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Abstract

Accurate and efficient measurement techniques are needed for exposure
assessment of 5G portable devices—which are expected to utilize frequencies
beyond 6 GHz—with respect to the radio frequency electromagnetic field ex-
posure limits. Above 6 GHz, these limits are expressed in terms of the incident
power density, thus requiring that the electromagnetic fields need to be eval-
uated with high precision in close vicinity to the device under test (DUT),
i.e., in the near-field region of the radiating antenna. This work presents a
cutting-edge near-field measurement technique suited for these needs. The
technique—Dbased on source reconstruction on a predefined surface represent-
ing the radiating aperture of the antenna—requires two sets of measurements;
one of the DUT, and one of a small aperture. This second measurement func-
tions as a calibration of both the measurement probe impact on the received
signal, and the experimental setup in terms of the relative distance between
the probe and the DUT. Results are presented for a 28 GHz and a 60 GHz
antenna array; both developed for 5G applications. The computed power den-
sity agrees well with simulations at evaluation planes residing as close as one
fifth of a wavelength (\/5) away from the DUT.

1 Introduction

Mobile communication systems play a large role in today’s interconnected world
and the amount of mobile data traffic is constantly increasing. Between the fall
of 2016 and 2017, the total data traffic in mobile networks increased by 65 % [15].
The next generation of wireless access systems (5G) plays an integral role for han-
dling the future demands on traffic capacity; and to support the increasing data
rates, a plausible solution has emerged that involves exploiting the larger band-
widths (which directly translates to a capacity increase) available at frequencies
above 6 GHz. Moreover, 5G systems are expected to operate within several bands
comprising frequencies below 6 GHz—where the conventional bands in use today
lie—up to over 100 GHz [9]. Full system trials of 5G are ongoing and commercial
networks are expected already in 2019. Much focus is given to the frequencies be-
tween 6-60 GHz and a substantial amount of research is devoted to the development
of mobile devices operating in this frequency range.

Several different techniques for compliance measurements exist [1|. Depending
on the frequency of interest combined with the proximity of the device under test
(DUT), different regions of the electromagnetic field (EMF) dominate [24]. For
frequencies below 6 GHz, the EMF compliance is assessed using specific absorption
rate (SAR) and for frequencies above 6 GHz power density is utilized [16]—with
limits for localized exposure generally taken as an average over a predefined area,
e.g., 4cm? [10]. An overview of radio frequency (RF) EMF compliance assessment
procedures and measurement techniques applicable above 6 GHz for incident power
density is provided in IEC TR 63170[17].



One well-established measurement technique is based on amplitude measurement
of the electric field components [21]. The method makes use of a miniaturized diode-
loaded probe (see e.g., Schmid and Partner Engineering AG [23]) to scan the field
at sub-wavelength distances (< A) from the device. An estimate of the phase,
which cannot be directly measured by means of such probes, is obtained by using
a plane-to-plane reconstruction algorithm. This requires the amplitude of the field
to be scanned on two parallel planes at different distances from the source. The
power density is then reconstructed by estimating the phase based on the measured
amplitude of the electric field only. In addition, the field polarization ellipse is
determined by rotating the probe at different angles. Although the robustness of
such algorithms has been carefully validated numerically and experimentally [21],
phase retrieval represents a source of uncertainty which cannot be left out and that
might vary depending on the distance from the closest scan plane to the DUT. Since
retrieving the phase also requires the same scan of the electric field to be repeated
on two parallel planes—in addition to rotating the probe at different angles for each
measurement point—the measurement time might become exceedingly long. Other
conventional measurement techniques that retrieve both amplitude and phase with
non-ideal probes are problematic since even with probe calibration, the precise point
in space that the measurement corresponds to is not well-defined. This leads to an
error in positioning and consequently phase, thereby making it a difficult task to
evaluate the power density at very close ranges to the DUT.

This work presents a measurement technique—based on amplitude and phase
retrieval—for obtaining the power density at a given surface situated some arbitrary
distance away from a DUT, using a reference measurement of a small aperture.
Throughout this work, the term power density indicates the time-averaged, incident
power density in a single spatial point at a single frequency. The technique is
adapted here on antennas operating at the millimeter wave (mm-wave) frequencies
28 GHz and 60 GHz, and is based on two sets of measurements; one of the DUT,
and one of a small aperture necessary to calibrate the complete measurement setup.
The calibration measurement needs only to be conducted once and may be utilized
for multiple DUTs, presuming the setup is not subject to substantial drifting over
the complete measurement time frame. Fig. 1 shows the measurement procedure
and setup; the calibration aperture is shown in Fig. 1a, and an example DUT is
shown in Figs. 1c and 1d. With the measurement data retrieved and the calibration
performed, numerical integral equation solvers are used to reconstruct equivalent
currents on a predefined surface representing the DUT, and subsequently to compute
the power density at any plane of interest. Three different DUTs were measured
and compared with simulations.

