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Abstract—This article presents measurement guidelines and
verification procedures for antenna cross-polarization discrimi-
nation (XPD) and penetration loss measurements for millimeter
wave (mmWave) channel sounder systems. These techniques
are needed to ensure accurate and consistent measurements by
different researchers at different frequencies and bandwidths.
Measurements at 73 GHz are used to demonstrate and verify the
guidelines, and show the consistency of the antenna XPD factor
and the penetration loss at different transmitter-receiver (T-R)
separation distances, thus providing a systematic method that
may be used at any frequency for reliable field measurements.
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I. INTRODUCTION

Recent wireless systems have employed high gain, narrow
beamwidth dual-polarized antenna architectures to exploit
channel diversity with orthogonally-polarized propagating
signals [1]. Furthermore, wideband mmWave networks will
require site-specific models that predict the loss induced
by common building objects, so that proper 5G and WiFi
deployments may be conducted at frequencies far greater
than today’s IEEE 802.11a networks at 5 GHz. Therefore, en-
suring accurate cross-polarization discrimination (XPD) and
penetration loss measurement results, and adopting uniform
methodologies that may be applied by different institutions
at any particular frequency are of necessity to conduct proper
and practical network field tests with easy to interpret results.
Providing a standard approach to XPD and penetration loss
measurements will enable results to be vetted for accuracy
and used reliably.

II. CROSS-POLARIZATION DISCRIMINATION (XPD)

Characterizing the XPD of antenna systems and radio
channels for millimeter wave (mmWave) communication
systems using directional antennas is vital for properly in-
terpreting measured results and developing proper path loss
models for orthogonally-polarized or dual-polarized com-
munication systems. Even though a transmitted signal may
be linearly polarized, scattering effects in the propagation
channel will induce some ellipticity to the polarization of
the received signal, and the antenna itself may not be ideally

linear polarized. Accurate measurement and calibration of the
XPD for a directional co-polarized communication system is
important for separating antenna and channel effects, where
the XPD is defined as the ratio (in dB) of the power in the
transmitted co-polarized state to the power radiated in the
cross-polarized state when transmitted in free space, without
channel impairments [2], [3]. XPD may also be applied to
path loss models when determining the received power in co-
versus cross-polarized states over distance.

XPD of channels has been studied since the early days
of cellphones, in the 1990s. Measurement results at 1.3 GHz
and 4.0 GHz [4] showed that the line-of-sight (LOS) channels
offered significantly more XPD than the non-line-of-sight
(NLOS) channels, and the directional circularly polarized
antennas greatly reduced root-mean-square (RMS) delay
spread. XPD measurements at 2.6 GHz with 200 MHz band-
width using a multiple-input-multiple-output (MIMO) chan-
nel sounder were presented in [5], and models to describe
the dependence of XPD on distance, azimuth and elevation
and delay spread were investigated, which concluded that
the XPD increased with distance and delay. Measurements
at 34 GHz with dual-polarized directional horn antennas
were conducted to study the behavior of XPD in mmWave
channels [6]. It was observed that the variation of XPD
reduced exponentially with an increase in channel bandwidth.
Measurements at 73 GHz with 800 MHz bandwidth using
dual-polarized directional horn antennas [7] showed that the
XPD was constant over the T-R separation distance range
from 10 to 40 m.

III. PENETRATION LOSS

For higher data rates and more reliable links, indoor envi-
ronments at mmWave need to be extensively investigated for
the impact of penetration loss of common building materials,
as knowledge of such loss shall be essential to predict
indoor and outdoor-to-indoor path loss needed for design and
installation of future 5G mmWave wireless systems in and
around buildings [8], [9]. Accurate measurements and models
for losses induced by partitions, such as walls or floors, will
also be important for frequencies well above 100 GHz, as
foreseen in future wireless networks. Thus, it is useful to
develop a verification methodology that allows researchers to



apply a uniform approach to ensure accurate measurements of
partition losses that may be used in site-specific propagation
modeling and wireless planning tools.

