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ABSTRACT

Title: Comparison of Reference Signal Received Power Measurements between
Cell Phone and Scanning Receiver in LTE
Author: Sahin Gullu

Committee Chair: Josko Zec, Ph.D.

In cellular technology, before giving service to customers, coverage estimation,
network optimization, and maintenance rely on RSRP (Received Signal Reference
Power) measurements that are collected in a given area. This measurement
collection is called “drive test or drive testing” that is very common practical
experiment for RF engineers. These measurements are usually recorded by a
professional receiver or a professional phone with appropriate software and license.
A scanning receiver, PCTEL SeeGull EX scanning Receiver in this thesis, is a
common professional tool for RF engineers to collect data. A cell phone, HTC One
M7 for this experiment, has an appropriate application created by a Ph.D. student at
Florida Institute of Technology in order to record the measurements. There may be
some difference between a given coverage area and the area customers experience.
Because of that, the target of this thesis is to show that there is a significant
difference between the scanning receiver and the cell phone in terms of customers'

experience.

RSRP measurements were collected in Melbourne, FL with three different drive
test from two devices at 700MHz in Long Term Evolution (LTE). These
measurements were compared and presented in this thesis. Stochastic tools and
theoretical analysis were utilized in order to understand the validity of this
experiment.
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1 INTRODUCTION TO MOBILE NETWORKS AND DRIVE TESTING

1.1 Mobile Generation Networks

Mobile networks may be one of the most active areas last four decades. As it is seen in
Figure 1, mobile subscribers are increasing every day. Because of that, new technologies
and systems that make mobile networks more comfortable for customers have to be

applied to this technology.
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Figure 1: Mobile Subscribers [1]

Before 1973, mobile phones were placed to cars and other vehicles. In 1973, Motorola
introduced a handheld mobile phone (Motorola DynaTAC 8000X, see Figure2) by Martin
Cooper. It was 1.1 kg (2.42 Ibs.), 23 cm long, 13 cm deep, 4.45 cm wide, and the prize of
the phone was $3,995 in that time ($9600 in 2016). However, it was commercially
available in 1983 in the USA and Europe.
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Figure 2: Motorola DynaTAC 8000X [2]
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Motorola DynaTAC 8000X was suitable for only voice calls. In this generation, Short
Messaging Service (SMS) or any data was not available in those days. However, nowadays,
it can be said that data is more important than voice. For customers, one of the most
important application is data rate. Because of this, data rate in wireless communications
systems has increased significantly since the deployment of smart phones. Since
customers are looking for reliability, robustness and high performance, it is essential for
operators to keep up with new technologies and keep their systems updated [3].
Therefore, there is need to satisfy the demands of the capacity improvements in wireless

communications [4].

Due to these demands from customers, The International Telecommunication Union (ITU)
launched the International Mobile Telecommunications (IMT-2000) as an initiative to
cover high-speed, broadband, and Internet Protocol (IP)-based mobile systems featuring
network-to-network interconnection, feature/service transparency, global roaming, and
seamless services independent of location. IMT-2000 is intended to bring high-quality
mobile multimedia telecommunications to a worldwide mass market by achieving the
goals of increasing the speed and ease of wireless communications, responding to the
problems faced by the increased demand to pass data via telecommunications, and

providing “anytime, anywhere” services [5].

There are four generation networks less than four decades. Because of that, cellular
network is the one of fastest growing technology in the world. In this technology, there
have been many standards in order to satisfy the quality and demands. Two partnership
organizations were born from the ITU-IMT-2000 initiative: The Third Generation
Partnership project (www.3gpp.org) and the Third Generation Partnership Project 2
(www.3gpp2.org). The 3GPP and 3GPP2 developed their own version of 2G, 3G, and even

beyond 3G mobile systems [5]. Figure 3 is an illustration of cellular generations.


http://www.3gpp.org/
http://www.3gpp2.org/

Figure 3: Cell Phones with its Generations [6]

1.1.1 First Generation Mobile Network (1G)

First generation (1G) wireless networks denoted the voice only analog cellular systems
with analogue circuit switched network architecture. Basic voice telephony, low capacity
and limited local and regional coverage were the main challenges in this system [4].