The innovative calibration approach using the small aperture measurement has
the substantial benefit of not only correcting for the receiving probe’s impact on the
measured signal, but also of handling the spatial alignment of the DUT relative to
the scan plane. This second feature is essential when conducting RF EMF exposure
tests at said frequencies, since the power density must be reconstructed in planes
residing in the near-field region of the DUT. In accordance with the field’s radial
dependence in this region, a distance offset of e.g., 1 mm (corresponding to A\/5



Figure 1: Schematic of the measurement procedure. a: A receiving probe is situated
in the center of a planar measurement surface, a distance d away from a small
aperture in a finite metallic plane. A transmitting antenna is positioned on the other
side of the metallic plane. A high gain broadside antenna is preferable to ensure
sufficient power flow through the aperture, although in theory nothing prohibits the
usage of the DUT itself. b: The transmitting antenna excites the aperture which
then radiates as a dipole. The reference measurement is conducted by sampling the
fields in a discretized grid across the measurement surface using the receiving probe.
c: The transmitting antenna is removed, and the DUT is aligned with respect to
the previous position of the aperture. d: A second measurement is conducted on
the DUT, and the field is sampled in the same grid as before.

at 60 GHz) would result in a substantial change in both the amplitude and phase
of the reconstructed radiated electromagnetic fields. The small aperture calibration
measurement suppresses this margin of error as the setup is calibrated to the specific
distance.

The paper is organized as follows. The next section presents results from two
measurement, campaigns conducted at 28 GHz and 60 GHz of two antenna arrays
developed for 5G applications, and a benchmark case of a 60 GHz standard gain
horn antenna. Thereafter details regarding theory, measurement technique and post
processing steps of the data are given. Then, a discussion of the results are presented,
followed by conclusions, and, finally, information detailing the simulation settings
and the measurement setup.



2 Results

Three different DUTSs, shown in Figs. 2a—c, had their power density reconstructed
from measurements of the near field using a single polarized, linearly polarized,
probe. The DUT in Fig. 2a is a mobile phone mockup, capable of operating in
the frequency region of 25-29 GHz, with four independently fed antennas. In this
work we consider the operational frequency of 28 GHz. The cross polarization is low
and the radiating elements are covered by a plastic chassis. A detailed description
of the antenna array design can be found in [13]. A device of similar design was
used for the development of the use cases described in IEC TR 63170 [17]. Two
reconstruction planes were defined for this DUT, labeled plane 1 and 2, respectively,
as shown in Fig. 2a. The second DUT is a linearly polarized 60 GHz patch array
fed with a single transmission line with 3.3 % bandwidth[5], shown in Fig. 2b. It
is mounted on a custom 3D printed stand with the transmission line bent over a
rounded edge to reduce any unwanted radiation from the connector. The third
DUT, shown in Fig. 2¢, is a Flann 25240 — 20 linearly polarized standard gain horn
antenna operating between 49.9-75.8 GHz [11]|. This DUT was measured at 60 GHz
and selected as a benchmarking case due to its well-known radiation characteristics
with high radiation efficiency, ease of modeling in commercial simulation software
programs, and its high directivity, from which errors related to the measurement
plane being finite are suppressed.

"
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Figure 2: The DUTs used in this work. a: A mobile phone mockup from Sony
Mobile operating at 28 GHz. b: A single feed 60 GHz linearly polarized patch array.
c: A Flann 25240 — 20 standard gain horn operating at 60 GHz.



Table 1:  The relative difference between the measurement data set, = and the
simulation data set, y for maximum spatial peak power density (numbers in paren-
thesis) and maximum spatially averaged power density. The averaging was carried
out over a circular area of 4 cm?, and each data set has been individually normalized
to the same relative output power. The rows correspond to different data sets and
the columns to different reconstruction distances.

Relative difference of the maximum
spatially averaged/(peak) power density := |z — y|/y

1 mm 5 mm 10 mm 20mm

Horn (measured) | 0.3 (0.7)% 2 ()% 0.8 (2) % -

Horn (synthetic) | 0.8 (2) % 0.2 (7% 2 (M % -
60 GHz Patch 139)%  03(15)%  3(2)% i
98 GHz Plane 1 ; 0@ )% 11012)% 15 (21)%
28 GHz Plane 2 ; 34 (67)% 33 (50)% 28 (23)%

2.1 Measured Results

The mockup shown in Fig. 2a was measured by scanning a probe in a plane, parallel
to the closest surface of the DUT, distanced d = 60 mm away, see Fig. 1. The
power density was then reconstructed in planar surfaces distanced 5mm, 10 mm
and 20 mm away from the DUT, corresponding to the distances used in a the IEC
TR 63170 28 GHz case study [17]. The mockup was simulated with the multilevel
fast multipole method (MLFMM) using the electromagnetic (EM) simulation tool
FEKO [2]. Due to the similarity of the results for the different port excitations,
the results shown in Fig. 3 are limited to the excitation of the left uttermost port.
Figs. 3a and 3b depict the comparison between measured and simulated results
for plane 1 and 2, respectively, with no spatial averaging and on a 40dB dynamic
range. The simulated power densities are seen in the top of the figure and the power
densities from reconstructing the fields from measured data is seen in the bottom of
the figure.

