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Abstract

This report describes work that measured the three dimensional emission patterns for a variety
of user equipment (UE) handset devices operating on long-term evolution (LTE) protocols. This
effort was part of a National Advanced Spectrum and Communication Test Network (NASCTN)
project sponsored by the Defense Spectrum Organization (DSO) to investigate the factors that
influence aggregate LTE UE emissions in the advanced wireless service 3 (AWS-3) band and the
sensitivity of the emissions to those factors. The work presented in this technical note supported the
NASCTN’s "Aggregate LTE: Characterizing UE Emissions" project outcomes by ensuring the best
orientation and associated uncertainty for transmission was known for each UE tested. Due to the
potential benefit to the broader spectrum community, this work is being released as a stand-along
technical report as well as an appendix to the final "Aggregate LTE: Characterizing UE Emissions"
technical report
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Chapter 1

Introduction

The Defense Information Systems Agency (DISA) Defense Spectrum Organization (DSO) through
the Spectrum Sharing Test and Development (SSTD) program proposed to the National Advanced
Spectrum and Communications Test Network (NASCTN) a measurement campaign to quantita-
tively characterize Long Term Evolution (LTE) uplink (UL) emissions generated by User Equip-
ment (UE) in the 1755 MHz to 1780 MHz band. DSO’s intent is to develop realistic models of UE
emissions. These models will be used for assessing interference to Department of Defense (DoD)
systems that, for a time, will remain in the 1755 MHz to 1780 MHz band.

The test executed by NASCTN is one of a series of potential measurements designed to better un-
derstand the emissions of commercial LTE UEs, both individually and in aggregate. This project
performed a series of controlled laboratory measurements over a sampling of LTE network, envi-
ronmental, and use case conditions which were designed to better understand UE emissions and
what parameter(s) impact these emissions. In contrast to field-based measurements with limited
knowledge of network settings, laboratory measurements allowed control and manipulation of key
aspects of the network and environment, giving the ability to test the sensitivity of each parameter
of interest. The work included an analysis of the assumptions, measurement uncertainties, and
their effects on the uncertainty of the estimated parameters.

In order to support the NASCTN project, an understanding of the three dimensional emission pat-
terns of typical LTE UEs was needed. Current simulations use a simplistic and static representation
of UE antenna patterns as an isotropic emitter which does not capture true effects nor any variation
between manufacturers and models. The UE pattern measurements presented in this report allow
analysis of the impact of location of the UE to emission strength and differences in radiated be-
havior between a sampling of UEs. This paper provides the details and results of the UE pattern
measurement activity.
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1.1 Objective

The objective of this NASCTN effort was to measure the three dimensional emission patterns of
a series of sample LTE UEs as well as determine an optimized measurement geometry for the
NASCTN "Aggregate LTE: Characterizing UE Emissions" project. These measurements provide
insight into the effect of orientation of the UE on emissions. This directly supports the NASCTN
project for DSO, but also supports the broader activities of the SSTD and the LTE community.

1.2 Scope

This study specifically addressed the characterization of the radiation pattern of in-band RF emis-
sions from a collection of LTE UE handsets that span cost, physical size, and operating system. We
built a test fixture for measuring the full 4π steradians angular dependence of the UE transmission
and use this measurement to inform experiment design in the LTE aggregate experiment.

1.3 Background

In the 2010 Presidential Memorandum on Unleashing the Wireless Broadband Revolution [1],
the National Telecommunications and Information Administration (NTIA) was tasked to identify
underutilized spectrum suitable for wireless broadband use. In the subsequent NTIA Fast Track
Report [2], many federal bands were identified as commercially viable. From this report, the
Federal Communication Commission (FCC) identified 1695 MHz to 1710 MHz, 1755 MHz to
1780 MHz, and 2155 MHz to 2180 MHz, together known as the 3rd advanced wireless services
group of bands (called together Advanced Wireless Service – 3 (AWS-3)) in July 2013. The
AWS-3 band is shown in Figure 1.1. The FCC adopted a Report and Order in March 2014 with
allocation, technical, and licensing rules for commercial use of the AWS-3 bands [3]. The uplink
blocks of interest here are the 5 MHz blocks labeled G, H, and I and the 10 MHz J block. Through
Auction 97 [4], the AWS-3 band was auctioned for commercial mobile broadband usage in the
United States. The auction raised $41B in revenue for the United States Treasury and required
federal agencies that were making use of the AWS-3 band to look for other ways to accomplish
their missions. To achieve this goal, in the 1755 MHz to 1780 MHz portion of the AWS-3 band,
the DoD is using a combination of sharing, compression, and relocation to other bands (including
the 2025 MHz to 2110 MHz band).

In 2012, the Commerce Spectrum Management Advisory Committee (CSMAC) was tasked with
exploring ways to lower the repurposing costs and/or improve or facilitate industry access to spec-
trum while protecting specific federal operations from adverse impact, particularly in the AWS-3
band.

2
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Figure 1.1: Description of the AWS-3 Band.

From the AWS-3 auction proceeds, DoD is receiving a spectrum relocation fund (SRF) to imple-
ment its approved transition plans. The SRF is also funding evaluation of early entry coordination
requests from the auction winners in the AWS-3 band through the DoD early entry portal analysis
capability (EEPAC), which is managed by DISA DSO. The portal receives requests from auction
winners to enter band(s) before the DoD has transitioned out of the bands. These requests must be
considered carefully and impartially to deliver a fair answer. If early entry is granted and there is
interference to DoD systems, it would be very costly to the DoD in terms of both financial and mis-
sion completeness. If early entry is denied to a commercial carrier for overly conservative reasons,
it could be very costly to their business model. To avoid these costs, it is crucial that the findings
of the EEPAC are fair and based on a well understood and openly documented methodology.

Towards this end, the DSO is evaluating entry requests by use of an interference equation (1.1)
and the effective isotropic radiated power (EIRP) distributions assumed by the CSMAC. To gain
further confidence in their calculations, the DSO has asked NASCTN to develop a measurement-
based plan for gaining an improved quantitative understanding of LTE uplink emissions. More
specifically, NASCTN will investigate how the LTE UE behaves in frequency and power under
realistic operating conditions, and how this behavior depends on the network configuration, go-
ing beyond the CSMAC analysis with its fixed (and possibly unrealistic) network configurations.
The UE antenna pattern measurements presented in this report directly support NASCTN’s effort
through detailed and realistic antenna pattern measurements.