In the late 1970s and early 1980s, various 1G cellular mobile communication systems
were introduced. The first such system, the Advanced Mobile Phone System (AMPS), was
introduced in the USA in the late 1970s. Other 1G systems include the Nordic Mobile
Telephone System (NMT) and the Total Access Communications System (TACS) [5].
These Standards were operating in different frequency bands and different standards;
therefore, if a person use a cell phone in the USA, that cell phone was not worked in
different countries, e.g. Europe. This is why Second Generations had to be introduced to

overcome these drawbacks.

1.1.2 Second Generation Mobile Network (2G)

The second-generation (2G) digital systems promised higher capacity and better voice
quality than did their analog counterparts [5]. By utilizing digital system, the signal can be
compressed much more efficiently than analog system. This means that effective
encoding structure allows transmitting more packet into the same bandwidth and
propagates with less power from user devices which were transmitting with an analogue

signal before [4].



2G was introduced in 1990s. 2G cellular systems are GSM (Global System for Mobile
Communications) formed by 3GPP and I1S-95 CDMA (Code Division Multiple Access)
formed by 3GPP2. These two standards was leading the market, GSM was common in
Europe and all around the world while 1S-95 CDMA was common in the USA.

Using circuit-switched for digital voice, and the cost of having cell phones made a rapid
extension in cellular communication. Beside voice application, there was an application,
SMS (Short Messaging Service). 2G mobile network was basically allocated frequency

spectrums (800/900 & 1800/1900 MHz)

1.1.3 Third Generation Mobile Network (3G)

The third generation (3G) was introduced at the end of 20™" century. 3G systems differed
from 2G generation systems more in the ability to integrate voice and data applications
[4]. In order to satisfy larger voice and data traffic, under 3GPP GSM systems have defined
Universal Mobile Telecommunications System (UMTS) and 3GPP2 has launched
CDMA2000. However, UMTS dominated over CDMA200 by using two different domain in
order to traffic voice and data. For voice application, circuit-switched was used, and
packet-switched was added without establishing any circuit for data traffic.

UMTS Terrestrial Radio Access Network (UTRAN) based on Wideband Code Division
Multiple Access (WCDMA) radio technology since it is using 5 MHz bandwidth and
GSM/EDGE Radio Access Network (GERAN) based on (GSM)-enhanced data rates. On the
other hand, 3GPP2 implemented CDMA2000 under 1.25 MHz bandwidth which increased
voice and data services and supported a multitude of enhanced broadband data
applications, such as broadband Internet access and multimedia downloads [5]. There
was also more frequency spectrum available up to 2100 MHz. Two standards was

compatible to each other, which customers were satisfied with.

1.1.4 Fourth Generation Mobile Network (4G)
The ever increasing number of mobile broadband users requires the availability of
enhanced data services. Long Term Evolution or LTE is the evolution of High Speed Packet
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Access (HSPA), which was standardized by third generation partnership project (3GPP)
Release 8 in order to meet the increasing demand of faster and more efficient mobile
internet access today by supporting the larger bandwidth [7]. Although there was UMB
(Ultra-Mobile Broadband) standard by 3GGP2, LTE was the only standard all around the

world, and the deployment started around 2010.

The objective of 4G is to handle this rapidly increasing numbers of users without
degrading the quality of service. However, scalability is not the only focus of 4G. It aims at
providing a spectrally efficient system (in bit/s/Hz and bit/s/Hz/site) and a nominal data
rate of 100 Mbit/s while the client physically moves at high speeds relative to the station,

and 1 Gbit/s while client and station are in relatively fixed positions [1].

100Mbps 4G
WiMAX, LTE
50Mbps 3G
HSUPA
3.5G
HSDPA
3Mbps 3G
UMTS
25G
GPRS/EDGE
2G
GSM
100Kbps
1990s 2010 2015

Figure 4: Evolution of global wireless technologies [4]

As it is shown in Figure 4, it can be seen that data rates versus wireless technologies.
WiMAX and LTE systems are used in 4G, and UMB is not mentioned in fourth generation
mobile network. Moreover, circuit-switched domain was removed in LTE, and now in LTE,
voice and data are delivered over internet protocol (IP). It can be called VolP (voice over

internet protocol) or VoLTE (voice over LTE).