The 60 GHz patch array antenna, Fig. 2b, was measured by a probe in a plane
at a distance of 25 mm. The power density was calculated for the distances 1 mm,
5mm and 10 mm. The antenna was simulated using the EM simulation tool CST.
Similar to Fig. 3, a comparison between measured and simulated power density is
shown in Fig. 4

As a verification of the technique presented in this paper a standard gain horn,
shown in Fig. 2c, was measured at 60 GHz. The field was measured in a plane
distanced 50 mm from the DUT. The normalized power density in the reconstruction
planes distanced 1 mm, 5mm, and 10 mm from the aperture of the standard gain
horn is shown in Fig. 5. Results are shown for three different cases: 1) the direct
full-wave simulation of the DUT in FEKO, 2) synthetic data, where simulated data
was used as input (at the 50 mm distance) to the reconstruction routine, and 3)
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Figure 3: Normalized power density at 28 GHz in the reconstruction planes distanced
5mm, 10 mm, and 20 mm (left to right) for the Sony Mobile phone mockup. Plane
1 is depicted in a, and plane 2 in b. The rows depict: full-wave simulations of
the DUT in FEKO (top), and the results of the measurement data as input to the
reconstruction technique (bottom). The white lines depict the outline of the DUT,
and the black crosshair marks the mutual origin. The dynamic range of all plots is
40 dB.
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Figure 4: Normalized power density at 60 GHz in the reconstruction planes distanced
I mm, 5mm, and 10 mm (left to right) from the aperture of the patch array antenna.
The rows depict: full-wave simulations of the DUT in CST (top), and the results
of the measurement data as input to the reconstruction technique (bottom). The
black crosshair marks the mutual origin. The dynamic range of all plots is 40 dB.

using measurement data as input to the reconstruction routine. Since the standard
gain horn is a custom supplied antenna [11], it provides a benchmark case where all
system losses and gains can be accounted for.

The maximum spatial peak incident power density was computed for the horn
measurement, and at the plane distanced 10 mm away this value was 0.655 W /m?,
0.621 W/m? and 0.656 W/m? for the measurement data, synthetic data and simula-
tion, respectively. A comparison of the maximum spatial peak power density for the
three DUTs is presented as the numbers in parenthesis in Table 1. The results for
all measured DUTs are compared to the respective simulationsin terms of the rela-
tive difference between the simulated maximum peak power density to the maximal
value reconstructed from measurements. This table presents relative values and each
reconstruction plane is normalized such that each power density value in a specific
plane is divided by the total power density in that specific reconstructed /simulated
plane, yielding a normalized power density of 1 in each plane, see Appendix F.

The results presented in Fig. 3-5 all show the power density, unaveraged. How-
ever, the power density averaged over a certain area is also of interest [10] and a
comparison between the reconstructed fields and simulations in terms of spatially
averaged power density is also seen in Table 1, numbers without parenthesis.The
averaging area utilized was a circular area of 4cm? and other averaging areas are
available in Appendix A.
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Figure 5: Normalized power density at 60 GHz in the reconstruction planes distanced
I mm, 5mm, and 10 mm (left to right) from the aperture of the standard gain horn.
The rows depict: full-wave simulations of the DUT in FEKO (top), synthetic data
where simulated data as an input to the reconstruction technique (center), and the
results of the measurement data as input to the reconstruction technique (bottom).
The black crosshair marks the mutual origin and the dynamic range of all plots is
40 dB.



2.2 Theory and Measurement Technique

A DUT in this work is a well functioning antenna, of arbitrary shape, radiating
detectable power levels in a certain frequency interval in which the measurement is to
be conducted. As disclosed in Fig. 1d, a radiating DUT is fixed at a certain position
in space, and the emitted field is sampled on a surface some distance away from this
DUT. It is well known that information regarding the field at other surfaces can be
obtained from this measurement, and different techniques to realize this exist [3, 8,
20]. However, many of these rely on the use of well-defined measurement antennas
(probes) and do not provide absolute positioning of the scanned plane in relation to
the DUT, which is a necessity for accurately reconstructing the power density. This
requirement on an absolute position between the DUT and the scan/measurement
plane, originates from the goal to estimate the power density at sub-wavelength
distances from the DUT. Any position error directly translates to large errors of
the estimated power density since the electromagnetic fields have a strong radial
dependence in close vicinity of the DUT.

In this work, we use a calibration method relying on a reference measurement
of a small aperture in order to obtain accurate reconstruction of the radiated power
density from a measured DUT. In essence, this is achieved by reconstructing the
equivalent currents on a surface representing the radiating part of the DUT and
thereafter calculating the corresponding radiated fields in the evaluation planes of
interest using computational codes based on the method of moments (MoM), i.e.,
numerical integral equation solvers. In summary, the technique is explained by the
following steps:

1. Processing of raw measurement data.

2. Calibration, using measurement data of the small aperture, to remove the
effects that the receiving probe has on the retrieved data, and to obtain a
well-defined spatial position.

3. Reconstruction of equivalent currents on the surface of the DUT.

4. Computation of the electric and magnetic fields at a surface of interest from
the reconstructed equivalent currents.

5. Calculation of the incident power density from the field in the previous step.

The rest of this section will focus on discussing these steps in more detail.