The interference equation used by the EEPAC 1 [5] is

Îk = Ê(N) − Lpath − L̂clutter +Gr(θ, φ)− Lpol − Lrec −R− Π, (1.1)

1We follow the notation of [6]; lower case variables denote numbers in linear units (e.g., mW) while upper case
variables use a logarithmic scale (e.g., dBm). Random variables are denoted by a caret. The symbols for the last two
terms have been changed from [6] to a single letter for readability.

3
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where

Îk = Interference from the modeled user equipment (UE) in the kth cell (in dBm)

Ê(N) = EIRP emitted by N modeled UEs (in dBm)

Lpath = path loss between modeled UE and DoD receiver (in dBm)

L̂clutter = clutter loss between modeled UE and DoD receiver (in dB)

Gr(θ, φ) = DoD receiver antenna gain in direction of modeled UE (in dB)

Lpol = DoD receiver antenna mismatch loss (in dB)

Lrec = DoD system receiver loss (in dB)

R = Frequency-dependent rejection (in dB), known in [6] as RFR

Π = Network loading penalty (in dB).

4
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Chapter 2

UE Antenna Pattern Measurements and
Calculations

2.1 Introduction

NASCTN’s measurement campaign on "Aggregate LTE: Characterizing UE Emissions" depends
on conducting over-the-air (OTA) measurements of LTE UEs uplink emissions in the AWS-3 band.
The uplink emissions need to be quantitatively measured, in terms of radiated power. The work
is parameterized by LTE network configuration (base station states, co-cell, and adjacent cell ac-
tivities) and channel (propagation channel impairments). These parameters will be used to assess
interference between cellular devices and assets currently near the AWS-3 band. Unless the UE
has an isotropic radiation pattern, the measured power will depend on the coupling coefficient of
the UE relative to the receiving antenna. For this experiment, we were interested in several aspects
of the actual UE radiation pattern.

The first metric of interest was the orientation that provided the maximum coupling in order to
provide the geometry that supports the greatest dynamic range in measuring the uplink emissions.
A secondary goal became measurement of the depth of nulls in the full three-dimensional pattern
of the UE. The null depths indicate the variability in coupling as a function of UE orientation.
The third goal, directly realizable from a full three-dimensional pattern, was to determine the
actual total radiated power (TRP) from the devices being used in this campaign [7]. The TRP is a
spatially averaged metric from the EIRP measured across the radiation pattern. Finally, based on
results from the pattern measurements, we present an experiment design for the UE orientation in
the Aggregate LTE Project and investigate the associated spatial uncertainties from this choice of
orientation.

5
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2.2 Experiment Setup

Our first goal was to determine the effect and the introduced uncertainty from the radiation pattern
of handheld UEs being used in the LTE aggregate experiment. Specifically, in the experiment we
sought to bound the deviation from an isotropic radiation pattern. Spectrum interference calcula-
tions often make an assumption of isotropic radiation patterns with expected deviations that should
be on the order of ± 2 dB [8]. Since manufacturers did not readily publish data on their UE emis-
sion patterns, we measured patterns of a collection of LTE UEs that span price point, operating
system, and dimension. The objective was to assess differences in the radiation pattern based on
these factors.

The collection of UEs and their planar dimensions are shown in Table 2.1. The UEs are each given
a designation letter. The thickness of the UEs are all comparable and are close to 0.8 cm. Copies
of phone A and B were used to assess the repeatability of two different UEs of the same model
(but different serial number), hence the quantity parameter is 2. Patterns were only measured on
one of each phone, but repeat experiments that will be described later in determining placement
uncertainty for the experiment design utilized multiple samples when available.

Table 2.1: Collection of LTE UEs used for the study presented here. The letter designator, approximate
planar dimensions, and quantity of each UE is shown in the table.

Phone Model Height (cm) Width(cm) Quantity Tested
A 16.0 7.8 2
B 16.0 7.5 2
C 13.0 6.6 1
D 13.8 6.7 1
E 15.8 7.8 1
F 14.2 7.3 1

In order to measure the three-dimensional radiation pattern, we used the NIST Broadband Interop-
erability Test Facility (NBIT) to provide a far-field environment. Within NBIT, we used the large
anechoic environment with a 3 m quiet zone. A schematic of the setup is shown in Figure 2.1.
We set up a dual-ridge horn antenna with, nominally, 10.4 dB gain, as calibrated by the manufac-
turer, as the measurement antenna. It remained in the chamber to measure the UE and the path loss
within the chamber. The measurement antenna was mounted on an antenna mast made of dielectric
material that provided height and rotational degrees of freedom. We then set up a turntable with a
polystyrene foam mount 2.75 m from the measurement antenna as a fixture for the UE.

We measured the UE radiated power (i.e., the uplink power) in a Band 3 allocation with a center
frequency of 1775 MHz with a bandwidth of 10 MHz. In order to make sure we were in the far
field, we took an antenna aperture for the UE, D, as the longest dimension of 0.16 m and a lower

6
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Figure 2.1: Schematic representation of the anechoic chamber, measurement antenna, turntable, rotator,
and UE. The measurement antenna is shown with vertical polarization. The EIRP is measured using a
communication tester (base station emulator).

wavelength limit at 1770 MHz of 0.17 m. Then, the Fraunhofer distance, d, defined as [9]

d =
2D2

λ
, (2.1)

was 0.3 m. Therefore, we were nine times the Fraunhofer limit, effectively in the far-field of the
UEs antenna. The aperture of the horn antenna is 0.3 m which puts the measurement at six times
the Fraunhofer distance for the measurement antenna, which is still in its far-field as well.

As shown in Figure 2.1, the turntable provided the angular degree of freedom in what we defined
as the UE’s elevation direction θ. We then mounted a small rotational stage on an acrylic plate and
used a hook and loop, temporary fastener to affix the acrylic plate’s base to the turntable mount.
We then attached an acrylic rod to an acrylic block to mount the UE under test. The acrylic rod
was attached with a machined adapter to the rotational stage. The UE was attached to the acrylic
block using the same hook and loop fastener as before. The small rotational stage provided the
UE’s azimuth (φ) rotational degree of freedom. An assessment of the effect of the mount on the
radiation pattern of the UE is provided in Section 3.1.2. The rotational conventions are taken from
the CTIA OTA Test Plan [7]. The small rotational stage used for φ was surrounded by radio-
frequency (RF) absorber to reduce reflections from the metal of the rotator’s motor. At these
frequencies, the RF absorber used on the rotation stage is specified to provide 30 dB reduction in
reflections. A photograph of the experimental setup is shown in Figure 2.2.

