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The aim of this Bachelor’s thesis was to describe an OTA RF chamber as a testing environment,
what a 5G UE Rotator is and how it is used to achieve better-quality test results in an OTA RF
chamber environment. Measurements were taken to show the improvement in the test results.
This thesis work was commissioned by Nokia Solutions and Networks Oy.

The thesis work consists of introduction of the work and the company, description of OTA RF
chamber and UE Rotator, UE Rotator usage and measurements and finally results and conclu-
sions. The testing method was created for the purpose of this thesis work.

Results of the measurements were visualized, and they showed how UE placement affects the
test results in the anechoic chamber environment. This thesis work and its results showed the
significance of precise UE placement and the value of UE Rotator as a tool for testing.
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VOCABULARY

4G Fourth Generation

5G Fifth Generation

ADB Android Device Bridge

AT Attention

BLER Block-error rate

BTS Base Transceiver Station
CPRI Common Public Radio Interface
DAC Digital-to-Analog Converter
DC Direct Current

DUT Device Under Test

ELT Extract, Load and Transfer
GND Ground

GPIO General Purpose Input/Output
IP Internet Protocol

LMI Local Management Interface
LTE Long-Term Evolution

MCS Modulation and Coding Scheme
MIMO Multiple-In Multiple-Out

MTP Mobile Testing Platform

NR New Radio

NSA Non-Standalone

OTA Over the Air

OTAVA Over the Air Validation Area
PWM Pulse Width Modulation




QAM

Quadrature Amplitude Modulation

QPSK Quadrature Phase Shift Keying
RF Radio Frequency

Rx Receive

SA Standalone

SSH Secure Shell

TCP Transmission Control Protocol
Tx Transfer

UDP User Datagram Protocol

UE User Equipment

Ul User Interface




1 INTRODUCTION

Nokia was founded in 1865 and has been through many transitions since, from a paper mill oper-
ation to a producer of different products such as tires, televisions, and mobile phones to the pre-
sent-day global technology leader in the communications industry [1]. This thesis work was com-
pleted in Nokia’s Otava 5G testing laboratory in Oulu, Finland. Otava has about 8,500m2 of space

which includes different 5G test lines, multiple antenna walls and RF chambers [2].

Anechoic test chambers are the most common environment for testing in Otava. Anechoic cham-
bers are explained generally in this thesis and Nokia’s own version, OTA RF chambers, in more
detail. The main benefits of using an anechoic chamber are the interference-free test environment

and being able to have multiple test lines in a relatively small area.

A UE Rotator is a device that was internally developed in Nokia to improve test results by offering
a way to change the UE’s horizontal and vertical angle remotely in an OTA RF chamber environ-
ment. The UE’s position has an effect on different testing parameters depending on how the UE’s
antennas are aligned relative to the radio unit's antennas. Prior to the development of the UE
Rotator there was no way to change the UE’s position without physically accessing the test
chamber. A static position of the UE is rarely optimal and that is why using a UE Rotator is bene-

ficial.

The aims of this thesis work are to describe an anechoic chamber, the UE Rotator as a device
and how it is used to achieve better test results. Measurements will be taken to compare the

results between a static UE position and a position founded and set with a UE Rotator.



2 ANECHOIC CHAMBER AS TEST ENVIRONMENT

This chapter contains general information about anechoic chambers and the OTA RF chamber as
a test environment used at Nokia. An OTA RF chamber will be used as a measurement environ-
ment in this thesis. The main aim of the measurements is to show how the UE Rotator is used to

improve test results.
2.1 General information on anechoic chambers

An anechoic chamber is a room that has radio-wave absorbing material on its inner walls to pre-
vent radio waves from bouncing inside. Absorbers are usually pyramidal in shape, which reflects
radio waves toward the bottom between the absorbers and attenuates them. Metal walls prevent

any radio waves entering the chamber from outside. [3]
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2.2 Nokia’s OTA RF chamber

