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Abstract—OTA measurement techniques have, and will con-
tinue to have, a key role in evaluating the performance of
modern antennas and wireless devices. The new random line-
of-sight (random-LOS) measurement setup, offers the evaluation
of the OTA performance of different types of devices, for example
car antennas and small wireless devices in the random-LOS
environment. A plane wave is synthesized in the test zone of
the OTA setup, where the far-field of a radio base station can
be emulated. We present measurements and simulations of the
random-LOS OTA measurement setup employing a reflector
antenna, with a dual polarized linear array feed, operating at
the 28 GHz band. An analysis of the power and phase field
distributions in a cylinder and a circular test zone are presented.
The computed standard deviation of the power distribution is
approximately 1 dB within a circular test zone, with a diameter
of 0.3 m. The standard deviation of the phase, within the same
test zone, is less than 15 ◦. The radiation patterns of a horn
antenna have been measured in the random-LOS measurement
setup and shown a good agreement with the theoretical values.

Index Terms—Random-LOS, OTA, automotive communica-
tion, anechoic chamber, reflector antenna.

I. INTRODUCTION

W ITH the start of 5G and a future with higher data rates
and more connected devices, comes the demand for

reliable and accurate methods to evaluate the performance of
these devices. The higher data rates require larger bandwidths,
which drives the technology towards higher frequencies [1]. In
this work we focus on 28 GHz, which is one of the multiple
frequency bands that have been chosen for the deployment of
5G systems [2].

Devices that need to be evaluated in terms of performance
can for example be base stations and different types of user
equipments (UE), e.g., mobile phones or vehicular antenna

M. S. Kildal is both with the Department of Electrical Engineering,
Chalmers University of Technology, Gothenburg 412 96, Sweden and RanLOS
AB, Gothenburg 436 34, Sweden (e-mail: madeleine.kildal@chalmers.se).

S. M. Moghaddam is with the Department of Electrical Engineering,
Chalmers University of Technology, Gothenburg 412 96, Sweden (e-mail:
sadegh.mansouri@chalmers.se).

J. Carlsson is with Chalmers University of Technology, RanLOS
AB, as well as Provinn AB, Gothenburg 411 05, Sweden (e-mail:
jan.carlsson@provinn.se)

Jian Yang is with the Department of Electrical Engineering, Chalmers
University of Technology, Gothenburg 412 96, Sweden (e-mail:
jian.yang@chalmers.se)

A. A. Glazunov is with the Department of Electrical Engineering, Uni-
versity of Twente, P.O. Box 217, 7500 AE Enschede, The Netherlands
and he is also affiliated with the Department of Electrical Engineering
(E2), Chalmers University of Technology, Gothenburg, Sweden (e-mails:
a.alayonglazunov@utwente.nl, andres.glazunov@chalmers.se).

Manuscript received Month Date, Year; revised Month Date, Year.?

modules. Traditionally conducted measurements of such de-
vices become challenging to perform, due to the deep integra-
tion of antennas in devices and the lack of external connectors,
especially at higher frequencies. This necessitates the devel-
opment of over-the-air (OTA) measurements technologies for
5G and other applications. The OTA characterization of small
devices has been developed mainly for operation at sub-6 GHz
frequencies til now, with focus on three different types of
techniques. The first one is the multi-probe anechoic chamber
(MPAC) [3], [4], the second is the reverberation chamber
(RC) [5], [6], and the third is the two-stage method [7]. In [8]
is the MPAC system mentioned for OTA characterization at the
frequencies 24.25 GHz− 52.6 GHz. However, the MPAC sys-
tem requires channel emulators with many ports, which makes
the system expensive as the number of probes increase [9]. All
the aforementioned techniques are facing different challenges
in order to work at higher frequencies. An important aspect
is that the future measurement techniques need to be cost-
effective, as well as enable active system-level performance
evaluation.

As a result of the need for high-performance, cost-effective
and active system-level OTA characterization techniques of
wireless devices for 5G systems, a useful hypothesis has been
formulated in [10]: “If a wireless device is tested with good
performance in both pure-LOS and RIMP environments, it will
also perform well in real-life environments and situations, in a
statistical sense”. The two mentioned edge environments are
the rich isotropic multipath (RIMP) and the random line-of-
sight (random-LOS) environments. Following the hypothesis,
it means that the need for channel emulators with many ports
would be unnecessary, except for creating temporal variations.

The RIMP environment is an environment with many scat-
terers, which at the receiving side can be characterized by
several independent incoming plane waves [11]. This environ-
ment can be realized in a reverberation chamber (RC). During
the past twenty years the RC has been developed in order to
perform OTA characterization of system performance of active
devices [12]–[15].

The current paper focuses on the random-LOS environment.
The random-LOS environment is a type of pure line-of-sight
(LOS) environment, which can be emulated in traditional
anechoic (AC) or semi-anechoic chambers. However, in the
traditional pure-LOS environment both the transmitter and
the receiver are fixed. On the other hand, in random-LOS
the angle-of-arrival and the polarization of at most two in-
dependent and orthogonally polarized impinging waves are
random. The random-LOS environment can be viewed as an
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Fig. 1. Mechanical drawing of the cylindrical reflector antenna with the feed array tilted in front. The test zone, a cylinder with a circle inside, is shown in
front of the reflector antenna. The center point of the test zone has the coordinates (x, y, z) = (h, 0, Fr + d).

open environment where there is a strong LOS component,
e.g., between a base station and a user device. An example
of this is vehicular applications, where there is a dominating
LOS, contrasted to, e.g., an indoor RIMP environment with
mobile phones operating at sub-6 GHz frequencies. When
moving towards higher frequencies, the channel becomes more
directive with the use of beam forming. The randomness
comes from changes in the orientation and location of the user
device relative to the base station. This makes the angle-of-
arrival and polarization of the impinging waves random [10].
Since the user devices are operating in the far-field, the
performance evaluation should also be done in the far-field.
The plane wave field of the base station in the far-field can be
generated in different ways, for example with a planar array
antenna [16]–[18], or a reflector antenna [19], [20].