As is shown in Figures 2.1 and 2.2, we used a single antenna connected to a communication tester
for both establishing a communication link with the UE and for the measurement of uplink power.
A typical setup defined by the CTIA would use two antennas for this measurement. One antenna
would establish a communication link with the UE, as we have done here, while the second antenna
would be connected to a spectrum analyzer to measure the uplink signal. The technique with two
antennas and a spectrum analyzer may provide greater dynamic range than the communication
tester is designed to provide [7]. A typical spectrum analyzer may have a noise floor of -130
dBm, where with the communication tester, the noise floor is approximately -90 dBm. However,

7
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Figure 2.2: Photograph of the anechoic chamber, measurement antenna, turntable, rotator, and UE. The
measurement antenna is shown with vertical polarization. Also, the UE is shown in portrait orientation
which is rotated by 90◦ from the orientation used for the full radiation pattern measurements, and thus the
TRP calculation.

we were concerned with the second antenna distorting the radiation pattern through reflections or
direct coupling. Therefore, we automated the measurement acquisition software to dynamically
adjust the external attenuation setting on the communication tester to allow an increase in dynamic
range. This allowed us to measure across a 40 dB dynamic range, down to the noise floor of the
communication tester. The increased dynamic range accomplished for the tester was useful for
investigating the depths of nulls in the measured radiation patterns without the interference of the
second antenna present.

With the experiment setup described above, we measured the radiated power of a UE uplink operat-
ing in LTE Band 3, at a center frequency of 1775 MHz. Band 3 was selected as its uplink frequency
overlaps with that of the AWS-3 band. We used the communication tester to set the UE to trans-
mit with all physical resource blocks occupied at QPSK modulation and at maximum power. We
then measured the average power across the 50 resource blocks with 9 MHz bandwidth, averaged
over 20 LTE subframes. This yielded the received power at the input of the communication tester
receiver for a given angular configuration of the UE. As described in the rest of this section, by
measuring the path loss between the UE and the measurement antenna, we corrected the received
power to obtain EIRP, defined as the transmitted power of the UE for that angular configuration.
The integrated average of these EIRP measurements over vertical and horizontal polarizations of
the measurement antenna will give the TRP for the device and is discussed in Section 2.2.1.

The determination of the path loss in this experiment setup was done by replacing the UE with a
reference antenna and measuring the path loss directly. Our reference antenna was a second dual-

8
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Figure 2.3: Schematic of path loss measurement setup.

ridge horn antenna with a nominal gain of 10.4 dB. We used a vector network analyzer (VNA) to
estimate how much power was lost between the UE antenna and the input of the communication
tester. The path loss setup is shown in Figure 2.3. We calibrated the VNA at the reference planes
shown with dashed lines in Figure 2.3. We measured the loss between the reference planes. Since
the measurement antenna is present for both the path loss measurement and the EIRP measure-
ments, we can ignore the gain of the measurement antenna and the loss in the connecting cable.
However, we must account for the gain of the reference antenna. If the UE power in the uplink
channel measured at the communication tester receiver is called Pm, the reference antenna has gain
G, and the measured path loss is Lpath, then the EIRP at the UE antenna, in Watts (W), is

EIRP =
PmG

Lpath

. (2.2)

We conducted four measurements in order to estimate the path loss of this experiment setup with
changes in the setup to simulate potential systematic errors. We first copolarized and aligned the
reference antenna to the measurement antenna coarsely by eye, then optimized by maximizing
the magnitude of S21. We next moved the reference antenna approximately 5 cm further away
from the measurement antenna to account for uncertainty in the location of the phase center of
the reference antenna based on its physical dimensions. For a third measurement, we moved
the reference antenna 5 cm vertically up. Finally, the measurement and reference antennas were
rotated 90◦, height adjusted to align the antennas, and measured again. This simulated the changes
for the orthogonal polarization measurements of the patterns. For each of the four measurements,
we calculate

Lpath =
〈|S21|〉2f

1− |〈S11〉f |2
, (2.3)

where Lpath is the unit-less range loss, S21 is the forward transmission coefficient, S11 is the re-
flection coefficient measured by port 1 of the VNA at the reference plane of the cable connection
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at the reference antenna, and the angle brackets represent a frequency average over the 10 MHz
bandwidth centered at f = 1775 MHz. At each of the four positions described, 20 measurements
of Lpath were performed. The the average path loss in dB is calculated as,

Lpath(dB) = 10log10

(
Lpath

)
, (2.4)

where Lpath is the linear mean of the 80 measurements (20 repeats at four configurations). The
uncertainty, in dB, is then given by

σLpath(dB) = 10log10

(
Lpath + σLpath

Lpath

)
, (2.5)

where σLpath is the standard deviation of the mean between the means of the four different path
loss measurements. The path loss was estimated to be 33.8 dB before accounting for the reference
antenna gain with a relative uncertainty of 1.2 dB. The standard deviation of the mean of the
repeats for a given configuration was neglected in this calculation since it ranged between 0.001
and 0.01 dB.

The gain of the reference antenna was taken from the manufacturer’s specification sheet. The gain
measurements from the manufacturer included a relative uncertainty of 0.75 dB. The gain, includ-
ing the efficiency, was measured by the manufacturer at 1750 MHz and spaced every 250 MHz. We
linearly interpolated the data to estimate a gain of 10.4 dBi at 1775 MHz with only 0.05 dB varia-
tion across the 10 MHz bandwidth. However, since linearity in the gain as a function of frequency
can not be assumed, we take the difference of the gain at the next measured frequency points as an
overestimate of uncertainty due to the interpolation and attribute 0.5 dB relative uncertainty to this
procedure. We will treat the manufacturer’s measurement uncertainty and the interpolation uncer-
tainty as independent and sum them in quadrature. Since these quantities are in logarithmic units,
we must first convert them to linear before combining them. For a general variable, h, with an un-
certainty given in dB, σh(dB), we can determine the relative uncertainty in linear units according
to the relation,

σh

h
= 10

σh(dB)
10 − 1. (2.6)

Thus, converting to linear units according to eqn. 2.6, adding them in quadrature, and converting
back to dB yields a combined relative uncertainty of 0.9 dB.

