conclusion and future work is
presented.

The contactless characterization method

In Fig. 2, a schematic of the measurement setup of the CCM is
shown. A reference antenna (RA) is connected to an uncalibrated
vector network analyzer (VNA) and is used to illuminate the
AUT. The VNA will measure all waves that are reflected back
to the VNA. Examples of these contributions are the impedance
mismatch of the RA, reflections due to reflective surfaces of the
measurement environment and AUT, and a reflection at the
port of the AUT. The key aspect of the CCM is that if a different
load is connected to the AUT, this will only affect the latter reflec-
tion. By performing three measurements with three different
known loads connected to the AUT, the reflection coefficient of
the AUT can be retrieved, as shown in [12–16]. Typically, the
three different known loads are a short, open, and a load having
an impedance equal to the characteristic impedance of the system.

Sensitivity of the CCM under near-field conditions

Setup of the CST model

To assess the sensitivity of the CCM under near-field conditions, a
full-wave electromagnetic model has been made using CST
Microwave Studio. In first instance, a patch antenna has been
used as AUT. Mainly because of its planar low-profile structure,
this type of antenna is widely used in integrated antenna studies
(see for instance [2–8]) and, therefore, a straightforward choice
as a starting point for this assessment. In Fig. 3(a), a model of
the via-fed patch is shown. The patch is square and its length
and width are 2.5 mm. The relative permittivity and loss tangent
of the substrate is 3 and 0.025, respectively. The length, width,
and thickness of the substrate is 4, 4, and 0.3 mm, respectively.
Without loss of generality and to reduce computation time, the
patch, ground plane, and feed are made of perfect electric conduct-
ing (PEC) material, and the patch and ground plane are given zero
thickness. In order to get a well-matched antenna at fc = 32 GHz,
the position of the via is 0.65 mm out of the center of the patch.

A WR-28 open-ended waveguide (OEWG) is chosen as RA.
The CST model of the OEWG is depicted in Fig. 3(b). The wall
thickness is chosen to be 0.5 mm, and the OEWG is modeled
using PEC material as well.

The combination of AUT and RA is shown in Fig. 3(c). The
centers of both antennas are aligned and the nominal distance
between the two antennas is chosen to be 2 mm.

Distance between the AUT and RA

The CCM relies on OTA transmission, which can result in large
free-space path loss (FSPL). The signal of interest travels twice
the distance between the AUT and RA. If far-field conditions
are achieved, this means that every doubling in distance results
in 12 dB additional FSPL. Therefore, the distance between
the AUT and RA has a significant impact on the required
dynamic range of the measurement setup. Since the intended
application is a cost-effective high-volume testing procedure, it
is advantageous to have a method that does not require the test
equipment to have a large dynamic range. Moreover, if losses
such as the FSPL are reduced, the intermediate-frequency
bandwidth of the VNA can be increased, allowing reduced
measurement times.

In [12–15], the reported separation between the AUT and RA
has always been larger than the far-field distances of either
antenna. However, as shown in this section, it is possible to
place the antennas in each other’s near-field region and the reflec-
tion coefficient can still be accurately determined using the CCM.

Fig. 1. Concept of a probe combining the RF testing and the pick and place
functionality.

Fig. 2. Schematic of the measurement setup.
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The far-field of the used patch at its center frequency of 32
GHz is given by1

RAUT = 2D2
AUT

lc
= 2.7 mm, (1)

where DAUT is the diagonal of the square patch, and λc is the
wavelength in free-space at the center frequency of 32 GHz. The
diagonal DRA of the WR-28 OEWG is 7.95 mm, meaning that
the far-field of the used RA at the center frequency of the patch
is as follows:

RRA = 2D2
RA

lc
= 13.5 mm. (2)

The magnitude of the input reflection coefficient of the patch
in a free-space environment is shown in Fig. 4 and is denoted by
“Reference.” Additionally, the determined reflection coefficient
using the CCM is shown for a separation of the patch and
OEWG of 1, 2, and 3 mm. By putting the antennas close to
one another, the reflection coefficient of the antennas will be
altered due to reflections of both antennas. The discrepancies
shown in Fig. 4 are due to this effect. Although the AUT and
RA are close, Fig. 4 shows that the effect of the OEWG on the
patch is small, hence, the error introduced by putting the anten-
nas in each other’s near-field region is small for this setup.

In Fig. 4 and subsequent figures, a gray area is used to high-
light a tolerable error introduced by the setup. This tolerable
error is in this paper defined by +10% of the accepted power
of the reference, which is proportional to (1− |Sref11 |2), with Sref11

being the reflection coefficient of the patch in the free-space
environment depicted in Fig. 3(a).