IV. A STANDARDIZED VERIFICATION APPROACH FOR
XPD

Using geometric optics and fundamental propagation the-
ory, we have developed verification procedures that may
be applied to verify the XPD and penetration loss and are
suitable for use as a standard approach. To approve the
efficacy of the verification methods, the XPD and pene-
tration loss measurements at 73 GHz were conducted to
verify their consistency across various TX and RX antenna
types at different TR separation distances. By measuring
consistent values over many different distances, relatively
close, between the transmitter and receiver, for different
frequencies and bandwidths, verification can be performed,
ensuring no multipath or antenna artifacts are contained in
the measurement system.

The approach validates the XPD of the system antennas.
It is repeatable and has been confirmed by measurements
at different distances in a controlled, open, and static en-
vironment that attempts to remove channel effects and fo-
cuses solely on the antennas used. There are three basic
rules to follow when measuring the XPD of a transmit and
receive antenna for a channel sounder: a) ensure that the
measurement is in LOS free space with a T-R separation
distance beyond the far-field or Fraunhofer distance Dy of
the antennas while also ensuring that the TX and RX antennas
are perfectly boresight-aligned; b) ensure that no nearby
reflectors or obstructions are present in the propagation path
that might cause multipath reflections or induce fading in the
measurement; and c¢) ensure the heights of the antennas and
the T-R separation distance between the antennas are selected
so that ground bounces and ceiling bounces do not induce
reflection, scattering, or diffraction within or just outside
the half-power beamwidth (HPBW) of the main lobe of the
TX/RX antenna pattern. As shown subsequently, these three
rules guarantee accurate measurements of the antenna XPD
since the measurement environment is devoid of reflectors
or objects that might cause multipath, especially in the first
Fresnel-zone which would induce errors into the XPD [10]-
[12].

The three basic rules are further quantified in Fig. 1:

1) To ensure that a plane-wave is incident on the RX,
measurements in free-space should be made with the TX
antenna separated by at least one Fraunhofer distances
from the RX antenna. A general rule-of-thumb to assure
plane-wave propagation is to set the RX antenna at least
five Fraunhofer distances from the radiating TX antenna
[2]. The Fraunhofer far-field distance Dy is defined as:

2D?
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where D is the length in meters of the largest linear
dimension of the antenna aperture and A is the carrier
wavelength of the radiating signal in meters [2]. Using
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Fig. 1: Sketch of geometry and test setup for accurately measuring
the antenna XPD between two orthogonally-polarized antennas for
channel-sounder verification.

the rule of thumb of five Fraunhofer lengths, the T-
R separation distance D1r used to measure the XPD
should obey:

DTR>5XDJ¢'. (2)

Several measurements should be taken at different far-
field distances that are greater than 5 X Dy and that are
far enough from each other to discern an appreciable
difference of a few to several dB of received power
in free space, while satisfying (2) and the other two
rules described below. The additional distances should
typically be 20% to 100% greater than the initial dis-
tance. For example, if 5 x Dy is 4 meters, then 5, 6,
and 8 meters would be good distances, as long as they
satisfy the other requirements. Additionally, the TX and
RX antennas should be boresight-aligned for both co-
polarized and cross-polarized measurements such that
their axes of maximum antenna gain align.

2) Following [10]-[12], the heights of the TX and RX
antennas, and the T-R separation distance between the
antennas should be chosen so as to avoid any ground,
ceiling, wall, or object reflections. Specifically, the
heights and distances should be selected in conjunction
with the HPBW of the TX and RX antennas such that
the projected ground bounce or other reflection sources
from the TX antennas are far outside of the HPBW
angular spread of the TX antenna and should not arrive
anywhere near the HPBW viewing angle of the RX
antenna. If the TX antenna has a HPBW of 2 - #; in
radians and the RX antenna has a HPBW of 2 - 6,
in radians, and we fix the distance between the TX
and RX antennas as Dt = 5 x Dy , then we can
use simple geometry to determine the constraint on
the height at which the antennas should be placed to
avoid multipath sources. Fig. 1 shows a sketch of a
typical measurement setup. By solving a set of geometry
equations pertaining to the sketch above, the relationship
of the T-R separation distance, antenna height above



ground (h1) and below the ceiling (hs) can be defined
by:

DTR

(o) o))

where Drg is the T-R separation distance, hj is the
height of the TX and RX antennas above the ground,
and hy is the distance of the antennas from the ceiling
and any obstructions or walls on either side of the
straight line between the TX and RX antennas. A value
twice the height specified in (3) is used to ensure
additional clearance so as to provide sufficient distance,
time, and antenna pattern separation between the direct
path and any ground, ceiling, or other reflections in the
measurement environment:
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V. MEASUREMENTS TO VALIDATE XPD VALUES

h17h2>2>< (4)

A wideband sliding correlator channel sounder with a
superheterodyne architecture and directional, high-gain steer-
able horn antennas was used to conduct the XPD mea-
surements at 73 GHz [13]. At the TX, a pseudorandom-
noise (PN) sequence was generated at the baseband at a
transmission rate of 500 Megachips-per-second (Mcps) which
was subsequently modulated with a 5.625 GHz intermediate
frequency (IF) signal, which was then mixed with a 67.875
GHz local oscillator (LO) to obtain a signal having a center
frequency of 73.5 GHz with a 1 GHz radio frequency (RF)
null-to-null bandwidth. The 73.5 GHz wideband RF signal
was then transmitted through a high-gain and steerable horn
antenna. The corresponding super-heterodyne downconverter
was employed at the RX with a sliding correlator for base-
band processing [14] (the block diagrams of the channel
sounder system are presented in Fig. 1 and 3 of [14]).

Two types of horn antennas were used during the XPD
measurements: one set of antennas had a 20 dBi gain and
a 15 degree HPBW in both azimuth and elevation planes,
while the other set had a 27 dBi gain and a 7 degree
HPBW in both azimuth and elevation planes. For conve-
nience, we shall henceforth refer to the 15 degree HPBW
antennas as widebeam antennas and the 7 degree HPBW
antennas as narrowbeam antennas. Three types of TX and
RX antenna combinations were used to acquire and verify the
XPD values: both the TX and RX antennas were widebeam
antennas, both the TX and RX antennas were narrowbeam
antennas, and the TX antenna was a widebeam antenna and
the RX antenna was a narrowbeam antenna. Henceforth, we
shall refer to these antenna combinations as “wide-to-wide”,
“narrow-to-narrow” and “wide-to-narrow”, respectively. The
antennas could be set in a cross-polarized configuration by

rotating one by 90 degree relative to the other and with the
same direction of transmission or reception, in a system-
atic way either electrically or mechanically to make both
antennas experience identical cross-polarization from each
other. During the measurements, the TX antenna was kept
vertically polarized and the RX antenna was either vertically
or horizontally polarized.

The largest linear dimension of the horn antenna aper-
ture was 0.02 m for the widebeam antennas and 0.041 m
for the narrowbeam antennas. Therefore, at 73.5 GHz, the
Fraunhofer distances D; were 0.196 m and 0.824 m for the
widebeam and narrowbeam antennas, respectively. Following
(2), 0.98 m and 4.12 m were the corresponding minimum
T-R separation distances for widebeam and narrowbeam
antennas. By following (4) the minimum heights of the
TX/RX antennas were 1.34 m for the widebeam antennas
at Drg = 5 m and 0.61 m for the narrowbeam antennas at
DTR =5 m.

Following these rules (2) (4), T-R separation distances of
3,3.5,4,4.5, and 5 m were used, and TX/RX antenna heights
of 1.5 m were chosen.