The uncertainty, in watts, from eqn. 2.2 may then be given by

σEIRP = EIRP

√(
σPm

Pm

)2

+

(
σG

G

)2

+

(
σLpath

Lpath

)2

. (2.7)

The terms under the radical are the relative uncertainties in linear units which are derived from the
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logarithmic quantities from eqn. 2.6.

We previously estimated the gain uncertainty σG as 0.9 dB or 0.225 as a relative ratio and the
range loss uncertainty σLpath as 1.2 dB. The measured uplink power over 20 subframes had a very
low uncertainty as calculated by the communication tester. The variability was on a timescale in
excess of 20 subframes. However, from repeat measurements at various power levels, the spread in
values of the 20 subframe averages was 0.5 dB higher than the reported uncertainty. This estimate
comes from repeat measurements of the 20 subframes for the low power levels in the radiation
pattern. This is an overestimate of σPm for locations with good connection strength, and could be
refined if needed in the future. The total uncertainty ascribed to the EIRP measurements taken here
is 1.5 dB from eqn.2.7.

2.2.1 Total Radiated Power

A useful metric to check the validity of the UEs performance is the total radiated power (TRP).
Although we looked at patterns with a constant angular step of 5◦ in each rotational dimension, the
industry standard calls for 15◦ steps [7]. The TRP calculation in [7] is defined as

TRP =
π

2NM

N−1∑
i=1

M−1∑
j=0

[EIRPH (θi, φj) + EIRPV (θi, φj)] sin (θi) , (2.8)

where N = 11 is the number of θ positions for 15◦ steps, M = 24 is the number of φ positions
for 15◦ steps, EIRPH is the EIRP with the measurement antenna in horizontal polarization and
EIRPV is in vertical polarization, and θ and φ are defined in Figure 3.9. Using (2.8), and taking a
sparser, 15◦ sampling the collected data, the results for the phones in this study are shown in Table
2.2. The uncertainty is taken from the individual measurements of EIRP.

Table 2.2: Calculation of TRP From Three-Dimensional Radiation Patterns (15◦ steps)

Phone TRP (dBm) Unc (dB)
A 19.6 1.5
B 21.6 1.5
C 17.5 1.5
D 17.3 1.5
E 18.7 1.5
F 16.0 1.5

11

______________________________________________________________________________________________________ 
This publication is available free of charge from

: https://doi.org/10.6028/N
IST.TN

.2056



2.2.2 Uncertainties due to UE Orientation

The angular control fixture we built for the large anechoic chamber provides a good opportunity
to look into repeatability between phone models and, additionally, different phones of the same
model. This will give an indication as to what we can expect from the subsequent aggregate
emissions experiments. Another source of uncertainty assessed was the effect of having the power
cord of the UE attached during the experiment. The patterns discussed up to this point have been
with the UE unplugged, as is the typical use case. However, for the LTE aggregate experiment,
the UE will have the power cable attached during the experiment so that diagnostic monitoring
software can be used to collect data from the UEs chipset during the experiments. Therefore, we
also assess the uncertainty of having the cable attached.

We used two copies of phones A and B. Initially, we were searching for the orientation of the UE
that would yield the maximum radiated power to the measurement antenna in order to maximize
the experiment’s dynamic range. However, the power cable complicates this. As can be seen
in Figure 2.4A, the UE without a power cable shows small deviations in output power for small
changes in angle. The deviations are smaller than the EIRP measurement uncertainty over a 10◦

change in θ and φ and are shown in Figure 2.5. Figure 2.5 shows repeat measurements using
two pairs of different phones (four phones total), with the top of the phones copolarized with the
measurement antenna. Also included in the repeatability are the orientations 5◦ away from the
peak orientation. Thus, there are two effects captured in the histogram, angular deviations up to
5◦, and phone variability. Here we see a peaked distribution of results with a relative uncertainty
of 0.5 dB calculated as the standard deviation of the distribution. On the other hand, inclusion of
the power cable in the phone as is seen in Figure 2.4B removes the angular stability and will make
repeatable measurements very difficult.

Including the power cord in the UE is vital for this experiment in order to extract information from
the UE chipset during measurements. Therefore, we determined that the optimal technique to mit-
igate angular instability is to orient the cable orthogonal to the polarization of the measurement
antenna at all times. Another technique for mitigation of cable effects is to add electromagnetic
interference chokes to the cable. We did not investigate this solution, but would add this to future
measurement campaigns. From the patterns, we have seen that we can achieve close to the max-
imum output power by co-polarizing the top of the phone with the measurement antenna. This
will allow the cable to remain orthogonal to the measurement antenna during the aggregate LTE
measurement campaign. To assess the uncertainty contribution and offset we can expect from in-
cluding the cable in the measurement, we performed repeat measurements of phones A and B, with
the cable present. A repeat consisted of removing the phone from the test fixture, unplugging it,
then replugging with the cable in a new orientation and placing back in the measurement fixture.
These repeats were done for two copies, or samples, of phone A and two copies of phone B. The
results are shown in Figure 2.6. The repeatability is much worse and does not show a normally
distributed pattern. In this experiment, the cable was left unfixed in order to observe the full range
of expected variation. Here, with the approximation of a normal distribution, the relative uncer-
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Figure 2.4: Measured EIRP versus θ at several orientations of φ with A.) no power cable present, and B.)
with the charging cable plugged in to line power. Phone B, sample 1 is shown in the plots.