Sensitivity to positioning errors

In the previous subsection, the centers of the patch and OEWG
were perfectly aligned. It is likely, however, that in a high-volume
testing facility, most of the samples will not be perfectly aligned to
the RA. Therefore, the sensitivity to positioning errors has been
assessed. For this assessment, the patch has been translated, mim-
icking positioning errors, whereas the OEWG remains at its pos-
ition. The translations Δdx and Δdy are in the positive x- and
y-directions, respectively.

In Fig. 5, the results for translations are shown. The transla-
tions of 100 μm are based on tolerances of commercial available

Fig. 3. CST models showing the (a) patch antenna, (b) OEWG, (c) CCM setup, (d) CCM setup mimicking vibrations, (e) monopole antenna, and (f) dipole antenna.

Fig. 4. Determined reflection coefficient for different distances between the patch
and OEWG.

1Strictly speaking, the radiation of the patch is caused by fringe fields which slightly
increases DAUT, and thus increases RAUT. Without altering the conclusion of the paper
and for the sake of simplicity, the diagonal of the patch will be used to determine the far-
field distance of the patch in this paper.
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pick and place handlers. It can be seen that the positioning errors
lead to small differences in input reflection coefficient. Both
curves of the translation errors remain within the 10% error mar-
gin over the entire frequency band. Also here, the discrepancies
shown in Fig. 5 are caused by the OEWG which alters the char-
acteristics of the patch.

Sensitivity to a dynamic setup

For the CCM, three measurements are required, each with a dif-
ferent termination connected to the AUT. In the previous subsec-
tions, the setup has been assumed static. However, it could be that
during the three measurements, the measurement setup slightly
changes. To assess the sensitivity of the CCM to environmental
changes, the effect of a vibration in the system is mimicked. In
the first simulation, a short is connected to the patch and the dis-
tance between patch and OEWG is 2 mm. In the second and third
simulation, the patch has been terminated to an open and 50 Ω
load, and the distance between patch and OEWG has been
increased by Δdv and 2Δdv, respectively. The simulation setup
and the movement of the patch are depicted in Fig. 3(d). In
Fig. 6, the results are shown for Δdv = 100 μm, Δdv = 10 μm, and
Δdv = 1 μm. A deviation of Δdv = 100 μm clearly leads to incorrect

results. An error of Δdv = 10 μm leads to better results, but even
for this small deviation, the results are not bounded by the 10%
error margin region, as can be seen at the edges of the graph.
Only when the error is as small as Δdv = 1 μm, accurate results
can be achieved and the determined reflection coefficient remains
within the 10% error margin region. Hence, it is important to
mitigate any vibration in the measurement setup when perform-
ing the CCM.

Integrated monopole and dipole antenna

To observe whether the obtained results can also be acquired
using antennas different from a patch, two other antenna struc-
tures have been assessed. For this assessment, a monopole and
dipole antenna are selected since these structures are found in
multiple studies on integrated antennas [6–9]. In Figs 3(e) and
3(f), a CST model of the used planar monopole and dipole
antenna are shown, respectively. The monopole antenna consists
of an arm with a length of 2 mm and a ground with a length of
1.75 mm, in order to have the center frequency around 32 GHz.
To have the dipole well-matched to 32 GHz, both arms of the
dipole have a length of 1.73 mm. The width of the metal strips
of both antennas is 0.1 mm, and the gap between the metal strips
is 0.15 mm. The relative permittivity and loss tangent are the same
as for the patch. The length, width, and thickness of the substrate
of the monopole is 4, 4, and 1 mm, and 5, 5, and 1 mm of the
dipole. To reduce computation time, all metals are PEC, and
the antennas are given zero thickness. The far-field distances of
the monopole and dipole at 32 GHz are 1.26 and 2.76 mm,
respectively.

In Fig. 7, the reflection coefficient of the monopole in free
space is shown and denoted by “Reference.” Moreover, the deter-
mined reflection coefficient of the monopole in a CCM configur-
ation is shown for different separations between the OEWG and
monopole. It can be see that for a separation of 1 mm, the OEWG
affects the monopole and the determined reflection coefficient of
the monopole is not bounded by the 10% error margin. For a sep-
aration of 3, 4, or 5 mm, the OEWG hardly affects the monopole
and the determined reflection coefficients are bounded by the
10% error margin, as can be seen in Fig. 7. Although a separation
of 3 mm is larger than the far-field of the monopole, the mono-
pole is still well within the near-field of the OEWG.

Fig. 5. Determined reflection coefficient for alignment errors.

Fig. 6. Determined reflection coefficient for vibrations.

Fig. 7. Determined reflection coefficient for different distances between the mono-
pole and OEWG.
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The results while using a dipole antenna as AUT are shown in
Fig. 8. Also here, a separation of the OEWG and dipole of only 1
mm detunes the dipole. When the distance between the OEWG
and dipole is 3, 4, or 5mm, it can be seen in Fig. 8 that the effect
of the OEWG on the dipole is negligible and the determined reflec-
tion coefficients are bounded by the 10% error margin. Also in this
case, the separation of 3mm is larger than the far-field of the dipole,
but the dipole is still well within the near-field of the OEWG.