The OTA (=Over The Air) RF chamber is a 7.2 meter-long modified sea container designed and
manufactured by Orbis Systems. The chambers are used for testing different 4G and 5G radio
units. The DUT (=Device under test) is a radio unit, and it can be tilted and rotated using a DUT
positioner. The chamber contains radio and UE partitions separated by a partition wall. The parti-
tion wall is used for better control of the transmitted RF signals by enabling the use of separate
antennas and attenuators. The wall has a square hole in it that can be blocked by a metal plate.
The metal plate has RF connectors which are used for connecting separate antennas when they
are needed in testing (Figure 3). Attenuators can be used with separate antennas to reduce the
amount of received power for the UEs. The level of attenuation is set so that the UE receives

approximately the same amount of power as in a real use scenario. [4]

PARTITION ¥ MOBILE
DUT POSITIONER G HOLDER

FIGURE 2. OTA RF Chamber [4, p.1]
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FIGURE 3. Vivaldi antenna as a separate antenna

The mobile holder is a plate which can be height-adjusted (Figure 4). Even though we can use a
DUT positioner, being able to also move the UE provides more control over the signal quality.
The UE used to be commonly attached to the mobile holder by simply using zip ties, double-sided
tape, or other similar means, but this is no longer the case when using the UE Rotator. The Rota-

tor has 3D-printed parts that are attached to a mobile holder plate with plastic bolts (Figure 4).

FIGURE 4. UE Rotator attached to mobile holder

11



3 UE ROTATOR

This chapter introduces the UE Rotator and its mechanical parts, hardware, and software.

3.1 Description of UE Rotator

The UE Rotator consists of 3D-printed mechanical parts, a Raspberry Pi 3B or newer, a USB
camera, two servos, and power supplies. The Raspberry Pi is used to provide a control signal for
the servos and hosting the website which includes the user interface. The Rotator can tilt the UE

with movement ranges of 90° vertical and 180° horizontal.

3.2 Hardware

3.21 Raspberry Pi

The Raspberry Pi is a single-board computer series by the Raspberry Pi Foundation. Generally,
there is an A model, which is more affordable, and a B model which has additional ports availa-
ble. [5]

B Models include Ethernet and USB ports which are mandatory for this use case. The third and
fourth-generation B models are proved to have enough performance for the purpose of the de-
vice. The Raspberry Pi provides control signals for the servo motors and hosts the user interface
via a web page which is configured to be accessed from Nokia’s internal test network. The USB

camera is used to provide a camera feed from the OTA RF chamber. (Figure 5)
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OTA RF Chamber
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ETHERNET
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FIGURE 5. Topology for the UE Rotator remote control

3.2.2 Servo motors

A servo motor is an electrical device that rotates parts of the machine using either an analog or
digital signal. Servo motors can be classified with different terms, but the most important consid-
eration is the type of voltage it uses. DC- (=direct current) servos are the obvious choice because
the Raspberry Pi can provide a control signal from a GPIO (=General purpose input/output)-pin
without any additional hardware. The control signal type is PWM (=pulse width modulation) and it
is calculated by a script dedicated to the UE Rotator. Two separate servos are used for horizontal

and vertical movement and there are separate control signals for each servo. [6]
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The servo model used in the UE Rotator is LF-20MG-270° by Power HD which has a 270° oper-
ating range and 20kg (at 6.6V) of maximum torque [7]. The horizontal utilized operating range is
180° and the vertical utilized range is 90°, which covers most of the available space for the UE.

The 20kg of torque has been tested to be enough to hold even heavier UEs.

3.3 Mechanical parts

Four mechanical parts are needed for the assembly. 3D models of the mechanical parts are de-
signed at Nokia. The mechanical parts are 3D-printed using the selective laser sintering method
which uses polymer powder as a material. In the sintering method, a print is formed by heating
polymer powder with laser layer by layer until the print is ready. Multiple parts are needed to
achieve horizontal and vertical movement of a UE and have mechanics attached to the mobile

holder plate. A general UE clamp is used to attach the UE to the rest of the mechanics (Figure 7).

[8]

Rotate arm

Tilt arm

Clamp holder

FIGURE 6. 3D-printed mechanical parts
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FIGURE 7. General UE clamp

3.4 Software

3.41 Raspberry Pi OS: Raspbian GNU (Linux)

The operating system used in the Raspberry Pi is Linux 10-based Raspbian optimized for Rasp-
berry Pi hardware [9]. The Rotator’s Ul is hosted to the test network as a web page in the operat-
ing system (Figure 8). The Ul provides controls for changing the horizontal and vertical angles of
the UE and camera feed from the chamber. The angles can be set with a given degree value or in
3-degree steps. The given angles are used in a Python script that converts angle values into a

corresponding PWM signal for the servo motors.