Figure 2.5: Histogram of EIRP from 20 repeat measurements with phone A and B (2 units each) with no
charging cable present using 0.25 dB bins. The histogram includes angles 5◦ away, in both measurement
angles, from alignment and co-polarization of the top of the UE with the vertically polarized measurement
antenna.
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Figure 2.6: Histogram of EIRP from repeat measurements of phones A and B with the power cable
present using 0.25 dB bins. The histogram includes intentional measurement misalignments; 5 degree off
axis alignment in geometry and polarization with respect to the vertically polarized measurement antenna.

tainty is measured to be 1 dB. The offset in measured average power is within the measurement
uncertainty, but lower by less than 1 dB.
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Chapter 3

Measurement Results

We performed full three-dimensional pattern measurements of several UEs utilizing a rotating
fixture as shown in Fig. 2.1. In this chapter, we discuss characterization of the three-dimensional
fixture by comparison to a more transparent polystyrene fixture with only one rotational degree of
freedom. We then show results of the comparison and finally present the full patterns measured on
the UEs.

3.1 Fixture

In order to understand the perturbations caused by the rotating fixture, we first compared results to
a minimally invasive mount made of polystyrene foam. We present measurements and analysis of
the foam and bi-axially rotating fixtures.

3.1.1 Polystyrene Mount

Before performing measurements with the φ rotation stage, we first mounted the UE under test
in a 1 inch thick piece of polystyrene foam. This simple mount avoids the shadowing effects
and reflection(s) that may be present with the additional motor mount and absorber. A slit in the
polystyrene mount just large enough for the depth of the UE was carved out and the UE held in
both vertical (portrait) and horizontal (landscape) orientation on top of the turntable. Thus, the
foam formed a base on top of the θ rotation turntable with only a small portion of the phone held in
it. The goal was two-fold. First, to determine as clean of a pattern, in two dimensions, as possible
before using the full bi-axial rotational setup. Second, it allowed a quick electrical alignment to
determine where in the UE the antenna elements may be and provide some intuitive expectations
for the antenna behavior. The data using the foam mount were collected only for phones A,B, and
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Figure 3.1: Schematic showing the orientation of the landscape-oriented UE relative to the vertically po-
larized measurement antenna for the θ = 0◦ position. The turntable rotation, θ, is shown by the wrap-
around arrow.

C.

Figure 3.1 shows the orientation of the UE relative to the measurement antenna. Also indicated is
the direction of rotation of the turntable, θ. Figure 3.2 shows the two-dimensional pattern of this
elevation rotation, or “cut.” The angles for which the top and bottom of the UE are closest to the
measurement antenna are shown. There are a few interesting features to note. To first order, in this
analysis it is helpful to assume a dipole-like linearly polarized radiation pattern aligned with the
top and bottom of the phone. Of course, they are not ideal dipoles - for the generation of phone
tested in this report, the antennas are typically inverted F antennas - but the dipole approximation
is helpful for understanding the pattern [10]. The tops of the phones are co-polarized with the
measurement antenna for the full θ rotation. All the phones behave similarly when the end that
presumably contains the antenna is closest to the measurement antenna. Phone A has an asymmetry
not seen in any other phone, however, it is repeatable for both phones of this type.

The next measurement was performed with the UE in landscape orientation as above, but with the
measurement antenna horizontally polarized, as shown schematically in Figure 3.3. If the antenna
were just a dipole in the top or bottom of the UE, then this orientation would show a very large
extinction ratio due to complete cross polarization. As seen in Figure 3.4, all three phones tested
did show a large extinction ratio due to cross-polarization. However, they all showed significantly
more radiated power with the front and back of the phone exposed to the horizontally polarized
antenna than would be expected in a cross-polarized state. The measured power is reduced by
10 dB from the peaks of Figure 3.2, but are not completely cross polarized.

The deviation from dipole behavior can also be seen by orienting the UE in the portrait orientation
with the polystyrene mount. A schematic of this scenario is shown in Figure 3.5. Both measure-
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Figure 3.2: Antenna pattern from Phones A, B, and C (shown in blue, red, and yellow, respectively). The
UE was held in the landscape position with the measurement antenna vertically polarized.

Figure 3.3: Sketch showing the orientation of the landscape-oriented UE relative to the horizontally polar-
ized measurement antenna for the θ = 0◦ position. The turntable rotation, θ is shown with the wrap-around
arrow.
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Figure 3.4: Radiation patterns from UE’s A, B, and C (shown in blue, red, and yellow, respectively). The
UE was held in the landscape position with the measurement antenna horizontally polarized. In the ap-
proximation that the antenna is at the top of the phone, this orientation should provide complete cross po-
larization.

ment antenna polarizations are represented in the figure. The measurement results are shown in
Figure 3.6. Figure 3.6A shows the pattern with the measurement antenna in vertical polarization,
and Figure 3.6B is the horizontal measurement antenna polarization result. If the antenna were
truly just a dipole antenna in the top or bottom of the phone, there would be no received signal in
the vertical polarization of the measurement antenna. There is a component of the antenna radi-
ation pattern that is co-polarized with the vertical polarization of the measurement antenna even
in the portrait orientation of the UE. The horizontally polarized measurement antenna picks up
more radiated power, at the peaks, than when it is vertically polarized, especially with the front
or back of the UE exposed to the antenna. It is interesting to note that the nulls in the UE pattern
detected for the vertical polarization of the measurement antenna occur with the front and back
of the UE exposed directly to the measurement antenna, which are the inverse of the horizontal
polarization measurement antenna. The horizontally polarized result matches the idealization of a
dipole approximation in the top or bottom of the UE.

3.1.2 Effect of Three-Dimensional Rotation Fixture

After initial measurements with the foam mount, we built the full 4π rotation setup shown in
Figure 2.2. Before measuring the full pattern, we needed an understanding of the nonidealities
contributed by the motor mounts, absorber, and acrylic fixtures. With the UE in portrait orientation,
with varying tilt angles, the two-dimensional cuts in the θ direction were measured. The UE was
mounted on one side of the acrylic block, starting with the screen (front) of the UE oriented away
from the measurement antenna with the block between the UE and the antenna at θ = 0◦, as
depicted in Figure 3.7A. These are the curves in Figure 3.7C-3.7E labeled “away.” Reproducibility
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Figure 3.5: Schematic showing the orientation of the portrait-oriented UE relative to both vertically and
horizontally polarized measurement antenna for the θ = 0◦ position. Again, the turntable rotation, θ, is
shown by the wrap-around arrow.