Table 1: Comparison of 3G and 4G systems [1]

3G (including 2.5G, sub
3G)

4G

Major Requirement

Driving Architecture

Predominantly voice
driven - data was

always add on

Converged data and voice over IP

Network

Architecture

Wide area cell-based

Hybrid- integration of Wireless LAN

(WiFi, Bluetooth) and wide area

Speeds

384 Kbps to 2 Mbps

20 to 100 Mbps in mobile mode

Frequency Band

Dependent on country
or continent (1800-
2400 Mhz)

Higher frequency bands (2-8 GHz)

Bandwidth

5-20 Mhz

100 Mhz (or more)

Switching Design

Basis

Circuit and Packet

All digital with packetized voice

Access Technologies

W-CDMA, 1xRRT, Edge

OFDM and MC-CDMA (Multi
Carrier CDMA)

Forward Error

Correction

Convolution rate, 1/2,

1/3

Concatenated coding scheme

Component Design

Optimized antenna
design, multi-band

adapters

Smarter Antennas, software

multiband and wideband radios

A number of air link
protocols, including IP

5.0

All IP (IP 6.0)




Faster wireless broadband connections enable wireless carriers to support higher level
data services, including business applications, streamed audio and video, video
messaging, video telephony, mobile TV, and gaming [5]. Numerous frequency band were
allocated for 4G, and frequency bands were more than previous generations such as
1.4/3/5/10/15 and 20 MHz bandwidths. In order to understand basic differences between

3G and 4G, Table 1 is an example of this comparison.

1.1.5 Fifth Generation Mobile Network (5G)

Fifth generation (5G) is currently in development, the expectations for the deployment of
5G will be between 2020 and 2030. 5G will be the first generations which will not replace
the previous generation because the goal of 5g is not mobile users. It targets vehicles,
household devices and the Internet of Things (IoT) (see Figure 5). Because of loT network,
most of devices will use internet and wide range of data rates. As a result of that, wide

frequency spectrum can be used such as 20/30/60 MHz.

Figure 5: 5G and IoT [8]



1.2 Drive Testing in LTE

All generations of cellular industry rely on measurements to monitor network
performance. There are two types of testing for data collection, Drive Test and Walk Test.
These tests are the test that records and measures RF metrics with their location (GPS) in
a real world environment while driving or walking. RF engineers may theoretically model
a program in order to see how RF signals perform; however, it is hard to wholly predict
how User Equipment (UE) deals with the network. In terms of customers’ experience,

therefore, all generations of cellular industry rely on drive/walk test for data collection.

In LTE, drive testing is a part of the network deployment and management life cycle from
the early onset. Drive testing provides an accurate real world capture of the RF
environment under a particular set of network and environmental conditions. The main
benefit of drive testing is that it measures the actual network coverage and performance
that a user on the actual drive route would experience [9]. Driving test network life cycle

may be described as Figure 6 shown.

Site Survey

Optimization

Drive Testing
network life cycle
(outdoor/indoor)

Trouble-
shoaoting

N —

Figure 6: Network Planning Cycle [9]
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Drive Test can be based on phone or receiver. Phone-based drive test records RF signals
information in phones or server which depend on their software, also it measures data
with a carrier perspective. On the other hand, Receiver-based drive test saves data
regardless carriers, and it can measure RF metrics in different frequencies, different
bandwidths and different standards. In addition, it is for sure that Receivers has much

more sophisticated systems than cell phones do.

Drive testing could be divided into four scenarios in order to perform a drive testin a
given route. These are Pre-deployment, Network Benchmarking, Optimization and
Troubleshooting, and Service Quality Monitoring. Pre-deployment is that before giving
any service to customers, a carrier company measures RF signals’ metrics to comprehend
their coverage area. Network Benchmarking provides a way that compares different
network technologies or carriers. Optimization and Troubleshooting usually focus on
specific problems such as network issues, and aiming to solve problems. Service Quality

Monitoring can be understood from its name that monitors the service quality.



2 OVERVIEW LTE SYSTEM

In this chapter, the LTE System is overviewed such as its architecture, its major features

and its performance metrics.

2.1 LTE Architecture

The overall architecture has two distinct components: the access network and the core
network. The access network is the Evolved Universal Terrestrial Radio Access Network (E-
UTRAN). The core network is called the Evolved Packet Core (EPC) [5]. Figure 7 shows
overall LTE architecture, even though there is a User Equipment (UE) such as a cell phone
or laptop in Figure 7, UE is not a part of the System Architecture Evolution (SAE);
however, it will be explained in this section. Additionally, as it is known, the Evolved

Packet System (EPS) consists of E-UTRAN and EPC.