15



Incremental UE carousel OTA 19

Current horizontal angle 02
Current vertical angle 0°

Set horizontal
angle (-90° ... 90°)

+3° ‘ -3° | Set |

Set vertical
angle (-45°... 45°)

‘ +3° {-3‘) Set ‘

FIGURE 8. UE Rotator Ul web page

3.5 Electronics

A general power supply set to 6V is used to power the servo motors. The Raspberry Pi's GND-
(=ground) pin is connected to the power supply’s ground to avoid interference to the servos’ con-

trol signals (Figure 9). The control signals are delivered from GPIO pins using regular male-

female jumper cables.
-3v3 SVOpR
ervo power suppl qcFoz @ SvVoF
7\ -GrIo3 GNDf
\T_,/ Herios GRIo14k
. X HcnD cPID1sk
horizontal axis I P f—
{‘%‘\ “GPIOZ7 GNDF
. cpPiozz criozaf
; V3 GPIO24F
—GPIO10 GNDF
vertical axis derios GPIo2s|
rg\ <GPIOL11 GPIOBF
=GHD GRIOTE
—lb_so ID_SC
—GPIOS GNDF
=GPIOE GFIO12pF
GPIO13 GNDF
=GFPIO1g GFIO16pk
GPIO26 GPIO20F
GND GPIO21fF

‘0 USB-Camera

aspberry e 5

FIGURE 9. Wiring diagram of the UE Rotator

16



4 UE ROTATOR USAGE AND MEASUREMENTS

This chapter describes the test setup for measurements, preparations, UE Rotator usage and

taking logs from the UE.

41 Test setup

The BTS (=base transceiver station) consists of a radio unit and baseband units which communi-
cate using CPRI (=Common public radio interface). CPRI is a specification that defines the inter-
face of transport, connectivity, and control communications. [10] Baseband units are located out-
side the OTA RF chamber and connected to the radio unit with an optical fiber. Configuration of
the BTS is done from a dedicated PC which is connected to the baseband units using an LMI
(=Local Management Interface) connection. LMl is a signaling standard used between routers
and frame relay switches developed by Cisco. [11] A Linux-based data server is used for making
data transfers in testing. A mmWave radio unit was used in the measurements for this thesis.
(Figure 10)

€———3 = LAN CONNECTION
OTA RF Chamber (ETHERNET)

CPRI CONNECTION
(FIBER)

DOWNLINK (OTA)
Baseband mmW UE Data server (Linux)
units Radio unit UE Rotator

UPLINK (OTA)

A

p ADB CONNECTION (USB) I

LMI CONNECTIONS
(ETHERNET)

Test PC

any PC with test
network access

Web OR
manager

PC(56) | < T

Internet
(using VPN)
Web
element é—
manager
PC (LTE) Nokia's test network

FIGURE 10. Connection topology of the OTA RF Chamber used in this thesis
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411 MmWave radio unit

MmWave radios use extremely high-frequency waves (from 1-10mm wavelength), allowing the
use of smaller antennas and beamwidth which makes beamforming more precise. Beamforming
is a technique essential for 5G that uses multiple radiating elements to transmit the same signal
at the same wavelength but in a different phase, which creates a more targeted stream than om-
ni-directional antennas used with LTE (=Long-Term Evolution), for example. [12] MmWaves are
significantly more prone to attenuating over the air than the more commonly used cmWaves and
therefore they are only used over a short distance. The short range of mmWaves also means that

the same frequencies can be used more often. [13]

41.2 Beam set

The beam set is a BTS parameter that includes the number of used beams and their patterns.
The beam patterns are created by beamforming, which can be digital or analog. In analog beam-
forming, variations of amplitude and phase are applied to the analog signal at the transmitting
end. In digital beamforming, variations of amplitude and phase are applied to the digital signal
before the DAC (=Digital to Analog) conversion. The mmWave radio unit used in these meas-
urements was configured with an analog beam set of 12 beams with patterns shown in Figure 11.
The UE is initially placed approximately facing the center of the radio unit, and using the UE Rota-
tor, the UE’s antennas can be aligned with the beams for better signal quality and therefore better

test results. In these measurements beam 63 is reachable for the UE. [14]
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FIGURE 11. Beam pattern of the tested mmW radio [15, p.30]