Figure 3.6: Radiation patterns from UEs A,B, and C (shown in blue, red, and yellow, respectively). The
UE was held in the portrait position in the foam mount. The measurement antenna was polarized, (A.)
vertically, (B.) horizontally.
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was checked by removing the UE and placing it back on the acrylic block in the “away” orientation.
The result of this measurement is labeled in the same plots as “repeat”. The reproducibility was
very good, less than 1 dB variation between repeats. Then, the UE was mounted on the opposite
side of the acrylic block in the “face” orientation, meaning initially, at θ = 0◦, the block is behind
the UE and nothing is between the UE and the measurement antenna. The θ scan was performed
with 15◦ step size and compared to the “away” data. The “face” data were translated in order to
match angles for comparison so that the overlapping data represent the same orientation at each
point.

Three sets of data are shown for phone A, sample 1 with the top of the phone tilted away from the
measurement antenna at θ = 0◦ (represented by an elevation of −15◦ and −30◦ in Figures 3.7C
and 3.7D) and tilted toward the measurement antenna as represented by the positive elevation in
Figure 3.7E. The acrylic block has an effect on the measurement with a maximum of 1-2 dB, which
represent a maximum addition of 0.5 dB as compared to the measurement uncertainty of 1.5 dB.
However, it should be noted that the block does not alter the pattern measurement at most angles
since the electrical alignment data showed the UE pattern to peak at the "top" or "bottom" of the
UE geometry. These results indicate that even with attenuation that may be caused by using the
acrylic mounting block, at the magnitude scales of interest in this experiment, the acrylic has little
effect.

Another experiment to assess the effects of the full bi-axial measurement fixture was to mount
the UE in this setup in the landscape orientation, orient the measurement antenna with vertical
polarization, and compare this to a similar measurement in the polystyrene mount. The orientation
of the phone in the motorized setup is shown in Figure 3.8. This is the orientation that matches
the test plan published by CTIA [7]. The results of the comparison are shown in Figure 3.9,
which shows the measured EIRP as a function of θ. The data for the polystyrene mount are taken
from the measurement that yielded those data in Figure 3.2 for phone A, sample 1. The effect
of the motorized mount is not significant at most angles. However, as would be expected, signal
blockage occurs at 180◦ since this is where the absorber and motor are between the UE and the
measurement antenna. Angles near this 180◦ point will suffer up to 5 dB attenuation. These points
are not considered in TRP calculations. If this orientation becomes relevant for an experiment, the
loss due to mounting will need to be measured and corrected.

3.2 Full Three-Dimensional Patterns

Given the angles defined in Figure 3.8, we now look at the full radiation pattern from the cell
phones defined in Table 2.1. To start with, we show the results from phone B since it’s patten is the
most isotropic and easier to interpret. Figure 3.10 shows the pattern measured for phone B with
the measurement antenna in vertical polarization. For calculating TRP according to [7], only 15◦

steps were necessary, but we were also interested in measuring the depth of nulls present in the
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Figure 3.8: (A.) Sketch of UE in a motorized fixture with θ and φ as defined by the CTIA OTA test plan
[7]. (B.) The fixture we built to correspond to the schematic in A. The corresponding rotating elements are
shown with red arrows.

pattern so the measurement were performed with 5◦ angular steps.

The three-dimensional pattern shown in Figure 3.10A shows the φ angles as horizontal cuts, with
the equator representing the cut at θ = 90◦. The color scale shows relative dB power where the
minimum of the pattern is set to 0 dB. The first salient feature of this pattern is the deep, 40 dB, null
present with cross polarization of the top of the phone with the measurement antenna. Figure 3.10B
shows the φ cut at θ = 0.3◦, corresponding to a top view of the three-dimensional plot and indicated
by the arrow. Figure 3.10B shows the top of the UE copolarized with the measurement antenna at
φ = 0◦. The vertical axis is the measured EIRP in dBm. Also plotted is the effect of two dipoles
being rotated relative to one another to yield cos2 behavior, normalized to a maximum power of
23 dBm. The behavior of the UE in landscape rotated around the φ axis is well approximated by a
dipole antenna pattern.

Figure 3.11 shows the same three-dimensional data for phone B with a horizontal cut taken at
θ = 90.3◦ in Figure 3.11B. The ideal dipole behavior is also plotted. With the assumption of a
dipole antenna in the top of the phone, we expect only a slight change in behavior since the dipole
field will still follow cos2 behavior rotating toward the antenna rather than parallel to it. Similar
behavior is seen in this orientation, although the maximum radiated power is reduced more than
would be expected for the slightly increased distance of top of the phone, perhaps due to shielding
effects of the body of the phone.

Next, we look at a vertical cut in Figure 3.12. The two-dimensional cut shown in Figure 3.12B is
taken with φ = 0◦. The top of the phone is copolarized with the vertically polarized measurement
antenna. As θ is traversed, the top of the phone moves further from the measurement antenna
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Figure 3.9: Plots of the EIRP versus the turntable angle, θ, for the measurement antenna vertically polar-
ized and the UE mounted in landscape orientation in the polystyrene mount (blue) and the 4π fixture (red).
The label and arrow indicate that at θ = 0◦, the top of phone A is nearest the measurement antenna and is
co-polarized.
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Figure 3.10: (A.) The three-dimensional antenna pattern of phone B with the measurement antenna verti-
cally polarized. The θ direction is in the vertical plane of the figure, while the φ direction is the horizontal
plane. The measured EIRP is the color scale which is set to a relative scale so that the minimum measured
is at to 0 dB. (B.) The horizontal, or φ cut taken at the top of the three-dimensional pattern at θ = 0.3◦ as
indicated by the arrow. The plot shows the actual measured EIRP in dBm versus the angle φ.