2.2.1 Measurement Data Processing

There is no inherent restriction on the shape of the measurement and reconstruction
surfaces nor of the DUT. However, the DUTs presented in this work consist of
radiating elements confined to a plane and a standard gain horn. Furthermore, only
planar surfaces parallel to that of the radiating DUT are considered throughout this
work, since this constitute an appropriate setting for the purpose of EMF exposure
assessment. The first measured plane is that of the aperture as disclosed in Figs. la
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and 1b. The aperture is then removed, and the DUT—aligned with respect to the
previous position of the aperture—is measured in the same plane as the aperture was
measured, see Figs. 1c and 1d. Samples of the transmitted signal are taken in discrete
sampling points over the entire scan plane. The sampled data are extracted in order
to retrieve the necessary field information in the following steps. The response is
measured for several discrete frequency points in a given range fy £ Afy. The
frequency bandwidth, 2Afj, enables the use of time gating procedures to suppress
interactions with far away objects, and is specified as to realize a certain resolution
of the signal in time domain [22]. Throughout this work Af, was set to 2 GHz and
1 GHz for the 28 GHz and 60 GHz measurements, respectively. This provided more
than adequate information to enable time gating procedures. Effects relating to
choice of measurement bandwidth and frequency sampling can be further viewed in
Appendix D.

2.2.2 Probe Correction Using an Electrically Small Aperture

Any given physical probe has a finite size and a non-local interaction with the
electromagnetic field in its immediate surrounding. The probe is connected to a
vector network analyzer (VNA) and the registered value in the receiving device is a
complex-valued voltage signal accounting for the full probe interaction, rather than
the complex-valued field in that particular discrete point of the finite aperture. This
effect can be atoned for using probe correction techniques, of which there are several
presented in classic literature [25]. These techniques calibrate for the interaction of
the probe with the drawback of not having precise information on the position of
that particular measurement point. Knowledge of the exact positioning of the sys-
tem is vital, as the phase information is severely affected. Since the power density is
computed from the electric and magnetic fields, a large uncertainty in the retrieved
phase of the fields has a severe negative impact on the end result. In this work, a
small aperture is measured as a reference measurement, see Fig. 1b, which allows for
calibration of the probe and fixating the calibration to a well known physical posi-
tion; that of the aperture. In turn, the position of the aperture acts as an alignment
position once the DUT is inserted (Figs. 1c and 1d). This technique removes the
need of delicate information regarding the probe and places that requirement on the
aperture. As opposed to the probe, the aperture has a well-defined position from
which the fields originate. This translates into obtaining measurements with a po-
sition put in relation to this well-defined point, removing the large uncertainty and
phase error one would have obtained through traditional means of probe calibration.

Consider a small (compared to the wavelength of interest) aperture in a metal
screen, see Fig. la. The aperture is designed preferably resonant to increase power
flow through the aperture, although it is not required. Since the aperture is elec-
trically small, its radiation characteristics is well-defined and of the first order;
corresponding to that of a magnetic dipole [4]. It has a simple geometry that is
easily modeled using numerical methods such as the MoM. The fields from this
aperture at the measurement surface can be evaluated numerically utilizing any
standard computational EM technique. These computed fields are then compared
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to the measured signal to calibrate the setup. The calibration can be performed
in many different ways including: determining the scattering matrix [12] of the
measurement probe, using the reference measurement as the system Green function
directly in the reconstruction algorithm, or as a simple point-wise division correcting
the amplitude and phase of the measured signals. In this work, the latter was used
and explained by considering the measured signals as an estimate of the co-polarized
field value in the center of the probe.

In each discrete point, a correction term is obtained by normalizing the MoM
simulation of the co-polarized component of the field from the aperture with the
measurement of the aperture. These correction terms are then applied to the data
of the measured DUT, and a probe corrected field with absolute positioning cali-
brated to the mathematical model used in the reconstruction algorithm is obtained.
In this work only single polarized measurements were conducted; however, both po-
larizations can be incorporated by conducting a second set of measurements with a
different orientation, e.g. a 90° rotation, of the probe [18].

The probe used for the 60 GHz measurements was an RFspin OEWG WRI15,
and a similar open-ended waveguide probe was used for the 28 GHz measurement.

2.2.3 Reconstruction of Equivalent Currents

The reconstruction of the sources is performed by expressing the solutions to Maxwell’s
equations using the electric field integral representation given by [14, 19]:

E(r) = jkno /s J(r)G(r —7r") + %VG(’I‘ — V' - J(r')

+ M(r'") x VG(r —7')dS’, (2.1)

where 7 is the intrinsic impedance of free space, k is the free space wave number, G
is the free space Green function, J and M are the electric and magnetic equivalent
currents respectively that are positioned at 7/, S is the reconstruction surface and
T is the position vector belonging to the measurement surface. J is needed if the
problem is a half-space and J and M are needed for arbitrary geometries on the
surface of the DUT. The computation of J given F is a type of problem arising in
many scientific fields namely an inverse source problem [7|, and it is mathematically
ill-posed [12].

Numerically, the problem is addressed by defining an area representing the ra-
diating aperture of the DUT. This area is discretized and (2.1) is reshaped into a
matrix equation, using a suitable discretization method [6] as,

E =N°J + N"M, (2.2)

where FE contains the measured component of the electric field in all spatial sampling
points, J contains the spatially discretized currents on the reconstruction surface
and the matrix operators N® and N™ describe the mapping from J and M to E for
two surfaces, thus it will differ depending on the chosen plane. For the rest of this
work, we consider half-space geometries and use the field equivalence principle [4] to
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reduce the problem to only electric currents J (M and N™ in equation (2.2) are not
present). As stated previously in Section 2.2.1, there is no requirement of planar
measurement and reconstruction surfaces. However, utilization of such surfaces
yields a decrease in computational time as very efficient numerical methods can be
employed. The solution of (2.2) is ill-conditioned and a regularization procedure
is required. A multitude of techniques exist to treat the regularization of such
problems [12, 14] and we employ the truncated Singular Value Decomposition (SVD)
method [12] and truncating when the singular values are lower than 0.10y,.x, where
Omax 18 the maximal singular value. This value was chosen for all presented data and
further investigation of the singular values and choice of truncation is viewable in
the Appendix C. The input data to equation (2.2) is the probe corrected measured
field from the DUT and the output data are the equivalent currents on a predefined
plane, in this case, the plane where the DUT is situated.