The sensitivity of the CCM to alignment errors and vibrations
while characterizing the monopole and dipole is also examined.
Similar results as shown in Figs 5 and 6 were acquired. For both
the monopole and dipole, an alignment error in the order of
100 μm shows very little deviation, and the determined reflection
coefficient stays within the 10% error margin. A vibration in the
order of 10–100 μm in the setup leads to incorrect results. When
the vibration is limited to 1 μm, the reflection coefficient does
not exceed the 10% error margin. To prevent repetition of results,
the graphs showing the impact of alignment errors and vibrations
on the monopole and dipole have been omitted in the paper.

Experimental verification

In order to verify the simulation results, two different types of mea-
surements have been performed. In the first measurement, the
AUT has been directly connected to a calibrated VNA and its

reflection coefficient has been measured. In Fig. 9(a), the AUT
and the reference plane of the measurement is shown. This meas-
urement serves as a reference. The AUT is an inset-fed square
patch antenna with an edge length of 2.3 mm and is placed on
top of a 508 μm thick RO4003C substrate. The patch is matched
at 33 GHz, and the far-field at that frequency is 2.32 mm. In the
second type of measurement, the CCM is performed. The measure-
ment setup for the CCM is shown in Fig. 9(b). Because no switch
up to 37 GHz was available at the measurement facility, the loads
required for the three measurements had to be changed manually.
To minimize vibrations or dislocations caused by manually chan-
ging the loads, the AUT was fixated to a stiff metal base. The
OEWG is connected to an uncalibrated VNA and three measure-
ments are performed, each with a different termination connected
to the AUT. For each set of three measurements, the position of the
OEWG was varied to mimic positioning errors.

In Fig. 10, the measurement results are shown. It can be seen
that the five curves, which are determined using the CCM, follow
the reference well and all five curves are within the 10% error
bounds. Some discrepancies can be found, however. First of all,
although the AUT is fixated and the terminations were changed
with care, it is not guaranteed that the AUT does not change its
position slightly in between the measurements. Second, manually
changing the loads requires some time, allowing the measurement
setup to slightly drift. If this method will be performed using

Fig. 8. Determined reflection coefficient for different distances between the dipole
and OEWG.

Fig. 9. Setup for (a) the directly connected reference measurement and (b) the CCM.

Fig. 10. Experimentally determined reflection coefficient for different positions of the
AUT, relative to the OEWG.
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integrated antennas with onboard terminations, both effects will be
mitigated. At last, the OEWG does detune the AUT by being in
close proximity. Hence, using the CCM under near-field conditions
yields a trade-off between accuracy of the measurement and the
dynamic range required by the system.

Conclusion and future work

In this paper, the practicality of a CCM is presented, having the
application of a cost-effective high-volume testing procedure for
integrated antennas in mind. This method can be used to deter-
mine the input reflection coefficient of an unknown, and possibly
integrated, antenna using OTA measurements under near-field
conditions. Using simulations, it is shown that an RA can be posi-
tioned in the near-field of the integrated antenna if the AUT is a
patch antenna. If the AUT is a dipole or monopole, the distance
between the OEWG and AUT has to be increased, but the AUT
can still be positioned in the near-field of the OEWG, reducing
the FSPL significantly. This will potentially relief dynamic range
requirements of measurement equipment and allows for reduced
measurement times. Furthermore, it is shown that the impact of
positioning errors are not severe, as long as the setup is stationary
throughout all three measurements, which are required for the
CCM. However, if the setup is not stationary in between measure-
ments due to, for instance, vibrations, the 10% error bounds are
exceeded when the displacement is in the order of 10 μm or
higher. If the vibrations are limited to 1 μm, accurate results
can be achieved. Moreover, results around 33 GHz using a con-
nectorized patch antenna are shown, which experimentally verify
the validity of using the CCM under near-field conditions.

Regarding future work, the assessment has been limited to
only three types of antennas. To generalize the conclusions
drawn in this paper, this assessment has to be performed on
other antenna types as well. Moreover, since the intended applica-
tion is a testing procedure for integrated antennas, the method has
to be verified using integrated antennas. In order to do this, the
three different terminations and a switch have to be implemented
on the IC. In the presented work, perfect knowledge on the reflec-
tion coefficient of the three terminations, required for the CCM, is
assumed. However, if the terminations are incorporated on-chip,
it is not possible to measure the impedance of these terminations.
A designer is in this case dependent on the manufacturing process
and its associated tolerances. This give rise to an uncertainty in
reflection coefficient of the termination and, in turn, an uncer-
tainty in the resulting reflection coefficient of the AUT. In the
future, this uncertainty has to be included in measurement results.
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