Figure 3.11: (A.) The three-dimensional antenna pattern of phone B with the measurement antenna ver-
tically polarized, as shown in figure 3.10. The θ direction is in the vertical plane of the figure, while the φ
direction is the horizontal plane. The measured EIRP is the color scale which is set to a relative scale so
that the minimum measured is at to 0 dB. (B.) The horizontal, or φ cut taken at the equator of the three-
dimensional pattern at θ = 90◦ as indicated by the arrow. The plot shows the actual measured EIRP in
dBm versus the angle φ.
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Figure 3.12: ]
(A.) The three-dimensional antenna pattern of UE B with the measurement antenna vertically

polarized, as shown in figure 3.10. The θ direction is in the vertical plane of the figure, while the
φ direction is the horizontal plane. The measured EIRP is the color scale which is set to a relative
scale so that the minimum measured is at to 0 dB. (B.) The vertical, or θ, cut taken with the top of
the phone copolarized with the measurement antenna. The plot shows the actual measured EIRP

in dBm versus the angle θ.

maintaining the landscape orientation as it rotates. Again, the relative radiated powers are shown
in the three-dimensional pattern in Figure 3.12A, and the measured EIRP corrected for path-loss
and reference antenna gain is shown in Figure 3.12B. The expected response from a dipole in the
top of the UE is shown as well. The EIRP as a function of θ is relatively flat compared to the cuts
in Figures 3.10 and 3.11. However, the fluctuation in EIRP is greater than what would be expected
for a dipole antenna located where the top of the phone is. It was also surprising to see a peak just
above θ = 100◦, where the expected peak was at θ = 0◦. The difference in peak power is less than
the error bars so further investigation to reduce thes errors would be required to verify the alternate
peak.

Finally, we look at the radiation pattern from the UE with a horizontally polarized measurement
antenna. Again, as the first example we look at phone B, but will compare the patterns of all
the phones in this study in Figures 3.17 and 3.18. In Figure 3.13A, the three-dimensional pattern
is shown for this polarization and the horizontal cut at θ = 0◦ is shown in Figure 3.13B. This
matches the dipole behavior seen Figure 3.10 with a 90◦ shift in the peaks and nulls, as expected.
At θ = 90◦, we would expect, from the approximation of a dipole in the top of the UE, that the UE
would be completely cross polarized to the horizontal polarization of the measurement antenna.
However, the EIRP is reduced by 5-10 dB, except for a 23 dB null with the front of the phone
facing the antenna. Figures 3.15B and 3.16B show the θ cuts of the three-dimensional patterns at
two different azimuth angles. The waist seen in the pattern at θ = 90◦ does not represent a global
minimum of the pattern which is actually 30 dB below the peak output EIRP. The φ = 90◦ cut
shows the co-polarized orientation θ = 0◦, with an EIRP of close to 23 dBm. However, a deep null
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Figure 3.13: (A.) The three-dimensional antenna pattern of phone B with the measurement antenna hor-
izontally polarized. The θ direction is in the vertical plane of the figure, while the φ direction is the hor-
izontal plane. The measured EIRP is the color scale which is set to a relative scale so that the minimum
measured is at to 0 dB. (B.) The horizontal or φ, cut taken at θ = 0.3◦ which is at the top of the three-
dimensional pattern, as indicated by the arrow. At φ = 0◦, the top of the phone is cross polarized with the
measurement antenna. Also plotted, in red, is the expected ideal dipole-dipole behavior.

is never achieved with a 15 dB drop seen with this cut. Apparently, the UE antenna is optimized
toward isotropy and dual polarization better than a simple dipole.

With some interpretation of the UE patterns shown in the previous figures, we now look at a
comparison of UE radiation patterns from the five sample UEs. They are shown in Figures 3.17
and 3.18. The first feature that stands out is the similarity in phones A, B, and C. These are different
manufacturers with very different price points and dimensions. Yet, all three phones exhibit the
same antenna behavior. Phones D and E, are similar to each other, but not the first three. They
have a very different design. It may be that the design allows higher EIRP for most orientations
while sacrificing some isotropy compared to the other antenna design. Another feature to note is
the presence in all UEs of a 30-40 dB null in the pattern.
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Figure 3.14: (A.) The three-dimensional antenna pattern of phone B with the measurement antenna hor-
izontally polarized. The θ direction is in the vertical plane of the figure, while the φ direction is the hor-
izontal plane. The measured EIRP is the color scale which is set to a relative scale so that the minimum
measured is at 0 dB. (B.) The horizontal or φ, cut taken at θ = 90◦ which is at the equator of the three-
dimensional pattern, as indicated by the arrow. With this cut, the top of the phone is always cross polarized
to the measurement antenna, leading to the waist seen at the equator of this pattern. The red curve repre-
sent the behavior of a simple dipole.

Figure 3.15: (A.) The three-dimensional antenna pattern of phone B with the measurement antenna hor-
izontally polarized. The measured EIRP is the color scale which is set to a relative scale so that the mini-
mum measured is at to 0 dB. (B.) The vertical, or θ, cut taken at φ = 0◦ which starts at a null at the top of
the three-dimensional pattern, as indicated by the arrow.
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Figure 3.16: (A.) The three-dimensional antenna pattern of UE B with the measurement antenna horizon-
tally polarized. The measured EIRP is the color scale which is set to a relative scale so that the minimum
measured is at to 0 dB. (B.) The vertical, or θ, cut taken at φ = 90◦ which starts at a peak in the radiation
patter at the top of the three-dimensional pattern, as indicated by the arrow.
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Chapter 4

Discussion

4.1 Dipole Antenna Approximation

The antenna patterns measured on the UEs presented in this report have many features in their
shape. In order to help interpret the behavior of the devices, we chose a dipole antenna as the
first-order model. The validity of this choice can be seen in the data presented since the radiation
patterns lend themselves to this approximation. Furthermore, the typical antenna used for wireless
devices is approximately described, in relative gain, by an azimuthally symmetric dipole pattern
[10].

We did not examine the antennas of each device, but generally, wireless devices use a so-called
planar inverted F antenna (PIFA) design [10]. These antennas generally use the ground plane of
the UE with a planar metal extension forming an L on one side. It could be thought of as a slot
antenna with one open side. The feed for the antenna is between the ground plane and the arm of
the L forming what looks like an inverted F, since the feed is typically close to the closed side of
the open slot. These antennas are easy to fabricate and allow flexibility in impedance matching to
50 ohms across a large bandwidth, as compared to a monopole design antenna. With the correct
dimensions chosen for this type of antenna, one can achieve an azimuthally symmetric pattern with
an elevation dependence that matches the sinusoidal pattern of an ideal dipole pattern. The gain
achieved will be quite different from a dipole, but the angular dependence will match. In actual
devices, with dielectric material from the UE case present and with optimization for multiband or
wideband operation, the radiation pattern can be expected to show multi-lobe behavior, but this
can be viewed as a perturbation of the dipole model presented in this report [10].
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Figure 4.1: Histograms of the EIRP measured at all the angles with both horizontal and vertical polariza-
tion of the measurement antenna. A.) The histogram of only phone A. B.) Histogram of Phones A-C. C)
Histogram of Phones A-E for comparison D.) Histogram for phone F.