2.2.4 Fields from Equivalent Currents

With the equivalent currents reconstructed, equation (2.2) is executed to retrieve
the electric field originating from these currents in any arbitrary evaluation sur-
face after defining the appropriate matrix operator N° that describes the electric
field integral representation for the new observation points. Similarly, the magnetic
field is retrieved using the corresponding matrix form of the magnetic field integral
representation.

2.2.5 Power Density Computation

The power density in a spatial reconstruction point r is given by
1
Sp(r) = éRe{E(r) x H*(r)} - n, (2.3)

where the real part is denoted Re{}, E and H™ denote the electric field and the
complex-conjugate of the magnetic field, respectively, x denotes the cross product,
and n denotes the unit vector normal to the evaluation surface. The power density
is obtained once the full near-field measurement technique—including the previously
mentioned processing steps—has been applied, and the measurement setup has been
calibrated with respect to the total radiated power P, (presuming all system gains
and losses have been accounted for). A spatial average can subsequently be acquired
through a convolution between the power density profile in the full reconstruction
plane and the predefined averaging area.

3 Methods

3.1 Numerical Simulations

As the connectors are electrically large objects at 28 and 60 GHz they require enor-
mous computational resources and were thus excluded from all simulations. The
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28 GHz mockup was simulated in FEKO with the multilevel fast multipole method
(MLFMM), and the microstrip feedlines were fed by the edge ports. The metallic
sheets were treated as infinitely thin. The mesh was created through the default
meshing settings.

The 60 GHz single feed linearly polarized patch array was simulated in CST using
the transient solver based on the finite integration technique. An extra distance of
one eighth of the free space wavelength was added between the bounding box using a
perfectly matched layer boundary and the simulation model. The microstrip feedline
of the array was fed by a waveguide port. The minimum number of mesh lines per
free-space wavelength was set to 10.

The simulation of the standard gain horn was carried out using a simplified
model with infinitely thin sheets of perfect electric conductor (PEC) in FEKO with
the MoM full-wave solver.

The simulation time for these DUT model to converge were between 1 min
(60 GHz Horn) to 4h (28 GHz mockup) on a 64 Gb 4.2 GHz i7-7700 machine.

3.2 Measurement Setup

All measurements were conducted with the setup mounted on a Newport RS 2000
optical table and were similar in both the measurement campaigns (28 GHz and
60 GHz), only the antennas, connectors and cables were changed. The amplitude and
phase of the signal were measured using a probe connected to a Rohde & Schwarz
ZVA 67GHz. A custom-made Sony rectangular waveguide probe was utilized in
the 28 GHz campaign and an RFspin OEWG WR15 probe in the 60 GHz campaign.
The scan plane was realized using two THORLABS LTS300/M positioners combined
with aluminum breadboards. This gives a maximum scan plane area of 30 cm x 30 cm.
The points in the scan plane were sampled on an 8 mm x 8 mm (4/5 \) grid for the
28 GHz campaign and a 2mm x 2mm (2/5 \) grid for the 60 GHz campaign a view of
other grid sizes and their impact can be viewed in Appendix D. The positioners and
the VNA were controlled using a laptop and General Purpose Interface Bus (GPIB)
connection. The DUT was mounted in a similar fashion and held stationary during
the measurement and the distance between the DUT and probe scan plane were
realized using said positioners. The alignment of the DUT and probe was done using
the positioners and several cross laser units, achieving an accuracy of ~ 50 ym. The
cables were calibrated to their respective ends using an electrical calibration unit.
The aperture was centered on a 30 cm x 23 cm metal sheet, which was mounted on
a polymethyl methacrylate (PMMA) holder.

3.3 Specifications for the 28 GHz Measurements

The DUT for the measurements at 28 GHz, supplied by Sony Mobile, is seen in
Fig. 2a where the mockup is mounted on absorbers and with one of its ports active
(port 2). The mockup was secured firmly and special care was taken when chang-
ing the active port to not change the well specified position and further impact
alignment. The distance between the probe scan plane and the DUT was 6 cm and
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the scanned plane was a 28.8 cm x 28.8 cm plane sampled on a 8 mm x 8 mm grid.
All four antennas on the DUT were measured, and for two different planes of the
antenna.

The small aperture was manufactured using a laser milling machine. The aper-
ture was illuminated using a SATIMO SGH2650 standard gain horn antenna. The
distance between the aperture and the probe scan plane was 6 cm. The frequency
band measured for both the aperture and the DUT was 26-30 GHz with 101 linearly
spaced frequency points.