VI. XPD ANALYSIS

The XPD is calculated by first measuring the path loss
between the co-polarized TX and RX antennas at several
different distances. With antenna gains removed, the path loss
is presented as:

PLv_V(d) (dB) = R_V(dBm) — R—V (d) (dBm)
—|—GT)((C[B1) + GRx(dBi),

where d is the T-R separation distance in meters, P,y is the
transmitted power into the vertically polarized TX antenna
in dBm, P.y(d) is the received power at the output of the
vertically polarized RX antenna in dBm at a distance d,
Gryx is the gain of the TX antenna in dBi, Grx is the gain
of the RX antenna in dBi, and PLv.y(d) is the measured
path loss in dB at a distance d. Note that antenna gains
are not necessary to calculate the XPD, but are required for
accurately measuring and calibrating far-field free space path
loss.

The cross-polarized path loss is then calculated at the
same distance with the cross-polarized antennas (i.e., V-H)
as follows:

&)

PLyss(d)(dB) = Poy(dBm) — Prs(d)(dBm)
+GTx(dBi) + GRx(dBi),

where the P,_y, Grx, and Ggrx are defined as above,
P.u(d) is the received power in dBm at the output of
the horizontally-polarized RX antenna at a distance d, and
PLvyy(d) is the cross-polarized path loss in dB at a distance
d. The XPD between the antennas in dB is then found by
subtracting PLy.y(d)(dB) from P,.y(d)(dB) at different T-R
separation distances:

(6)

XPD(d)(dB) = PLyy(d)(dB) — PLy.y(d)(dB), (7)
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Fig. 2: XPD of wide-to-wide antenna combination, PLy _v is the
measured path loss using co-polarized antennas, and P Ly _ g is the
measured path loss using the cross-polarized antennas. The antenna
heights of the both TX and RX are 1.5 m.

where X PD(d) is typically a positive value in dB. Since
the T-R separation distances are identical for the co- and
cross-polarized FSPL measurements at a particular location,
the difference between the two values may be considered to
be the XPD between the arriving signals, induced by the
differences in antenna polarization at the TX and RX. A
number of measurements following the procedure outlined
above should be made at various distances in the far-field to
ensure measurement accuracy.

VII. XPD MEASUREMENT RESULTS

To make sure that there are no additional multipath or
scatterers used to calculate the XPD values, only the received
power of the first resolvable arriving multipath component is
used for each PDP for both co-polarized and cross-polarized
antenna combinations. The three guidelines ensure that there
are no multipath components within the first arriving com-
ponent.

Table I provides the results of the XPD measurements for
the three antenna combinations at 3 m, 3.5 m, 4 m, 4.5 m and
5 m. See Fig. 2 for the XPD values measured at all of the five
distances for wide-to-wide antenna combination. It is clear
that the measurements are all within 0.5 dB of each other,
which demonstrates that XPD is constant and independent
of the T-R separation distance for far-field propagation. It is
worth noting that the mean XPD values of the three antenna
combinations are within 1 dB of each other over all distances,
which indicates that the antenna combination does not have a
significant effect on the XPD — an important expected result
that should occur during verification.

VIII. A STANDARDIZED APPROACH FOR PENETRATION
MEASUREMENT VERIFICATION

The standardized procedure for verifying the accuracy of
measuring material penetration loss with a channel sounder
described here is nearly identical to the procedure for ver-
ifying and measuring antenna XPD values in Section IV,
but with a few extra requirements. Calculation of penetration

loss is done by first measuring the received power in free-
space for several distances in the far field of both the TX and
RX antennas for vertical-to-vertical, vertical-to-horizontal,
horizontal-to-vertical, or horizontal-to-horizontal polarized
antennas. Then, the additional loss caused by a material under
test (MUT) half-way between the TX and RX antennas is
measured [8], and then the measurement system is brought
in-situ across the partition to be measured [8]. Multiple
separation distances for both the free space and partition-
separated measurements are needed to increase accuracy and
guarantee validity of the measurement. It can be verified that
material penetration loss measurements performed for a given
frequency and material are accurate if the material loss does
not vary as a function of the distance between the TX and
RX antennas.