4.2 Distribution of EIRP

A goal of this report was to identify realistic power levels as a function of UE orientation to assist
in maximizing measurement dynamic range and understanding associated uncertainties. Another
useful metric when modeling the emissions (or aggregate emissions) of a UE is the distribution
of power measured from the full UE patterns. These distributions could allow a better sense of
the average interference power that will be seen by a victim device. Furthermore, the distributions
provide an excellent source for a Monte Carlo sampling of expected power from the UE which
could assist with understanding deviations from peak power. These distributions are shown in
Figure 4.1. To ease with interpretation, distributions from the different phones are included in
the four plots. Phones A-C show a sharp cutoff at their highest EIRP values. Phones D-F have
histogram peaks at lower power, but have fewer points in the lowest-power regime. We speculate
that their design is optimized to avoid the deepest nulls while sacrificing peak performance.

Additionally, the three-dimensional patterns shown all have the common feature of yielding 30
- 40 dB nulls in the patterns. In the case of interference calculations where the victim receiver’s
antenna of interest is dual-polarized, the sum of the patterns for horizontal and vertical polarization
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Figure 4.2: Three-dimensional pattern of sum of horizontal and vertical polarization of UE B

may be of more interest. In Figure 4.2, the pattern of the sum of polarization is shown. The nulls
in this pattern are now 15-20 dB, which may better represent the actual power incident on a victim
receiver.
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Chapter 5

Conclusions

5.1 Summary

Here, we presented results in the form of antenna radiation patterns, histograms, and calculations
from six handsets for use in the NASCTN LTE aggregate experiment. We discovered similarity in
patterns and UE radiation behavior, including the effect of the data/power cable on the resulting
pattern. From the patterns measured, we determined that 30 - 40 dB nulls are possible in all the
handset patterns. Furthermore, the UEs tested here could be approximately modeled as a dipole
co-linear with the top or bottom edge of the UE, yielding close to the maximum radiated output
at that edge of the device when copolarized with the measurement antenna. However, when the
charging/data cable for the UE was introduced, the repeatability of the location of peaks in the
radiation pattern was reduced. Given these two results, we determined to use the top of the phone
closest to and copolarized with the measurement antenna for the experiment at hand, which would
also allow the length of the cable to be orthogonal to the measurement antenna polarization. This
should give EIRP values within 1 dB of the maximum radiated power for all phones while allowing
the best repeatability with cable placement and angular dependence.
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Appendix A

Data Acquisition Flow

The UE patterns presented in this report were measured with a single antenna connected to a com-
munications tester to both establish a communication link with the UE, and measure transmitted
power from the UE. The advantage of this scenario is that there is not a second antenna, which
would normally be used for establishing communication while the first antenna is attached to a
spectrum analyzer for measuring transmitted power. The second antenna can distort the measured
radiation pattern. However, the spectrum analyzer provides greater dynamic range in the power
measurement. To overcome this limitation in the communications tester, the automation code was
written to adjust the receiver range dynamically.

The communication tester has a setting called "external attenuation,” which sets the receiver range
for the expected incoming power. When this setting was substantially different than the expected
channel loss, the tester would lose the communication link. In order to maintain the link, and
therefore the power measurement, through nulls in the UE radiation pattern, several loops were
coded to catch out of range errors. We changed the tester’s external attenuation to implement this
error handling.

A flow diagram of the data acquisition code is shown below in Figure A.1. There are three in-
struments automated: the turntable which yields the elevation angle, the rotation stage that yields
the azimuth angle, and the communications tester, which produced all measurements shown in the
diagram, except for the orientation angles. The measurements made were: EIRP; standard devi-
ation of the EIRP measurement across the LTE frames averaged; attenuator setting (range of the
receiver); timestamp when the data was written; an error code from the EIRP measurement that
indicates whether the communication link was out-of-sync; the power was saturated, or if no error
occurred; and finally the orientation of the rotation stages. We also recorded the reference signal
received power (RSRP) from the UE. Finally, the communications tester reports an estimate of the
UE transmit power, which is the power received on the port of the tester with the addition of the
estimated path loss which is input as the attenuator setting. We were interested in the received
power at the port of the tester so that we could apply our own, measured, path loss correction.
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Figure A.1: Flow diagram of the data acquisition software.
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The rotating stages, for both elevation and azimuth, were set to rotate at one revolution per minute.
Thus, for the five degree steps, the time to rotate each stage was 0.8 s. The measurement would
then commence and lasted a duration of approximately 5 s. Therefore, when a communication link
was maintained, a measurement step would last 6 s. For a given azimuth angle, we would step
through all the elevation angles, as depicted in figure A.1. In order to save time, the acquisition
would alternate between measuring increasing elevation angles from 0 ◦ to 180 ◦, step to the next
azimuth angle, then reverse the elevation step to measure decreasing angles. Additional testing
time would be required when the communication link was lost due to high path loss, or due to
power saturation. As is shown in figure A.1, if connection was lost due to lack of signal, the
external attenuation setting would be decreased by 10 dB and a pause of 10 s was added to allow
reacquisition of the LTE signal. The valid range found for the attenuation setting in the chamber
was 45-75 dB, allowing a possibility of 4 attempts at reestablishing the communication link. Thus,
those data points could require up to 40 s for acquisition when a low signal was encountered.
Also, since finding a null in the pattern would yield a high attenuation setting, once the UE was
at an angle that was out of the null, we would find the communication tester receiver saturated.
This would be indicated by an error code from the tester. Then the attenuation setting would be
decreased, but we found that acquiring the LTE signal could take up to 30 s. Therefore, with the
possible four steps of attenuation attempts, these points could take up to 2 min to acquire.

The UE patterns were measured at 5 ◦ increments for pinpointing the presence of nulls in the
pattern. This step size required 72 data points in the azimuth angle, and 36 points in the elevation
angle. Therefore, a total of 2592 angular configurations were measured. If the communication
link were maintained throughout, one would expect at 6 s per data point, to acquire a pattern, for a
given measurement antenna polarization, in 4.3 hours. However, a typical pattern required 6 hours
due reestablishing the signal from low power or saturation.
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