3.4 Specifications for the 60 GHz Measurements

The planar patch array antenna [5] used for the 60 GHz measurement was fed by a
single port fixated on a custom 3D printed plastic holder, see Fig. 2c. The connector
and transmission line were bent over a rounded edge of the custom made mount.
This was done to reduce the impact of the connector in the measurement and to
have a planar surface for the equivalent currents. The distance between the probe
scan plane and the DUT was 2.5cm and the scanned plane was a 10cm x 10 cm
plane sampled on a 2mm X 2mm grid.

The measurement of the Flann 25240—20 standard gain horn antenna was carried
out on a 10cmx 10 cm plane distanced 50 mm away sampled on a 2 mmx2 mm grid.

The 60 GHz aperture was manufactured on a sheet of size, 30 cm x 23cm. The
aperture was illuminated using a Flann 25240 — 20 standard gain horn antenna.
The illuminating horn antenna had a HXI HHPAV-222 power amplifier connected
to it in order to get sufficient power through the aperture. The frequency band
measured for both the aperture and the DUTs was 59 — 61 GHz with 101 linearly
spaced frequency points.

4 Discussion

For the three different DUTs presented in this work, the measured and simulated
power densities compare well in regions of high values. This can be observed in
Figs. 3-5 and alternatively viewed from the difference between them, see Appendix
B. The difference in the maximal spatial peak power density and the difference of
the maximum spatially averaged power density, presented in Table 1, show similar
quality. In this table 4cm? was chosen as the averaging area and more areas are
investigated in Appendix A.

For the 28 GHz mockup the results for plane 1, Fig. 3a, compare well, both in
positioning and in shape, regardless of evaluation distance. Since the radiating area
of the DUT—illustrated by the white lines in the figure—is narrow and stretches only
a few wavelengths horizontally (=~ 100mm =~ 10\ at 28 GHz), the source surface
can be discretized and evaluated numerically with high accuracy. The difference, to
the corresponding simulated value, in the maximum spatial peak power density is
reasonably low, 8-21 %, and for the difference in maximum spatially averaged power
density that value is 10%-15%. The difference is low for close distances and increase
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further away as the power density as the power density experience more spatial
spread in the simulations than in the reconstructed fields, Fig. 3.

For plane 2, Fig. 3b, the position of the maximum spatial peak power density
compare well between simulations and measurements. The field agrees best in the
two upper quadrants and some minor disagreements are spotted in the bottom
two. The reason for this is that only the top half part of the chassis, indicated
by the white lines, is discretized and used as a source plane. If the entire chassis
were to be used, substantial computational resources would be required for storing
the necessary matrices and performing the matrix operations. Consequently, the
current existing on the lower part of the chassis is not captured properly, and the
corresponding radiated fields are not present in the reconstructed images. The
maximum spatially averaged power density values are thus heavily affected due to
the normalization procedure utilized creating this apparent large difference. The
difference in maximum spatial peak power density is, as such, higher than that of
plane 1, 23-67 %. The same is true for the difference in maximum spatially averaged
power density, 17-30%. Note however that this drawback is preventable by utilizing
additional computational resources.

The results for the 60 GHz patch antenna, Fig. 4, agree well between simulations
and measurements. From the simulations it is observed that the transmission line, in
the left part of the graphs, is apparent in the simulations but not observed to be as
prominent in the measurements. The simulation model did not have the transmission
line bent around a rounded edge as was done during the measurements, which in part
might explain the results. Disregarding any effect stemming from the transmission
line, the agreement is good; the same trends are observed and the symmetries are
similar, as expected based on the geometry of the object. This is further seen by
the fact that the difference in the maximum spatially averaged power density is very
low 1-3%. However, the difference in the maximum spatial peak power density is
interestingly much larger, 2-39 %. From studying the graphs in Fig. 4 we see that
the simulated data have local high intensity regions near the patches of the array.
These cannot be seen as clearly in the measured data, leading to a large difference
point wise, in the peak power density, but not impacting the average power density
in the region.

The results for the 60 GHz standard gain horn antenna, depicted in Fig. 5, com-
pare well with a low difference of the maximal spatial peak power density, 0.7-7 %
and low difference of the maximum spatially averaged power density 0.3-2%. By
comparing the simulation to the synthetic data input and the measurement data
input to the synthetic data input, the sources of inaccuracies can be isolated to the
reconstruction technique and the quality of the retrieved field components, respec-
tively. The power density along the horizontal line observed in the simulated results
are not observed in the measurements and only partly in the synthetic data. This
difference can be explained by having a finite measurement plane not capturing all
radiated power, thus not reconstructing the side lobes fully. It is implicit that by
capturing a larger fraction of the radiated power, either through measuring a more
directive DUT or using a larger measurement plane (ideally an enclosing surface),
the accuracy of the reconstructed fields would increase. The horn was simulated as
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an infinitely thin PEC and most of the errors occur close to the device and below
-20dB in which the accuracy of the model can be questioned.