Previous research on the random-LOS environment has been
performed and is presented in [19]–[25]. In these references,
the focus was on a random-LOS measurement setup for
sub-6 GHz frequencies (750 MHz − 6 GHz) for automotive
application purposes. In [25], the sought plane wave behavior
for the random-LOS setup was realized by a planar array
antenna.

In this paper, we propose a random-LOS measurement setup
for the 28 GHz band. This setup is in principle a physically
smaller version of the one presented for sub-6 GHz [24], but
with a different design and detailed realizations, such as the
feed and corrugated ground plane. The setup consists of a
cylindrical reflector with a dual-polarized linear array feed, see
Fig. 1. The presented system can be used together with a base
station simulator to measure user equipment performance in
a random-LOS environment at, e.g., the 27.5 GHz–28.35 GHz
band. Since the random-LOS system generates a plane wave,
similar to a compact antenna test range (CATR) and a plane
wave synthesizer (PWS), it means that the system also could
be used for testing base stations. This means that the random-
LOS system would also fit into the 3GPP specification of
base station conformance testing [26] and the technical re-
port of radiated RF requirements of active antenna system
base stations [27]. Massive multiple-input multiple-output
(MIMO) or multi-user MIMO could be tested by using several

random-LOS OTA antenna systems to emulate different user
equipment. The overall aim of the random-LOS setup is to
provide an easy-to-use, cost-effective and simple solution for
evaluating the performance of different 5G wireless devices. In
this paper the performance of the setup is evaluated in terms of
power and phase distributions over a plane, as well as within
a volume in front of the reflector antenna, i.e., the test zone.

The central contributions of this paper are the following:
1) the realization of a random-LOS OTA test setup for the
28 GHz band, including a linear multilayer aperture-coupled
patch array as feed antenna; 2) the experimental validation of
the numerical Physical Optics (PO) simulations of the whole
measurement setup; 3) the evaluation of different test zone
size performances, in terms of power and phase distributions
within a plane and a volume for both horizontal and vertical
polarizations.

The random-LOS measurement setup is introduced in Sec-
tion II, where the reflector and feed array antennas are
described separately. Descriptions of the numerical and ex-
perimental field characterization of the system are given in
Section III. The results from the field characterization, together
with analyses are presented in Section IV. The conclusions of
the results are presented in Section V.

II. RANDOM-LOS OTA MEASUREMENT SETUP

The random-LOS OTA measurement setup presented in this
paper is using a reflector antenna, similar to a CATR [28].
CATR has traditionally been used to measure radiation patterns
of antennas in a compact setup, where a plane wave is realized
at a shorter distance compared to a normal far-field range.
In our setup we use a cylindrical reflector. The advantage
is that the system is modular and one can easily make the
cylindrical reflector wider, and by adding a longer feed array
the test zone width can easily be increased. It is also easier
to manufacture a cylindrical reflector than a spherical, which
often is used in CATR. In the random-LOS setup, we also want
to realize a plane wave, however, the objective is to evaluate
the device at system level by performing active measurements,
where statistical behavior is more relevant. In [29], it has been
shown how a CATR setup can be used in the future for active

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on July 14,2021 at 07:03:38 UTC from IEEE Xplore.  Restrictions apply. 



0018-926X (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2021.3076273, IEEE
Transactions on Antennas and Propagation

JOURNAL OF LATEX CLASS FILES, VOL. XX, NO. YY, NOVEMBER 2018 3

Connector

vertical

polarization

Connector

horizontal

polarization

Fig. 2. The fabricated prototype of the 64×1 feed array mounted in the metal
holder in front of the reflector antenna. For the feed array position relative
the reflector, see Fig. 3.

measurements, specifically when the positions of the antennas
within the DUT are unknown.

The random-LOS OTA measurement setup consists of two
main parts, a cylindrical reflector and a dual-polarized lin-
ear feed array antenna, shown in Fig. 1. Corrugations are
introduced between the feed array antenna and the reflector
antenna, in order to remove the effect of the ground plane. Four
additional corrugations are added to the outside of the feed
array antenna, see Fig. 2. Both the periodicity and the depth
of the corrugations are 3.5 mm, which allows the corrugations
to cover the bandwidth of the system.

The test zone is defined where the device under test will
be placed and where the distribution of the field is sought to
be mostly uniform with minimal fluctuations. It is centered in
front of the reflector antenna at y = 0 m and positioned at a
height h and a distance d, see Fig. 1. Most analyses of the test
zone will be done at h = 0.3 m, which corresponds to half
the height, hr, of the reflector antenna, and d = 1.15 m. The
center point of the test zone has the coordinates (x, y, z) =
(h, 0, Fr + d), where Fr is the focal depth of the reflector
antenna. The test zone is defined as a circle in the yz-plane,
as well as a cylindrical volume. Both the circle and the cylinder
have a diameter of wt, whereas the heights are ht = 0 m and
ht = 0.2 m, respectively.

A. Reflector

In order to have a large enough test zone, a cylindrical
paraboloidal reflector antenna is employed in this work. The
cylindrical reflector antenna has the length Lr = 0.8 m, height
hr = 0.6 m and focal depth Fr = 0.3 m, and a shape given
by z(x, y) = x2/(4Fr), as shown in Fig. 1.

The mechanical design of the reflector antenna consists
of three extruded aluminum profiles giving the reflector its
shape. The three profiles are mounted together to provide
the overall shape of the reflector and then the front part of
the reflector is covered by a sheet metal plate to realize a
smooth reflector surface. The base of the reflector is mounted
on the corrugation profiles that also keeps the whole structure

𝑧

𝑥

𝑦

Fig. 3. A photography of the manufactured reflector antenna in the mea-
surement setup with the horn antenna probe mounted on the 2D positioning
grid.

mechanically stable. The manufactured reflector antenna is
shown in Fig. 3.