The evolved UMTS terrestrial radio access network (E-UTRAN) is responsible for all
management of mobile equipped EPC’s radio communication which replaces the UTRAN
that was part of previous architecture. EPC comprises of a Mobility Management Entity
(MME), a Serving Gateway (S-GW) that interfaces with the E-UTRAN, and a PDN Gateway

(P-GW) that interfaces to external packet data networks [7].

Figure 7: Overall LTE Architecture [7]
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2.1.1 The Evolved Universal Terrestrial Radio Access Network

E-UTRAN is the air interface of 3GPP’s Long-Term Evolution (LTE) upgrade path for mobile
networks. It is a radio access network standard meant to be a replacement of the UMTS,
HSDPA, and HSUPA technologies specified in 3GPP releases 5 and beyond. LTE’s E-UTRAN
is an entirely new air interface system, which provides higher data rates and lower latency

and is optimized for packet data [5].

The E-UTRAN in LTE architecture consists of a single node (evolved NodeB, eNB or
eNodeB) that interfaces with the UE. The aim of this simplification is to reduce the latency
of all radio interface operations. eNBs are connected to each other with X2 interface, and
they are connected to the S-GW and to the MME with S1 interface (see Figure 8), more
specifically to the MME via S1-MME, and to the S-GW via S1-U. The E-UTRAN uses OFDMA
for Downlink transmission and SC-OFDMA for Uplink transmission, which are explained in

the section, LTE Major Features.

Figure 8: E-UTRAN Architecture [10]
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eNBs are basically base stations, and they are responsible for managing multiple cells.
Unlike some of the previous second- and third-generation technologies, LTE integrates
the radio controller function into the eNodeB. This allows tight interaction between the
different protocol layers of the radio access network (RAN); thus, reducing latency and
improving efficiency [11]. X2 interface is used for handover information, and load &
interference management.S1-U (S1 user plane) is defined between eNB and the S-GW for
delivering data. On the other hand, S1-MME is defined as an interface between the MME

and eNB, and it is responsible for signaling and paging procedure.

2.1.2 Evolved Packet Core

The architecture in GSM is based on circuit-switching, it provides voice and short
messages. Later, in GPRS in order to transfer data without establishing circuits, packet-
switching is added, so that the architecture of in GPRS consists of two domains circuit and

packet (see Figure 9).

The 3GPP community decided to use IP (Internet Protocol) as the key protocol to
transport all services. It was therefore agreed that the EPC would not have a circuit-
switched domain anymore and that the EPC should be an evolution of the packet-

switched architecture used in GPRS/UMTS [12].

Circuit-only Circuit/packet Packet-only

S
8
@
&

S.
39
08
=
¥

GSM GPRS, UMTS EPS

Figure 9: Circuit and Packet Domains [12]
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Figure 10: Basic EPS Architecture [12]

It can be said that the main part of the EPS is the EPC, and it basically has 4 elements: the
S-GW, the MME, the PDN-GW, and the HSS as shown in Figure 10.

The Serving gateway: The S-GW routes and forwards user data packets, while also acting
as the mobility anchor for the user plane during inter-eNodeB handovers and as the
anchor for mobility between LTE and other 3GPP technologies. For idle state UEs, the S-
GW terminates the downlink data path and triggers paging when downlink data arrives
for the UE. It manages and stores UE contexts, e.g., parameters of the IP bearer service
and network internal routing information. It also performs replication of the user traffic in

case of lawful interception [5].

The Mobility Management Entity: This unit is the brain of the EPC, as it resides in its
control plane, and is responsible for the session status management, paging,
authentication, mobility in 3GPP, 2G and 3G nodes, Barrier management functions,

roaming [13].

The Packet Data Network Gateway: The PDN-GW is the point of interconnect between
the EPC and the external IP networks which are called PDN (Packet Data Network). The
PDN-GW routes packets to and from the PDNs. The PDN GW also performs various

functions such as IP address / IP prefix allocation or policy control and charging [12].
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The Home Subscriber Server: Basically, the HSS (for Home Subscriber Server) is a
database that contains user-related and subscriber-related information. It also provides
support functions in mobility management, call and session setup, user authentication

and access authorization [12].