The following requirements are necessary for accurate
material penetration loss measurements:

1) To ensure that a plane wave is incident upon the MUT,
the material should be placed at least five Fraunhofer
distances (1) from the radiating TX antenna. The RX
antenna should be at least one Fraunhofer distance on
the other side of the MUT, but for consistency, it should
also be five Fraunhofer distances from the MUT, if
possible. Thus, the T-R separation distances used to
measure penetration loss should obey:

DTR > 10 x Df (8)

2) The TX and RX antennas should be equidistant from
the center of the MUT. Typically, the MUT should be
oriented perpendicularly to the direction of propagation.
The propagating planar-wave front should illuminate a
large cross-section of the MUT, and only the MUT. The
TX and RX antennas must be boresight-aligned during
both the free-space and the MUT measurements.

3) The MUT should have dimensions large enough such
that the radiating wavefront from the TX antenna is
illuminated on the MUT without exceeding the projected
HPBW angle spread from the TX antenna. That is to
say that the MUT should have a larger surface area
than the cross-section illumination of the TX antennas’
HPBW spread at the distance to the MUT. We note
that omnidirectional antennas may be used to measure
penetration loss, but the channel sounder used should
have extremely-fine temporal resolution in order resolve
individual multipath components for analysis so that
only the component that penetrates the MUT is mea-
sured (more details on bandwidth/time resolution are
described below). Fig. 3 displays a side view (or top-
down view) of the cross-section and the illumination re-
quirements for material penetration loss measurements.
The height and width of the MUT must be considerably
larger than the length defined by the geometry of the an-
tenna HPBW and the distance between the TX antenna
and the material. For a TX antenna with a given HPBW



4)

5)

6)

TABLE I: XPD Measurement Results at 73 GHz

3m 35m 4 m 4.5 m Sm Mean o
Wide-to-Wide XPD 29.17dB | 2898 dB | 29.13dB | 29.01 dB | 29.46 dB | 29.15dB | 0.19 dB
Narrow-to-Wide XPD 2873 dB | 2898 dB | 29.58 dB | 29.42dB | 29.79 dB | 29.30 dB | 0.44 dB
Narrow-to-Narrow XPD | 28.54 dB | 30.60 dB | 30.17 dB 30.9 dB 31.31dB | 30.30dB | 1.07 dB
in radians and distance in meters from the MUT, the .y
height and width of the MUT in meters should be: A S: ellmg\
HPBW h, _- h,
hyor >>5><2><Df~tan (—), 9) o
2 X 06__ 1, ~[RX
Sy MUT >
where the HPBW is the transmit antenna HPBW hy h,
in radians, Dy is the Fraunhofer far-field distance in o —— dMUT J
meters, and Ay is the height or width (from edge- ¥
to-edge) of the MUT in meters. Ground

The measurement environment should be devoid of
reflectors or objects (aside from the MUT) that might
cause multipath, which could induce errors. More
specifically, multipath components in the PDP measure-
ment should be 20-30 dB down from the main arriving
path, or at resolvable time-delay bins that are separable
from the direct path between the TX and RX antennas
such that they can be removed in post-processing.

The heights of the antennas and the T-R separation
distance should be chosen so as to avoid ground or
ceiling bounce reflections. Specifically, the heights and
distances should be selected in conjunction with the
HPBWs of the TX and RX antennas such that the
projected ground bounce, ceiling bounce, or side ob-
structions from the TX antenna HPBW spread do not
arrive within the HPBW viewing angle of the RX
antenna. Note that extremely large MUTSs or partitions
will by nature not result in ground bounces or ceiling
bounces, especially at mmWave frequencies.

While narrowband and wideband channel-sounder oper-
ation can be used for measuring penetration loss, there
are materials and conditions for which multiple internal
reflections occur within the MUT [15]. Such internal
reflections can cause multipath, and constructive and
destructive interference that contributes to penetration
loss measurements as observed at the RX. Therefore,
it is suggested that penetration loss measurements be
conducted with an extremely wideband channel sounder
in order to resolve multipath components such that they
are separable in time-delay bin from the direct path. This
is particularly important when measuring materials with
internal structures that cause internal reflections and
multipath components that travel closely in time with
the direct path. By measuring penetration loss with a
wideband channel sounder, the power in the first arriving
multipath component at the RX may be used to compute
the penetration loss between the free-space measurement
and the MUT measurement [8].
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Fig. 3: Sketch of geometry and test setup requirements for accurately
measuring material penetration loss for channel sounder calibration
and verification.