In general, for the data presented in Figs. 3-5 and in Table 1, the difference
in maximum spatial peak power density between measurements and simulations is
around 15 %, but varies depending on the specifics of the DUT. The difference in
maximum spatially averaged power densities within 4 cm? region is around 2 % of the
corresponding simulated value for the 60 GHz measurements and around 10-30 % for
the 28 GHz mockup. This comparison adds confidence to the quality of the measure-
ment technique, primarily when used to compare averaged values rather than peak
values. However, the simulated results—due to the intricately manufactured designs
and difficulty to model these accurately in commercial simulation software—should
not be viewed as ‘true’ values but rather an approximate reference. For the 60 GHz
horn and patch antenna the agreement is best at very close distances. There is a
larger error at distances further away due to that the fields from the measurements
do not spread as much as in the simulations, see Figs. 4 and 5. The same applies to
the 28 GHz results. Furthermore, for the 28 GHz mockup plane 2 exhibits a larger
error than plane 1; this is due to the fact that, for plane 2, the surface currents
existing on the lower part of the chassis are not captured by the discretized source
plane area.

The technique in this work has been demonstrated utilizing several devices at
different frequencies and bandwidth, measured in planes 5\ to 10\ away and sampled
on different grids with promising results. The technique should be most accurate
for DUTs precisely aligned with the position of the aperture during calibration.
However, in the case of the 28 GHz mockup, the presented results were that of the
antenna furthest away from this origin, i.e. 3\ off center, yet the technique does not
break down and gives promising results. A more elaborate study on the relationship
between the phase center location of the DUT and the aperture position, as well as
the effect of the quality of the chosen probe, is a consideration for future work.

The technique is experimentally straight forward to implement and from the indi-
rect investigations of different parameters demonstrated in this work, it is indicated
that the calibration works well for a wide array of setting and that an experimental
accuracy of positioning is not mandatory as it is given through the calibration where
an origin is fixated to that of the aperture position. Further work include exploring
the limits of this method for a selection of parameters.

Throughout this paper, the DUTs have been linearly polarized antennas with an
assumed low cross polarization. A single measurement of a DUT extracts a single
field component from the registered voltage signal of the probe. Any field that is
reconstructed via the technique described in this paper will thus be reliant on the
information contained in a single measurement. However, two polarizations may be
incorporated by conducting an additional measurement of the DUT with a modified
orientation of the receiving probe and adding another polarization in the MoM code.
Adding additional probes leads to a drastic improvement in measurement time as
a scan currently takes between 40 min to 2 hours. Scanning with multiple probes
or an array is interesting for future work as the technique should function without
modification to the numerical implementation.
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5 Conclusion

In this work, a measurement technique for RF EMF assessments of mm-wave 5G
communication devices has been presented. The technique combines the well-known
method of source reconstruction on a predefined surface representing the radiating
aperture of an antenna, with an innovational calibration approach that utilizes a
small aperture to calibrate both the measurement probe impact on the received sig-
nal, and the experimental setup in terms of the relative distance between the probe
and the DUT. The accuracy in positioning obtained through anchoring the mea-
surement setup to the position of the small aperture enables accurate reconstruction
of the power density mere fractions of a wavelengths away from the DUT.

The measurement technique has been demonstrated on two mm-wave DUTs—
specifically developed for 5G applications—operating at 28 GHz and 60 GHz respec-
tively, and a standard gain horn as a benchmark case. The agreement between
simulations and the reconstructed fields from measurement data is very good.
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Appendices

A Additional Results

In addition to 4 cm? averaging region of the power densities presented Table 1, based
on the results in Figs. 3-5, the result of 1 cm?, 2cm? and 3 cm? can be seen in Table
2. The values presented in this table, and Table 1 is obtained through the following
procedure. First the maximal value, y, of the convolution between a circular region
of a certain area with the simulated power density at a given plane is recorded and
the position of the circle saved. Then the corresponding value, z, is then computed
for the measured power density. The difference is then computed through |z —y|/y.

Table 2:  The relative difference between the measurement data set, = and the
simulation data set, y for maximum spatially averaged power density. The averaging
was carried out over a circular area of area 1/2/3cm?. Each data set has been
individually normalized to the same relative output power. The rows correspond to
different data sets and the columns to different reconstruction distances.

Relative difference of the maximum
spatially averaged power density := |z — y|/y
1 mm 5 mm 10 mm 20 mm
Horn (measured) | 14/2/0.1% 2/0.1/1% 1/3/2% -
Horn (synthetic) 3/1/0.3% 0.7/2/2% 4/3/1% -
60 GHz Patch 5/2/05%  2/0.3/0.1% 4/2/1% -
98 GHz Plane 1 . 4/8/10%  12/11/11%  19/18/16%
28 GHz Plane 2 ; 46/40/37%  40/37/34%  26/28/27%

B Supplementary Results

Another view of the data presented in Figs. 3-5 is to compute the difference between
them as, [101log;o{ P} — 101log,y{ P:}|, where m and s stands for measurements and
simulations respectively. This is plotted in Fig. 6 and shown on a color scale
spanning 40 dB. In these plots an unaveraged, point wise, comparison between the
measurements and simulations is displayed.
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Figure 6: Difference between simulated and measured power density at different
reconstruction distances, from the data in Fig. 3-5.

Yet another visualization is to take a horizontal and vertical cut of the figures
presented in Figs. 3-5. This is shown in Fig. 7 for the 60 GHz measurements and in
Fig. 8 for the 28 GHz measurements. In these plots the simulated data is represented
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by solid lines and synthetic data is dashed. The different colors show different
distance where green is the closest and blue the furthest. The cuts were chosen such
that they both ran through the peak value.
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Figure 7: 60 GHz simulated, solid line, and reconstructed power density, dashed, for
different two cuts through the peak value of Fig. 5 and Fig. 4. Three distances are
displayed, 1 mm (green), 5mm (orange) and 10 mm (blue).