B. Feed Array

A linear array feed is designed to illuminate the cylindrical
reflector antenna. Furthermore, since a dual-polarized system
is desirable, the linear array also needs to be dual-polarized.
Various dual-polarized antennas have been proposed in the
literature. Some examples are tapered slot antennas [30],
[31], crossed-dipoles [32], [33], Magneto-Electric Dipoles
(MEDs) [34]–[36] and multilayer aperture-coupled patch an-
tennas [37]–[39]. All these antenna types have their own
advantages and disadvantages and are suitable for different
applications. The antenna type that was found most suitable
for the feed array in this paper was the multilayer aperture-
coupled patch antennas. In these patch antennas, two orthogo-
nal apertures excite a patch on the top. The compact structure
of these antennas makes them a versatile candidate to be used
as the unit cell for linear array antennas, especially for mm-
Wave frequencies.

The length of the linear feed array is bounded by the length
of the reflector antenna, Lr = 0.8 m. For easier design of
the feeding network, it is suitable to have the total number
of elements in the array as N = 2n, where n is an integer
number.

1) Feed Array Unit Cell Design: The geometry of the dual-
polarized unit cell of the linear feed array is shown in Fig. 4,
with the corresponding dimensions in Table I. The unit cell has
been simulated assuming an infinite periodic boundary in the
longitudinal direction of the array using the CST Microwave
Studio software. In order to avoid the appearance of grating
lobes, the element spacing, de, was set to 0.66λ at 30 GHz,
which gives de = 6.6 mm. The unit cell is designed in
a fully planar structure, with the substrate Astra MT77 of
thickness 0.93 mm and relative permittivity εr = 3. Two H-
shaped slots are used to couple the electromagnetic fields
from the microstrip line at the bottom of the ground plane to
the radiating patch on the top. Here we define the horizontal
polarization as the one along the array axis, and the vertical
polarization as the one in the transverse plane of the array.
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Fig. 4. The geometry of the dual-polarized unit cell of the linear feed array.
(a) 3D view. (b) Top view showing the radiating patch, the H-shaped slots
and microstrip feed lines.

TABLE I
OPTIMIZED PARAMETERS OF THE UNIT CELL OF THE LINEAR FEED

ARRAY. THE UNITS OF THE PARAMETERS ARE GIVEN IN [MM].

Parameter Value Parameter Value

A 100 G 0.1
B 3.27 H 0.28
C 2.59 I 0.83
D 0.98 J 0.51
E 1.24 K 1.43
F 0.2 L 0.33

The element spacing 6.6 mm gives an array length of
0.42 m when the linear array contains 64 elements. In order
to provide enough space for a 64 × 1 feeding network for
each polarization, the width of each unit cell, A, is extended
to 100 mm. This extension causes the appearance of a surface
wave on the dielectric substrate, resulting in a distortion of the
radiation pattern for the vertical polarization. To suppress the
surface wave, three rows of electromagnetic band-gap (EBG)
mushroom arrays are used [40], see Fig. 4. The mushrooms
are square shaped with a width of 1.07 mm, a via diameter of
0.3 mm and a periodicity of 1.64 mm. The addition of these
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Fig. 5. Simulated results of the unit cell of the feed array and the ideal 64×1
array. (a) The active scattering parameters of the unit cell. (b) The realized
gain of an ideal 64 × 1 array for both polarizations.

mushrooms improves the radiation pattern of the unit cell for
the vertical polarization while maintaining the radiation pattern
of the horizontal polarization.

2) Feed Array Simulations: The simulated active reflec-
tion coefficient for both polarizations including the coupling
between the elements is shown in Fig. 5(a). As shown, the
unit cell provides a reflection coefficient less than −10 dB
over 27 − 28.7 GHz, while the isolation between the two
polarizations is better than 34 dB over the same band. The
simulated realized gain of the array is shown in Fig. 5(b). It
should be mentioned that the insertion loss of a 64×1 feeding
network has not been considered for the calculation of the
realized gain in Fig. 5(b). The estimated insertion loss for the
feeding network is in the order of 16 dB. It can be seen that the
realized gain of the vertical polarization is around 2 dB higher
at 28 GHz, than the one for the horizontal polarization. So with
this feed array design there will be a polarization imbalance
in the random-LOS system. The polarization imbalance arises
from the difference in the radiation patterns for the two
polarizations, see Fig. 6. This can be solved, e.g., by using
a frequency dependent attenuator for the vertical polarization,
or a redesign of the feed array to get equal gain for the two
polarizations. In this paper, the polarization imbalance has
been left for future work.

The simulated normalized radiation patterns of an ideal
64 × 1 array in the transverse and longitudinal planes are
shown in Fig. 6. As can be seen, the radiation patterns for both
polarizations are fairly similar and have a cross-polarization
level of less than −20 dB. These radiation patterns give rise
to an illumination taper at the top edge of the reflector of
5.5 dB and 0.8 dB for the vertical and horizontal polarizations,
respectively. The illumination taper on the side edges of the
reflector is larger than 40 dB for both polarizations.