4.1.3 5G architecture and bands

There are two different implementations of 5G architectures: SA (=Standalone) which is end-to-
end 5G and NSA (=Non-standalone) which uses LTE infrastructure with 5G-based radio anten-
nas [16]. NSA was used in this test setup with a band combination of b66+n261. b66 is used as
an LTE anchor which is for initial connection establishment, and n261 is a mmWave frequency
(28Ghz) used for 5G connection.

414 Test equipment

The test PC is a standard laptop with Nokia’s Windows package installed for testing purposes.
Because the test PC is in the chamber, it is always used remotely while the radio is on air. The
UE used in these measurements was a MediaTek MTP (=Mobile testing platform) which supports
the b66+n261 band combination used in these measurements. The software used in the meas-
urements was ELT logging software used with MediaTek devices. ELT is used for monitoring and
for taking logs including messages between the BTS and UE and different parameters from the
UE’s network interface. The UE and test PC communicate through a standard USB-C cable using
an ADB (=Android Debug Bridge) connection. ADB is a command-line tool for PC that is used for

communicating with an Android device. [17]

19



4.2 Testing method

421 Data transferring technique

The data transferring technique used was maximum artificial load in downlink and uplink with
iPerf software using UDP(=User Datagram Protocol). UDP is preferred over TCP(=Transmission
Control Protocol) as it has much higher speed and also causes less variance in results between
different UEs. iPerf is a tool used for testing maximum bandwidth in an IP network [18]. Data
transfer in the uplink is turned on with iPerf in the UE using the ADB shell with a command
prompt and downlink transfer is turned on from an external Linux PC using an SSH(=Secure
Shell)-connection. The bandwidth in downlink is set to 450MB and 50MB in uplink, which are
enough to reach maximum throughputs. The IP address is static on the Linux PC, but the UE’s IP
changes every time it attaches to the LTE anchor. The IP address of the UE can be checked

within the ADB shell using the “ifconfig” command (Figure 12).

4.2.2 Taking measurements

After the test setup was prepared and the UE Rotator was in the default position, the UE attach
was tested by enabling and disabling airplane mode which connects UE to the 5G cell and turning
data transfers on using iPerf commands in the UE (uplink) and data server (downlink). Airplane
mode can be changed remotely using Vysor software or using AT(=Attention)-commands
“‘at+cfun=4" which disables the receive and transmit circuits and “at+cfun=1" which restores full
functionality from the ELT [19]. Vysor software is used to remotely control iOS or Android devices
by Windows, Mac, or Linux [20]. Initial measurements showed that detach takes place quite fast if
UE’s position is not good, so the results were saved after about 10 seconds of successful con-
nection with data transfers on. The results were saved by screen capturing the ELT’'s NR info
view with the UE Rotator Ul, which shows the UE’s angles at the given moment. The UE angles
were changed from -5° to 5° in 1° steps horizontally and vertically in both directions until there
were multiple detaches, meaning that the UE was in a clearly bad position. This method was
repeated to create a map of 121 UE positions in which the UE was able to stay connected in the
5G (Figure 13).

20



1360 -b 450M -t 99999

-c client (destination ip) -u (UDP) -i (interval (sec)) -l (lenght of buffers (KB)) -b (bandwidth (Bit)) -t (time (sec))
FIGURE 12. Example of an iPerf command for downlink transfer [21]
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FIGURE 13. Measuring flow chart
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5 RESULTS

In this chapter the most important parameters are explained, and the results are examined and

conclusions reached.