21

Horizontal Cut Vertical Cut
0 0
= —10p = 101
= =
= & )
ol £ 2
gl = a
C ~ —20 ~ 20
—
Aoz £
wn w
=] =
g &
S a0 -
740 1 AWS NN E EHllmA L 740 Il Il Il Il Il
—100 —50 0 50 100 —100 —50 0 50 100
Arbitrary Position / mm Arbitrary Position / mm
0 0
= —10p = —10p
= =
[3\] I 0
ol £ 2
gl = 2
Q| ~ —20| ~ 20
—
Aoz £
1] w
=] =
g 2
A a0 S a0
740 AN . N S———| T W L | B R—— L 740 - .\ iy % ' Il |
—100 —50 0 50 100 —100 —50 0 50 100
Arbitrary Position / mm Arbitrary Position / mm

Figure 8: 28 GHz simulated, solid line, and reconstructed power density, dashed, for
different two cuts through the peak value of Fig. 3. Three distances are displayed,
5mm (green), 10 mm (orange) and 20 mm (blue).

C Truncation of Singular Values

An example of how the singular values look for the 28 GHz mockup phone is seen
in Fig. 9. Here the singular values are plotted in a loglog scale. Different cuts of
the singular values are shown by the red lines. The inset figures show the result for
these different values of the tuning parameter, consequently including all singular
values up to the corresponding red line.

As evident by Fig. 9 there is a large difference between a parameter choice of
0.5 and 0.001. However, those values should never be considered as the tuning
parameter value. We choose a value around the knee of the plot [12]. Around the
knee it can be seen that the solution is fairly stable, even when altering the cut off by
a factor of 2. The graph as illustrated in Fig. 9 was similar for all cases throughout
the work and a cutoff value of 0.1 was selected for all presented data.
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Figure 9: Singular values, normalized to the maximal value, of the matrix obtained in
the 28 GHz mockup, plane 2, case. Inset figures display power density reconstruction
result for different choices of tuning parameters, displayed in the grey boxes.

D Investigations of Measurement Parameters

In Fig. 10 the results of an investigation of bandwidth, B, as well as the frequency
sampling 0 f, for one antenna on the 28 GHz mockup phone is shown. Each row
corresponds to a certain change of bandwidth or frequency sampling; The first row is
a reference measurement; For the second row the bandwidth is halved; The third row
has double the frequency spacing; the fourth row shows both a doubling in frequency
spacing and half bandwidth; the last row shows the situation where there is no time
gating or processing of the measured signal at all before applying the technique
presented in the manuscript. The different columns show the received signal in
time domain for a measured point in the center of the scanned plane. The second
column shows the reconstructed power density 5 mm away and the last column
shows the difference between the reconstructed field in column two and the reference
measurement, row 1 column 2, e.g. computed through |10-log,(Py) —10-1og;o ()|,
where m stands for measurement and s for simulation. The graphs are all shown on
a 40dB color scale.

Further investigations into sampling and frequency was carried out and is pre-
sented in Fig. 11. The first column shows the original, fully sampled, plane and
the second row, for each frequency, shows the difference between the fully sampled
and the result given a reduced sampling. The difference is computed as discussed
in |10log,o(Pm) — 10logyo(Pn)|). The three different frequencies are 27, 28 and
29 GHz and the measurement is conducted on a scan plane sampled on a 4n/5A,
n=1{1,2,3,4} grid.
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Figure 10: Reconstructed power density at 5mm, column 2, for different measure-
ment bandwidths and frequency sampling of a measurement of the 28 GHz mockup.
Time domain signal in column 1 and difference to reference measurement in the
third column.
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Figure 11: Reconstructed power density for three frequencies, rows, and four scan
resolutions, columns. The difference between the reference, first column, and the
other scan resolutions are seen in the second row of each frequency.

E Noise

In Fig. 12 the reconstruction for different values of Signal to Noise Ratio (SNR) is
shown. This graph was generated by taking the measurement data, with an unchar-
acterized level of noise, and adding additional white Gaussian noise corresponding
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Figure 12: Mean Difference, in dB, between simulated and measured power density
for different signal to noise ratios. The inset figures display the reconstructed power
density at certain values of SNR and the reference with no additional noise.

to a certain SNR value. The value on the y-axis is computed as the mean value of
the difference in dB, with the difference computed as |101og;(Pm) — 1010g,(Pu)|-
The inset figures depict the power density for different values of SNR.

F  Normalization

The reconstructed and simulated power densities are computed for a given plane with
a given grid. This normalization procedure used for Table 1 is done by summing
up the total power in the plane and then dividing each value in the grid with that
sum. Thus, the total energy in the plane is normalized to 1. This is done to
both simulations and the measurements before a comparison between them is made.
Following is an example, consider a measurement, and subsequent reconstruction of
the power density, P™, of a DUT in plane, A. The total observed energy in this
plane is then given by,
P, =Y [P™);dady,
i,
Here, {i,7} are the grid points and dz,dy is the discretization of the grid. The
normalized power density, P, using the normalization described is,
[P™]ig

[ I?(j)rm]i,j - PtI;I)lt )

A similar procedure is then followed for the simulated power.
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