3) Feed Array Measurements: The fabricated prototype of
the 64 × 1 array mounted in the metal holder in front of the
reflector antenna, is shown in Fig. 2. Two 64 × 1 corporate
feeding networks are designed to excite each polarization.
All the elements of the array are excited with the same
amplitude and phase. Three extra open elements are added
on each side of the array to improve the edge effect of the
elements on the sides. A 2.92 mm PCB launch connector
from SPINNER is used as the coaxial port. The radiation
patterns of the feed array antenna prototype were measured
inside an anechoic chamber (AC) at Chalmers University
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Fig. 6. The normalized radiation pattern in the transverse and longitudinal
planes of an ideal 64 × 1 array at 28 GHz, for the vertical (blue) and the
horizontal (red) polarizations. The main beam is shown more in detail in the
smaller figures inside the larger ones. (a) Simulated and measured normalized
radiation pattern in the transverse plane for the vertical polarization. (b)
Simulated and measured normalized radiation pattern in the transverse plane
for the horizontal polarization. (c) Simulated normalized radiation pattern in
the longitudinal plane for the vertical polarization. (d) Simulated normalized
radiation pattern in the longitudinal plane for the horizontal polarization.

of Technology, in Gothenburg, Sweden. The AC has the
dimensions of 2.0 m× 3.5 m× 5.5 m (height×width×length).
The measured normalized radiation patterns of the array in the
transverse plane are compared with the simulated ones of the
ideal 64× 1 array in Fig. 6(a)-(b). The ideal array means that
the array is simulated without the feeding network. As can be
seen, the measured results are in a good agreement with the
simulations. The discrepancies of the measurements from the
simulated radiation patterns, especially for the cross polarized
components are mainly due to the back radiation of the array
and the lack of proper absorbers behind the array during the
measurements. The AC was not large enough to measure the
radiation pattern in the longitudinal plane, due to the large
far-field distance of the array compared to the small size of
the AC.

4) Mounting of Feed Array: The feed array of the reflector
is placed in such a way that the phase center of the patch
elements in the array is located at the focal line of the reflector.
The tilting of the patch array is set by θf = 55 ◦, to achieve
the desired illumination of the reflector. The feed array was
thereby mounted on a tilted (θf = 55 ◦) metal structure in
the focal line of the reflector antenna, shown in Fig. 1 and
Fig. 2, respectively. The metal structure blocks the bottom
0.07 m of the reflector antenna. Between the array and the
metal holder thin absorbers were placed to remove the effect
of the metal structure, by absorbing the back radiation of the
feed array. The two connectors of the array were mounted in
the center of the array. On the backside of the array where
the two connectors were emerging, two 0.5 m cables were
mounted. These cables were connected to two through adapters

on the side of the metal structure of the reflector setup, for
easier measurement access. The VNA cables were then later
connected to these adapters.

III. RANDOM-LOS SYSTEM EVALUATION

A. Numerical Characterization

The field distributions within the test zone, created by the
reflector antenna setup, have been simulated using a Physical
Optics (PO) algorithm implemented in Matlab. Previously,
other simulation tools for simulating the full reflector have
been tested, such as the CST Microwave Studio - Method
of Moments (MoM) solver, as well as the WIPL-D MoM
software. They have both provided similar results as the
presented simulation results obtained with the PO code in
this paper. A short description of the PO code is given in
the next paragraphs, however a more detailed description can
be found in [24]. In [24] are also figures found for how the
incident, scattered and total field looks like, including the edge
diffraction of the reflector.

The embedded radiation pattern of the elements in the linear
feed array were simulated using CST Microwave Studio. In
order to simulate the effect of the absorbers, the simulated
embedded radiation pattern includes no metal on the back,
but instead a magnetic conductor (PMC). In the simulations,
there are nine corrugations on each side of the array. The
far-field pattern of the embedded elements were then used
for the PO-simulations. The simulated far-field pattern of the
corresponding full 64× 1 array is shown in Fig. 6.

In the PO-simulations, the reflector surface was emulated
by a grid of squares with a side length of λ/2. The incident
magnetic field on the reflector surface was obtained from the
embedded radiation pattern of the elements in the linear feed
array. From the incident magnetic field was the PO current
computed, and from the PO current was then the scattered
field, Es, from the reflector computed using formulas in [11,
Sec. 4.2]. The total field Et in the test zone was achieved
by summing the scattered field Es from the reflector with the
incident field Ei from the direct radiation of the elements in
the linear feed array. Simulations have been performed over
the frequencies f = 27− 29 GHz.

The corrugations and the metal holder of the feed array
were not included in the PO simulations with the reflector,
they were only included in the embedded far-field pattern
of the elements themselves. The radiation from the bottom
0.07 m of the reflector is in reality blocked by the feed array
and its holder, however, as the holder is not part of the
PO-simulations, it means that the blocking is not taken into
account in the simulations.

The total field Et has been simulated in a grid volume
covering x ∈ [0.05 m, 0.55 m], y ∈ [−0.25 m, 0.25 m] and
z ∈ [1.2 m, 1.7 m]. The origin of the coordinate system is
shown in Fig. 1, where it is positioned in the center of the
base of the reflector. The grid spacing dx,y,z was uniform with
dx = dy = dz = 5 mm, corresponding to λ/2 at 30 GHz. The
total number of grid points in this volume is 1030301.
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B. Experimental Characterization

Measurements to validate the PO simulations were carried
out on a prototype (reflector and feed array), see Fig. 1 and
Fig. 3. The validation was performed in the same AC that
the linear feed array was measured. The measurements were
performed by measuring the complex transmission coefficient
S21 (both amplitude and phase) between the ports of the feed
array of the reflector antenna and the port of a standard gain
horn antenna, SAGE Model SAR-2507-28-S2. The standard
gain horn antenna was used as a probe for measuring the field
distribution. The aperture of the horn has the dimension of
58.7 mm×73.1 mm. The S21 was measured using an Agilent
Technologies E8363B Vector Network Analyzer (VNA). The
transmission coefficient, in complex form, of the cables from
the VNA to the setup, were measured and removed from the
measurement results in the post-processing.

The measurements were done with a frequency sweep of
25 GHz − 30 GHz and 401 frequency points. This gives a
frequency resolution of 12.5 MHz and a corresponding time
resolution of 0.2 ns.