2.1.3 User Equipment (UE)

User equipment is a device that is utilized by an end-user to connect with eNodeB, and
user equipment can be any devices such as cell phones or laptops. For cell phones, there
is a card which is known as the SIM (Subscriber Identity Module) card. This card executes
an application called the Universal SIM (USIM) that stores specific user data, such as
home network identity and phone number. The LTE supports all devices that use USIM
releases 99 and beyond, but it does not support earlier releases of GSM that used the

Subscriber Identity Module (SIM) [13].

LTE has categorized user equipment in order to allow eNodeBs to communicate with User
Equipment. For all devices, LTE-Release 8 has 5 categories, and after Category 5, there are
Category 6 and up to Category 12, which are for LTE-Advanced, Release 10 and beyond.

Table 2 shows Release 8 UE's categories and their features.

Table 2: Release 8 User Equipment Categories and Features [14]

Category 1 2 3 4 5
Peak rate DL 10 50 100 150 300
e 28 uL 5 25 50 50 75
Capability for physical functionalities
RF bandwidth 20MHz
Modulation | DL QPSK, 16QAM, 64QAM
UL QPSK, 16QAM QPSK,
16QAM,
64QAM
Multi-antenna
2 Rx diversity Assumed in performance requirements.
2x2 MIMO Not Mandatory
supported
4x4 MIMO Not supported Mandatory
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QPSK and 16-QAM can be used as modulation schemes for uplink until Category 4, but
Category 5 devices can use three different modulation for uplink transmission. Moreover,
Category 1 devices do not support Multiple Input Multiple Output (MIMO), which is an
antenna technology using multiple antennas at transmitter and receiver side in order to
increase data rate, and to reduce the errors. On the other hand, 4x4 MIMO is only used

for Category 5 in LTE-Release 8.

2.2 LTE Major Features

In this section, it is discussed some significant features for LTE system that deserve to be
mentioned such as its modulation scheme, its multiple access technique, and its

bandwidth. Table 3 shows these features for LTE Release 8 as major parameters.

Table 3: LTE Release 8 major parameters [5]

Paramelter Values

Access Scheme UL SC-OFDMA

Access Scheme DL OFDMA

Bandwidth 1.4,3,5,10, 15, and 20 MHz

Minimum TTI I ms

Subcarrier spacing 15kHz

Cyeclic prefix short 4.7 s

Cyclic prefix long 16.7 s

Modulation QPSK. 16 QAM, 64 QAM

Spatial multiplexing Single layer for UL per UE, up to four layers for DL per UE,

MU-MIMO supported for UL and DL

2.2.1 Multiple Access in LTE

There are mainly two types of Multiple Access Techniques which are Frequency Division
Multiple Access (FDMA) and Time division Multiple Access (TDMA) (see Figure 11). In
FDMA that was used by the first generation analogue systems, analogue filters were used
by the UEs to differentiate their own carrier frequencies from other carriers. In this
technique guard bands were used to separate adjacent carriers to minimize the
interference between the two. On the other hand, in TDMA all mobile devices receive

information on the same carrier frequency but at different times [13].
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Figure 11: Multiple Access Techniques [15]

Multiple access schemes allow many mobile users to share simultaneously a finite
amount of radio spectrum. The sharing of spectrum is done in order to achieve high
capacity by simultaneously allocating the available bandwidth (or the available amount of
channels) to multiple users (see Figure 12). For high quality communications, this must be

done without severe degradation in the performance of the system [1].

radio frame
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A

One resaurce block (RB)
Frequency

A

time
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. User 1 User 3 User 5

User 2 User 4 Unused

Figure 12: OFDMA Resource Allocation [6]
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In LTE, OFDMA (Orthogonal Frequency Division Multiple Access) is an air interface in
order to manage users in two domain. In OFDMA, one resource block is 1ms in time
domain, 15 kHz in frequency domain. It means that every 1mes, it is decided how much
bandwidths will be given to users based on their demands. In order to use efficiently
bandwidth, this technique is very dynamic in terms of power because every millisecond it
changes users’ carrier. These carriers are seen overlapped in frequency domain but they
are orthogonal in vector domain, which means that carriers do not interface each other.
In other words, all carriers’ power are zero at specific frequency except one of them has

power.