IX. PENETRATION LOSS MEASUREMENTS ANALYSIS AND
RESULTS

Penetration measurements were conducted at the NYU
WIRELESS research center, where T-R separation distances
of 3 m, 4 m, and 5 m were used according to (8), the
TX/RX antenna heights were 1.5 m which satisfied (4), and
the straight line drawn between the TX and RX antennas
should pass through the center of the MUT. The wide-to-
wide antenna combination for which the XPD was calculated
was used to measure the penetration loss of the MUT — both
co- and cross-polarized penetration losses were measured and
calculated as:

Ly_v[dB] = P,[dBm] — PY{"(d)[dBm] + G7x[dBi]

+Grx|[dBi] — PLy_y (d)[dB],
(10)

Ly_pldB] = Pi[dBm] — P57 (d)[dBm] + G x[dBi]
+Grx|[dBi] — PLy_g(d)[dB] — X PD[dB],
(11)

where PMUT(d) and PMYT(d) are the co- and cross-
polarized received powers in dBm, respectively, at distance
d in meters at the output of the RX antenna with the
MUT between the TX and RX antenna, and Ly _y[dB]
and Ly _g[dB] are the co- and cross-polarized material
penetration loss.

The normalized penetration loss of the materials was also
measured in dB/cm, which can subsequently be used to find
the average normalized penetration loss for an ensemble of



TABLE II: Penetration Loss Measurement Results at 73 GHz

MUT
Clear Glass (1.2 cm thickness) 3m 4m Sm Mean g
V-V 7.54 dB (6.28 dB/cm) | 7.39 dB (6.15 dB/cm) 8.23 dB (6.86 dB/cm) | 7.72 dB (6.43 dB/cm) | 0.45 dB
V-H 8.48 dB (7.06 dB/cm) | 7.16 dB (5.96 dB/cm) | 7.62 dB (6.35 dB/cm) | 7.75 dB (6.46 dB/cm) | 0.67 dB
o under Grants: 1320472, 1237821, 1302336, 1702967 and
~renL ' ' T T 1717 1731290. Thanks to Kate Remley of NIST for her suggestions
90 ] ) pL\“;'_l\J/T and help during the discussions.
——wide-to-wide
85} —— REFERENCES

7.54dB |

Path loss (dB)
~ (=]
(3] o

~
o

65 1 1 1 1 1 L
1 2 3 4 5 6 7 8
T-R distance (m)

Fig. 4: Penetration loss of clear glass, PLy _y is the measured path

loss using co-polarized antennas, and PL¥ YT is the measured path

loss with the MUT in the path of propagation.

commonly measured materials of different thicknesses such
as glass and drywall as was done in [8].

The penetration loss measurement results are shown in
Table II and Fig. 4. For both co-polarized and cross-polarized
antennas, the penetration loss does not vary significantly
over the T-R separation distances measured. The standard
deviation ¢ of the penetration loss measured over distance
for both co-polarized and cross-polarized antennas is less
than 1 dB. The average penetration loss in both cases is
approximately 7.7 dB (6.43 dB/cm).

X. CONCLUSION

A universal standard approach that can verify proper cal-
ibration and measurements of XPD and penetration loss for
mmWave signals was described in this paper. Measurements
at 73 GHz showed that when following the setup given in Fig.
1, and equations (2) and (4), XPD values were independent
of the T-R separation distances and the antenna combinations
when in the far field but relatively closely separated (within
4-8 m). A standard approach for performing penetration loss
measurements was given in Fig. 3, and equations (8) and (9),
and measurements at 73 GHz for V-V and V-H polarization
configurations were presented for clear glass. It was shown
that the penetration loss was constant over T-R separation
distances, as verified by the stable 7.7 dB penetration loss
for clear glass at 73 GHz at different distances for both V-V
and V-H polarizations.
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