The field in the test zone was sampled using the standard
gain horn, which was mounted on a height adjustable plastic
holder. The holder was in turn fastened on a 2D positioning
grid with two stepper motors, see Fig. 3. The 2D positioner
could move the holder, and therefore the antenna, in the
yz-plane. Grid planes were sampled in the yz-plane at five
different heights h. The size of the planes were 0.5 m×0.5 m,
covering y ∈ [−0.25 m, 0.25 m], z ∈ [1.2 m, 1.7 m]. The
grid spacing was dy = dz = 5 mm for the plane at height
h = 0.3 m, and dy = 10 mm and dz = 25 mm for the other
heights h = 0.2 m, 0.25 m, 0.35 m, 0.4 m. In total 14485 grid
points were measured for each polarization.

IV. RESULTS AND ANALYSIS

A. Post-processing of Measurements

The measurements included some unwanted reflections that
can be seen in the impulse response of the measured transmis-
sion for each grid point. The frequency and impulse response
for the grid point with the coordinates (0.3 m, 0 m, 1.45 m) are
shown in Fig. 7 for both polarizations.

After a thorough investigation, by doing additional mea-
surements, we found that the unwanted reflections came from
the back of the connector on the feed array, the base of the
reflector, as well as the holder of the horn, the horn itself or
the connector of the horn.

The reflection from the connector on the feed array is only
present for the vertical polarization, see Fig. 7(c) at τ = 7 ns.
The back radiation from the vertical connector radiates in the
positive z-direction towards the test zone, whereas the back
radiation from the horizontal connector radiates in the negative
x-direction and is thereby not affecting the measurements.
The reflection due to the vertical connector can be removed
by using a shielding plate, under the array, covering the
connectors, see Fig. 1. The prototype, however, did not have
the shielding plate on the back of the feed array holder.

The reflection in the base of the reflector comes from the
fact that the feed array is blocking the bottom part of the
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Fig. 7. Top row shows the measured frequency response and the bottom row
shows the measured impulse response. The results are presented both as origi-
nal (unfiltered) and filtered data for both the vertical (x) and the horizontal (y)
polarization for the grid position with the coordinates (0.3 m, 0 m, 1.45 m).
(a) Frequency response for the x-polarization. (b) Frequency response for
the y-polarization. (c) Impulse response for the x-polarization. (d) Impulse
response for the y-polarization.

reflector, see Fig. 1, and a part of the radiation is thereby
reflected back into the feed from the reflector. This reflection
is stronger for the horizontal polarization, than for the vertical
polarization, see Fig. 7(c)-(d) at τ = 12 ns. The stronger
reflection for the horizontal polarization can be explained
by the wider radiation pattern, see Fig. 6(a)-(b), giving an
illumination of the bottom part of the reflector. This reflection
is the one giving the strong ±2 dB standing wave variation in
Fig. 7(b). This reflection can be reduced, e.g., by placing an
absorber strip of 0.04 m height on the base of the reflector, or
re-designing the feed array with a narrower radiation pattern
in elevation. Simple manufacturing and mounting is the reason
that further offset of the feed was not considered.

The reflections present in the interval τ ∈ [22 ns,−23.5 ns]
in both Fig. 7(c)-(d) are reflections from the holder of the horn,
the horn itself or the connector of the horn. The reflection
from the holder of the horn could be removed by covering
the holder with absorbers. The only reflection that cannot be
removed in the setup are the reflections from the AUT itself.
The impact of the reflection in the AUT will differ between
different AUTs.

The impact of all the reflections described in the previous
paragraphs were filtered away in the post-processing. The
results will be shown as both original unfiltered data and
filtered data, where the reflections are removed. The filtering
is done in the time-domain, where the known and described
reflections in the previous paragraphs are suppressed, and
thereafter the data is transferred back to the frequency-domain.
The comparison between the original and filtered data for the
frequency and impulse response for the grid position with the
coordinates (0.3 m, 0 m, 1.45 m) is shown in Fig. 7.

For each grid position, a theoretical impulse response has
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been produced, by taking the inverse Fourier transform of a
first order polynomial fitted to the absolute value of S21. The
inverse fast Fourier transform built-in function in Matlab, ifft,
is used. The offset is calculated between this theoretical and
the original impulse response. The unwanted reflection peaks
are identified in the impulse response for each grid position,
based on the knowledge of their distance to the main peak.
In the filtered impulse response are the reflection points set to
the corresponding theoretical impulse value times the offset,
see the difference between the original unfiltered and filtered
impulse response in Fig. 7. For the reflection corresponding
to the vertical connector is the reflection peak and an interval
of ±0.2 ns set to the theoretical value. For the reflection in
the base of the reflector is the main reflection point with
an interval of ±1 ns set to the theoretical value. For the
reflection of the horn and the holder is the main reflection
peak with an interval of ±2 ns set to the theoretical value. The
filtered frequency response is acquired by taking the filtered
impulse response and applying the Matlab built in fast Fourier
transform function, fft.

The measurements were performed over several days, there-
fore the measured phase drifted slightly over the course of
the measurements. This phase drift has been numerically post
processed out in the presented phase plots.

B. Test Zone

In the far-field, the wave propagation can be approximated
by a plane wave. A plane wave has no variation in amplitude
or phase over a wavefront plane, and propagates according to
the propagation factor e−jkz along the propagation direction,
z, and with the wavenumber k = 2π/λ. A perfect plane wave
is not possible to generate, with a limited antenna aperture
and short distance from the antenna. In reality for this OTA
measurement setup, our goal is to get as close as possible to
the ideal plane wave case.

The figures in the following section are presented as normal-
ized power P and phase φ. The normalization factors are the
mean values of data points taken from the presented figures.

The simulated and measured field distributions at 28 GHz
in terms of normalized power P and phase φ, in the test zone
are shown in Fig. 8 and Fig. 9 respectively. The vertical and
horizontal polarization are denoted by the subscripts x and
y respectively, see Fig. 1. P is the normalized power and is
defined as Px = |Ex|2 and Py = |Ey|2 for the simulations.
The phase, φ, is defined as φx = arg{Ex} and φy = arg{Ey}
for the simulation results. The theoretical depth variation of
the phase in the propagation direction (z) has been removed.
The measured results are presented both as the original un-
filtered data and the filtered data where the known unwanted
reflections, described in Sec. IV-A, have been removed from
the impulse response. The field distributions in Fig. 8-9 are
presented in the yz-plane for y ∈ [−0.25 m, 0.25 m] and
z ∈ [1.2 m, 1.7 m] at the height x = 0.3 m.