2.2.2 Transmission in LTE

3GPP-LTE introduces the air interface access technologies from the use of orthogonal
frequency division multiplexing (OFDM), multiple antenna technologies as well as
modifications to the network architecture. OFDM is used in the downlink transmission,
and Single Carrier FDMA (Frequency Division Multiple Access) technology is applied in the

uplink transmission [16].

2.2.2.1 Downlink Transmission

If the dot product of two deterministic signals is equal to zero, these signals are said to be
orthogonal to each other. Orthogonality can also be viewed from the standpoint of
stochastic processes. If two random processes are uncorrelated, then they are orthogonal
[5]. Radio resources in LTE are divided into frequency domain and time domain. Each LTE
downlink frame has 10ms duration and further divided into sub-frames (10 sub frames)
each of which has 1ms duration, known as Transmission Time Interval (TTl) and each TTI

consists of two time slots of 0.5ms duration [10] as shown in Figure 13.
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Figure 14: LTE sub frame and slot structure [16]

The number of OFDM symbols per sub-frame is 7 for normal cyclic prefix and 6 for
extended cyclic prefix in the time domain (Figure 14) and length of 12 consecutive sub-

carriers (180 kHz) in the frequency domain [5] (Figure 15 and Figure 16). To provide
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consistent and exact timing definitions, different time intervals within the LTE radio
access specification can be expressed as multiples of a basic time unit

S =m sec. Therefore Tsame and Tsubframe CaN be expressed as (307200.Ts) and
(30720.Ts) respectively [16].

Sub-frame length
— 1ms —

—————— - Tota
Bandwidth

Resource Block: 12

subcarriers, 0.5 ms

0.5 ms

Figure 15: Resource Block grid in frequency domain [10]
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Figure 16: Resource Block Structure [5]

The total number of available subcarriers depends on the overall transmission bandwidth
of the system [5]. There are 12 resource blocks as it is seen In Figure 15 with, and each
resource block has 12 subcarriers (Figure 16). Therefore, it means that there are 72
subcarriers, and the total bandwidth is 1.4 MHz that means each subcarrier spacing is 15

kHz. System bandwidths parameters which depends on the LTE specifications is defined in

Table 4.
Table 4: Downlink OFDM modulation parameters [5]

Parameter 1.4 3 5 10 15 20
Sub-tframe duration 1.0 ms
Subcarrier spacing 15kHz
Sampling frequency (MHz)  1.92 3.84 768 1536 23.04 30.72
FFT size 128 256 512 1,024 1,536 2,048
No. of occupied subcarriers 72 180 300 600 900 1.200
CP length normal (jus) 4.69 % 6,5.21 x |
CP length extended (ps) 6.16
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2.2.2.2 Uplink Transmission

Single carrier FDMA (SC-FDMA) which utilizes single carrier modulation at the transmitter
and frequency domain equalization at the receiver is a technique that has similar
performance and essentially the same overall structure as those of an OFDMA system. SC-
FDMA has been adopted as the uplink multiple access scheme in 3GPP Long Term
Evolution (LTE) mainly due to its low peak-to-average power ratio (PAPR) which greatly

improves the transmit power efficiency [17].

SC-FDMA is a single carrier transmission based on DFT-spread OFDM where a block of N
modulation symbols is applied to N-point DFT. The DFT spreads data symbols between all
available subcarriers, combined with pilot symbols in time division multiplexing (TDM)
and then mapped to proper subcarriers. After the Npoint DFT, a size of M-point IDFT is
applied to the signal, where M > N and the unused inputs of the IDFT equals to zero. At
the receiver, the process is the opposite way in which after the M-point DFT is applied,
the signal is frequency domain equalized and then the signal is finally converted into time
domain using N-point IDFT. A comparison of SC-FDMA and OFDMA is drawn in Figure 17

which summarizes the difference in block diagram [16].
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el T | Mapping
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1 IDFT 1e&e—| Equalization |«
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Figure 17: A block diagram of SC-FDMA and OFDMA [16]
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2.2.3 Modulation Scheme in LTE

Modulation for analog transmission of digital data is a way to covert digital data (zeros
and ones) into analog waveforms in order to transmit the information. Theoretically,
square pulls are used to represent zeros and ones; however, sine or cosine function are
used in practical experiments for the representation of digital data due to the fact that

producing square pulls are required to use high frequencies.