5.1 Parameters

The most important parameters when thinking about the use case of the UE Rotator are the
throughput in downlink and uplink, the BLER (=Block-Error Rate) and the MCS (=Modulation and
Coding Scheme) and rank. The throughput measures how many bits are successfully decoded
from the sent data on the receiving side in a given timeframe [22]. The timeframe is usually one
second and is also true in the measurements. The BLER measures the percentage of erroneous
data blocks out of the total number of transmitted data blocks [23]. The target BLER in uplink is
configured at 10%, which is widely used as an acceptable rate for a radio link to work properly. A
lower BLER target would mean a lower MCS and therefore a modulation technique with less ca-
pacity to send the actual data. The MCS defines the number of bits that can be sent in a symbol.
Symbols are used in modulation techniques to transmit bits by modulating the carrier signal. The
modulation techniques that 5G supports are QPSK, which changes only the phase of the signal,
and QAM16, QAM64, and QAM256 which additionally change the amplitude of the signal. QPSK
can transmit 2 bits and in QAM techniques the number of transmittable bits is presented in the
name. [24] MIMO (=Multiple-input and multiple-out) is technology that uses multiple antennas to
send and receive different data streams simultaneously [25]. The rank indicator shows how many
antennas are receiving a signal without interfering with each other [26]. The maximum rank indi-
cator is practically the same as the number of Tx(=Transfer)-Rx(=Receive) pairs. The rank was
constantly 2 because the BTS was configured with 2x2 spatial multiplexing, which means that the

maximum number of data streams was 2 [27].

5.2 Position maps

In this section, position maps visualized from the results are presented and examined. Position

maps are samples of 121 different positions from -5° to 5° vertically and horizontally.
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5.21 Active positions

This visualization shows the positions where the UE could maintain a 5G connection when data
transfers were active. Regarding the shape of the visualization (Figure 13), it seems that the UE’s

initial position was on the edge of beam 63 (Figure 14).

Active connections

- =Active
- = Disconnect

Vertical angle ()

5 4 3 -2 -1 0 1 2 3 4 5

Horizontal angle ()

FIGURE 14. Positions by active/disconnected connection status
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FIGURE 15. UE’s initial position
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522 ULBLER

The modulation used was mostly QAM16 with a few exceptions of dropping into QPSK-
modulation. The UL BLER stayed in a range of 7-10%, but clearly the best position area with a

constantly lower BLER was between the 3-5° horizontal and 3-5° vertical angles.

UL BLER (%)
Modulation
=QAM16
= =QPSK
o
g
E =Detach
=
L
>

5 4 -3 -2 -1 0 1 2 3 4 5

Horizontal angle ()

FIGURE 15. Positions by uplink BLER and modulation

523 MCS

The MCS had the expected relation with the UL BLER and the MCS can also be seen as a basis
for the used modulation technique.

MCS
Modulation
B -cawmie
= =QPSK
0]
2
% =Detach
s
=
L
>

5 4 -3 -2 -1 0 1 2 3 4 5

Horizontal angle ()

FIGURE 16. Positions by MCS and modulation
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5.24 Uplink throughput

The maximum uplink throughput results followed the same phenomena as the previous results,

but the effect was not as noticeable in the throughputs.

UL TP (Mbits)
Modulation
B -camie
=QPSK

- =Detach

Vertical angle (°)

A WNEOoOR NWERWOM

5 4 3 -2 -1 0 1 2 3 4 5

Horizontal angle (°)

FIGURE 17. Positions by uplink throughput and modulation

5.3 Conclusions

The matter of precise UE positioning can be seen from the results, and therefore the value of the
UE Rotator as a useful tool for testing. Precise adjustments that were made with the UE Rotator
would not be possible by moving the UE in a chamber by hand. The UE Rotator is also a viable
option when testing cmWave radios, but the effect of the UE angle is more drastic when using the

smaller mmWave.
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6 SUMMARY

The objective of this thesis werk was to describe the OTA RF chamber as a testing environment,

the UE Rotator and how it is used to achieve better-quality test results.

The specific test setup and fundamental configurations for the measurements of this thesis are
described in this document. The measurements were made in an OTA RF chamber using an
mmWave radio unit because mmWaves are more sensitive to the UE position than cmWaves and
therefore better-suited for the target of this thesis. The testing method was to create map of UE

positions and measure how the positions affect different parameters.

The results of the measurements showed the value of being able to move the UE precisely in
improvements in different parameters. If we compare the UE Rotator to the previous situation with
a fixed UE position moved by hand, the improvement is significant, also considering the efficiency

of remote control.
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