The simulated field distributions along the xy-plane par-
allel to the aperture of the reflector at 28 GHz in terms of
normalized power P and phase φ, are shown in Fig. 10 and
Fig. 11, respectively. The xy-plane is located at a distance
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Fig. 8. Simulated (top row) and measured (middle and bottom row) field
distributions, in the yz-plane in front of the reflector at height x = 0.3 m,
in terms of normalized power P for the vertical (x) and horizontal (y)
polarization. The results are presented for f = 28 GHz. The measured
field distributions are shown as the original measured data (middle row) as
well as the filtered data (bottom row). (a) Simulated power distribution for
the x-polarization. (b) Simulated power distribution for the y-polarization.
(c) Measured power distribution for the x-polarization. (d) Measured power
distribution for the y-polarization. (e) Filtered measured power distribution
for the x-polarization. (f) Filtered measured power distribution for the y-
polarization.

z = 1.45 m and spans over x ∈ [0.05 m, 0.55 m] and
y ∈ [−0.25 m, 0.25 m].

In Fig. 12 the simulated and measured field distributions at
28 GHz, in terms of normalized power P along a parallel line
along y in front of the reflector, are shown. The corresponding
results for the parallel line in terms of phase, φ, is shown in
Fig. 13. The power and phase behavior along this parallel line
determines how plane the wave is. The flatter the line is, the
closer it is to a plane wave. The plots correspond to the data
in Fig. 8 and Fig. 9 at z = 1.45 m. The plots are shown as
normalized power and normalized phase values. There is a
larger difference between the measured and simulated phase
data for the vertical polarization in Fig. 13(a), compared to
the horizontal polarization in Fig. 13(b). This difference can
be explained by the setup of the 2D positioning grid. These
measurements are extremely sensitive to the alignment of the
2D positioning grid, which ideally should sweep the probe
exactly parallel to the aperture of the reflector. A shift of
1 mm in positioning will give a phase error of 33 ◦. Since the
measurements for the different polarizations were performed
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Fig. 9. Simulated (top row) and measured (middle and bottom row) field
distribution in the yz-plane in front of the reflector at height x = 0.3 m,
in terms of normalized phase φ for the vertical (x) and horizontal (y)
polarization. The results are presented for f = 28 GHz. The measured
field distributions are shown as the original measured data (middle row) as
well as the filtered data (bottom row). (a) Simulated phase distribution for
the x-polarization. (b) Simulated phase distribution for the y-polarization.
(c) Measured phase distribution for the x-polarization. (d) Measured phase
distribution for the y-polarization. (e) Filtered measured phase distribution
for the x-polarization. (f) Filtered measured phase distribution for the y-
polarization.
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Fig. 10. Simulated distributions, in the xy-plane in front of the reflector at
distance z = 1.45 m from the reflector, in terms of normalized power P
for the vertical (x) and horizontal (y) polarization. The results are presented
for f = 28 GHz. (a) Simulated power distribution for the x-polarization. (b)
Simulated power distribution for the y-polarization.

at different days, where the 2D positioning grid was taken
down and set up again in between, it means that there can be
a difference in how well the positioning grid was aligned.

Similarly, the field variations in height, along x at 28 GHz,
in terms of normalized power P , is shown in Fig. 14. The
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Fig. 11. Simulated distributions, in the xy-plane in front of the reflector at
distance z = 1.45 m from the reflector, in terms of phase φ for the vertical (x)
and horizontal (y) polarization. The results are presented for f = 28 GHz.
(a) Simulated phase distribution for the x-polarization. (b) Simulated phase
distribution for the y-polarization.
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Fig. 12. Field distributions, in terms of normalized power P , along a line
parallel with y, located at x = 0.3 m, z = 1.45 m, in front of the reflector.
The results are presented at 28 GHz for the vertical (x) and horizontal
(y) polarization. (a) Power distributions for the x-polarization. (b) Power
distributions for the y-polarization.

-0.2 -0.1 0 0.1 0.2

-30

-20

-10

0

10

20

30

Sim

Meas

(a)

-0.2 -0.1 0 0.1 0.2

-30

-20

-10

0

10

20

30

Sim

Meas

(b)

Fig. 13. Field distributions, in terms of phase φ, along a line parallel with
y, located at x = 0.3 m, z = 1.45 m, in front of the reflector. The results
are presented at 28 GHz for the vertical (x) and horizontal (y) polarization.
(a) Phase distributions for the x-polarization. (b) Phase distributions for the
y-polarization.

corresponding results for the phase, φ, is shown in Fig. 15.
No measurement data is shown for the phase, since only five
samples were measured in height. It can be seen that the
simulated and measured variations are within the same range
in Fig. 14, even though the curves do not follow each other
exactly. This can be explained by i) too few measurement
samples and ii) measuring errors in the height. The difference
between the vertical and the horizontal polarization arises
from the difference in radiation patterns of the elements for
the two polarizations. The horizontal polarization performs
worse than the vertical polarization, because the value of
the illumination taper is lower. Improvement of the radiation
pattern and illumination taper for the horizontal polarization
is left for future work.
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Fig. 14. Field distributions, in terms of normalized power P , in height along
x in front of the reflector, at y = 0 m, z = 1.45 m, for the vertical (x)
and horizontal (y) polarization. The results are presented at 28 GHz. (a)
Power distributions for the x-polarization. (b) Power distributions for the y-
polarization.
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Fig. 15. Field distributions, in terms of phase φ, in height along x in front
of the reflector, at y = 0 m, z = 1.45 m, for the vertical (x) and horizontal
(y) polarization. The results are presented at 28 GHz. (a) Phase distributions
for the x-polarization. (b) Phase distributions for the y-polarization.

TABLE II
POWER VARIATION IN TERMS OF MAXIMUM VARIATION, ∆max(P ), OVER

THE PARALLEL LINE, y = [−0.15 m, 0.15 m], AND STANDARD
DEVIATION, σdB(P ), OVER THE CIRCULAR PLANE AS WELL AS IN THE

CYLINDRICAL VOLUME (ht = 0.2 m), BOTH WITH wt = 0.3 m. THE TEST
ZONES ARE CENTERED AT h = 0.3 m AND d = 1.15 m.

P [dB]

Ver. pol. Hor. pol.

Sim Meas Meas Sim Meas Meas
(Orig) (Filt) (Orig) (Filt)

∆max Line 2.8 2.9 - 2.8 3.8 -

σdB
Circle 1.1 0.9 0.8 0.9 1 0.8

Cyl. 1.2 1.2 1 1.4 1.1 1

The results for the power and phase variation from Fig. 12
and 13 are summarized in Table II and Table III for the
line y = [−0.15 m, 0.15 m]. The variation is defined as
∆max, which is the maximum variation, in terms of power
or phase, in the defined interval. In Table II it is seen that the
measured value ∆max for the horizontal polarization stands
out compared to the other data. This can be explained by the
slightly shifted measurement curve in Fig. 12(b), compared to
the simulated data. If one looks at the maximum variation for
y = [−1.65 m, 1.35 m], which is still a width of wt = 0.3 m,
we have a maximum variation of 3 dB, which is in line with
the other data in the table.

TABLE III
PHASE VARIATION IN TERMS OF MAXIMUM VARIATION, ∆max(φ), OVER

THE PARALLEL LINE, y = [−0.15 m, 0.15 m], AND STANDARD
DEVIATION, σdB(φ), OVER THE CIRCULAR PLANE AS WELL AS IN THE

CYLINDRICAL VOLUME (ht = 0.2 m), BOTH WITH wt = 0.3 m. THE TEST
ZONES ARE CENTERED AT h = 0.3 m AND d = 1.15 m.

φ [deg]

Ver. pol. Hor. pol.

Sim Meas Meas Sim Meas Meas
(Orig) (Filt) (Orig) (Filt)

∆max Line 30 39 - 28 32 -

σdB
Circle 8 11 10 8 12 12

Cyl. 10 - - 9 - -

C. Standard Deviation

The standard deviation (STD) σdB of the power within
the test zone has been calculated in dB according to the
formula [41]

σdB(P ) = 5 log

(
1 + σ(P )

1− σ(P )

)
, (1)

where σ is the STD of the normalized power P in linear
units. P is acquired by normalizing the power with its mean.
The STD of the phase, σ(φ), has been calculated on phase
values, where the theoretical depth variations of the phase in
the propagation direction (z) has been removed.

The measured and simulated σdB(P ) for the circular yz-
plane, visualized in Fig. 8, as well as for a cylinder with
height ht = 0.2 m, at h = 0.3 m and d = 1.15 m, are shown
in Fig. 16 as a function of the test zone diameter, wt. The
simulated and measured STD curves presented for the yz-
plane are calculated based on the same positions. The STD of
the cylinder is calculated for the volume of x ∈ [0.2 m, 0.4 m],
y ∈ [−0.25 m, 0.25 m] and z ∈ [1.2 m, 1.7 m], where the
simulated and the measured data are obtained on different
grids, but covering the same volume. The simulated case is
based on an evenly spaced grid in the defined volume, with
dx = dy = dz = 5 mm, whereas the measurements are based
on a grid of dx = 50 mm, dy = 10 mm and dz = 25 mm.

In the measurements, a standard gain horn is used to
sample the field distributions. The horn aperture covers a
larger field area than just the grid point. This means that
the field distributions we record, in practice are the average
field distributions over the horn aperture. This will give a
slightly smoother field distribution in the measurement results
compared to the simulated ones. This can also be seen in
Fig. 8, where it is hard to catch the detailed field variations
in the measurements, compared to the simulations. This effect
can also be seen in Fig. 16, where the measured σdB(P ) is
lower than the simulated, and a larger test zone can be achieved
for the same σdB(P ).

The measured and simulated σ(φ) for the circular yz-plane
shown in Fig. 9 as well as for a cylinder with ht = 0.2 m,
h = 0.3 m and d = 1.15 m, are shown in Fig. 17 as a function
of the test zone diameter. The grid samples used in the STD
calculations are the same as for Fig. 16. However, the STD
of the phase for the measured volume could not be presented,
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Fig. 16. Field distributions, in terms of standard deviation (STD) of the
simulated and measured normalized power P , as a function of the test zone
diameter, wt, at 28 GHz. Results are shown for both the circular plane (top
row) as well as the cylinder, with height ht = 0.2 m, (bottom row). The
test zone is located at h = 0.3 m and d = 1.15 m, for both the plane and
the volume. The results for the vertical polarization (x) is shown in the left
column and the horizontal polarization (y) is shown in the right column. (a)
σdB(Px) of the circular plane for the x-polarization. (b) σdB(Py) of the
circular plane for the y-polarization. (c) σdB(Px) of the cylinder for the
x-polarization. (d) σdB(Py) of the cylinder for the y-polarization.
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Fig. 17. Field distributions, in terms of standard deviation (STD) of the
simulated and measured phase φ as a function of the test zone diameter, wt,
at 28 GHz. Results are shown for both the circular plane (top row) as well as
the cylinder, with height ht = 0.2 m, (bottom row). The test zone is located
at h = 0.3 m and d = 1.15 m, for both the plane and the volume. The results
for the vertical polarization (x) is shown in the left column and the horizontal
polarization (y) is shown in the right column. (a) σ(φx) of the circular plane
for the x-polarization. (b) σ(φy) of the circular plane for the y-polarization.
(c) σ(φx) of the cylinder for the x-polarization. (d) σ(φy) of the cylinder
for the y-polarization.

since the sampling was done too sparse to be able to remove
the depth distributions of the phase in an accurate way.
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Fig. 18. Field distributions, in terms of standard deviation (STD) of the
simulated and measured normalized power P in the circular test zone as a
function of the frequency. The test zone has wt = 0.3 m and is located at
h = 0.3 m and d = 1.15 m. (a) σdB(Px) of the circular plane for the
x-polarization. (b) σdB(Py) of the circular plane for the y-polarization.
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Fig. 19. Field distributions, in terms of standard deviation (STD) of the
simulated and measured phase φ in the circular test zone as a function of
the frequency. The test zone has wt = 0.3 m and is located at h = 0.3 m
and d = 1.15 m. (a) σ(φx) of the circular plane for the x-polarization. (b)
σ(φy) of the circular plane for the y-polarization.

The results for the STD in power and phase from Fig. 16
and 17 are summarized in Table II and Table III, for both the
circular and cylindrical test zone, with wt = 0.3 m. It can be
seen that the measured data are in line with the simulated data.

The simulated and measured σdB(P ) in the circular test
zone in the yz-plane is shown as a function of frequency in
Fig. 18. The corresponding σ(φ) is shown in Fig. 19. The
STDs are shown for a test zone with wt = 0.3 m, located at
h = 0.3 m and d = 1.15 m.

The simulated and measured σdB(P ) in the circular test
zone in the yz-plane is shown as a function of the distance
d from the feed array in Fig. 20. The corresponding σ(φy)
is shown in Fig. 21. The STDs are shown for f = 28 GHz
and a test zone with wt = 0.3 m and h = 0.3 m. The whole
interval shown in the figures were not measured, therefore the
measured data is shown for a smaller interval compared to the
simulated ones.

D. Radiation Pattern Measurement Using the System

The field distribution results have been complemented by
measurements of the radiation pattern of a known antenna
using the random-LOS measurement setup. To be able to get
a good measure of the radiation pattern of an antenna, the
antenna needs to be measured in a far-field setup, a plane
wave setup, or a near-field to far-field transformation needs to
be performed. Since the random-LOS setup strives to generate
a plane wave, it is possible to measure the radiation pattern
of a known antenna in the random-LOS setup.
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Fig. 20. Simulated and measured standard deviation (STD) of the normalized
power P in the circular test zone as a function of the distance d from the feed
array at 28 GHz. The test zone has wt = 0.3 m and is located at h = 0.3 m.
(a) σdB(Px) of the circular plane for the x-polarization. (b) σdB(Py) of the
circular plane for the y-polarization.
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Fig. 21. Simulated and measured standard deviation (STD) of the phase φ
in the circular test zone as a function of the distance d from the feed array
at 28 GHz. The test zone has wt = 0.3 m and is located at h = 0.3 m. (a)
σ(φx) of the circular plane for the x-polarization. (b) σ(φy) of the circular
plane for the y-polarization.

The measured radiation pattern of the standard gain horn
antenna, SAGE Model SAR-2507-28-S2, as a function of the
boresight angle θ, using the random-LOS setup is shown in
Fig. 22(a). The angle resolution for the measurement was 1
degree. The co- and cross-polar E- and H-planes are illus-
trated in this figure. It can be seen that the port-isolation on the
reflector is better than 20 dB. The E- and H-plane curves have
been normalized to get the same maximum magnitude 0 dB.
It should be mentioned that there is a gain unbalance of 5 dB
between the horizontal and the vertical port on the reflector,
which is not visible in the plot. This gain difference originates
from the feed array, as well as from the reflection in the base of
the reflector, which was explained in Section IV-A. This gain
unbalance for the two polarizations is to be solved for future
work. The measured radiation patterns of the standard gain
horn antenna compared to the theoretical curves are shown in
Fig. 22(b). The results are normalized for easier comparison.

The mean squared error, MSE, between the theoretical and
measured radiation pattern for the standard gain horn was
calculated using

MSE =
1

n

n∑
i=1

(Xi − Yi)2 , (2)

where Xi are the theoretical linear values of the radiation
pattern and Yi are the measured linear values of the radiation
pattern. The differences between the theoretical and measured
radiation pattern values are calculated for all the n angles θ
and summed to get the MSE value. Including all the measured
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Fig. 22. Radiation pattern of the standard gain horn at 28 GHz, measured
with the random-LOS measurement setup, shown as a function of the boresight
angle θ. (a) Measured co- and cross-polar E- and H-plane of the standard
gain horn. (b) Measured and theoretical E- and H-plane. A zoom in of the
main beam is shown in (b).

angles, ±90 ◦, gives the MSE = 0.12 % for the E-plane and
0.02 % for the H-plane. For the smaller angle interval, ±45 ◦,
we get MSE = 0.08 % for the E-plane and MSE = 0.02 %
for the H-plane.

V. CONCLUSIONS

Simulations and measurements give similar results and show
that a standard deviation of 1 dB of the power distribution can
be realized within a circular test zone diameter of 0.3 m for
the 28 GHz random-LOS measurement setup. For a cylinder is
the corresponding value less than 1.5 dB for a height of 0.2 m.
These values have been confirmed with measurements for the
manufactured system. The standard deviation of the phase
distribution within the same circular test zone and volume is
less than 15 ◦.

It has also been shown that it is possible to measure the
radiation pattern of an antenna with good agreement to the
theoretical, using a random-LOS measurement setup.

All these results are very promising for the future of the
random-LOS measurement setup and the continuation into
active OTA measurements. A test zone diameter of 0.3 m and
height 0.2 m can be suitable for many wireless devices at
28 GHz.
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