There are three type of modulation from digital to analog, these are ASK (Amplitude Shift
keying), FSK (Frequency Shift Keying), and PSK (Phase shift Keying). QAM (Quadrature
Amplitude Modulation) is the combination of ASK and PSK. Additionally, there are three
types of modulation scheme used in LTE, these are QPSK (Quadrature Phase Shift Keying),
16-QAM (16 Quadrature Amplitude Modulation), and 64-QAM (64 Quadrature Amplitude

Modulation).

With QPSK, 4 symbols are send at a time, and each symbol consist of 2 bits as it is seen in
Figure 18, M is the number of symbols, and € is the energy of a symbol. For 16-QAM, 16
symbols are transmitted at a time, for each symbol consists of 4 bits. On the other hand,
64-QAM modulation scheme has 64 symbols and each symbol has 6 bits. For QAM

constellation points in vector domain, Figure 19 is presented.

011 . 001
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Figure 18: PSK Signal Constellations [18]
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Figure 19: Constellation for QAM [18]

2.2.4 Channel Bandwidth in LTE
In LTE, there are 6 different channels bandwidths, which are 1.4, 3, 5, 10, 15, and 20MHz.
The bandwidths can be max 100MHz with carrier aggregation (see Figure 20). Carrier

aggregation is a way to combine different LTE carriers in order to increase peak data rate.

LTE-Advanced Maximum Bandwidth
100 MHz

Lk X

-« Carrier 1> -€Carrier 2> =€ Carrier 3> -« Carrier 4> -« Carrier 5>

Y

A

Figure 20: Max Bandwidth with Carrier Aggregation [19]
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2.2.5 Physical Cell Identity (PCI)

The Physical Cell Identity (PCl) is the identifier of a cell within the physical layer of the LTE
network [20]. In LTE, there are 504 numbers in order to identify base stations. These are
carefully set up by network designers to avoid close reuse. The PCl distribution needs to
be planned such that two cells with the same PCls are separated by a considerable

physical distance to prevent the cells from interfering with each other [3].

UE can understand where the base station is exactly by using Primary Synchronization
Signal and Secondary Synchronization Signal. The PCl is calculated by adding two different
down link synchronization signals, the primary synchronization signal (PSS) and the

secondary synchronization signal (SSS) [20].

2.3 Performance Metrics in LTE
There are many performance metrics that can be taken into consideration. However,
RSRP and RSRQ are key metrics in LTE network in order to make a selection and

reselection for a cell when a UE moves from a cell to another cell.

2.3.1 RSRP

RSRP (Reference Signal Received Power) is a key parameter for evaluating the coverage of
the network. The base station 24hours transmits a constant power to say "l am here."
Based on this constant received power, a UE chooses the best cell to communicate with
an eNB. 3GPP defines RSRP values with 1 dB steps (see Table 5), reported value means
that a UE reports a measured RSRP value to the eNB in order to utilize that cell.
Additionally, RSRP is not affected by number of users, it is always there. As a result of

that, RSRP provides the coverage area of eNodeB:s.
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Table 5: RSRP Measurement Report Mapping [21]

Reported value Measured quantity value Unit
RSRP_00 RSRP < -140 dBm
RSRP_01 -140 < RSRP <-139 dBm
RSRP_02 -139 < RSRP <-138 dBm
RSRP_95 -46 < RSRP <-45 dBm
RSRP_96 -45 < RSRP <-44 dBm
RSRP_97 -44 < RSRP dBm
2.3.2 RSRQ

RSRQ is a parameter that determines the quality of received signal, and it is important to
make a reliable handover and reselection a cell by providing additional information
because RSRP is not very efficient to decide which cell will be used. RSRQ (Received Signal
Received Quality) is unlike RSRP affected by number of users, demands, interference, and

noise. Moreover, 3GPP defines RSRP reported values with 0.5 dB steps (see Table 6).

Table 6: RSRQ Measurement Report Mapping [21]

Reported value Measured quantity value Unit
RSRQ_00 RSRP <-19.5 dB
RSRQ_01 -19.5 <RSRP <-19 dB
RSRQ_02 -19 < RSRP <-18.5 dB
RSRQ_32 -4 <RSRP<-3.5 dB
RSRQ_33 -3.5<RSRP <-3 dB
RSRQ_34 -3 <RSRP dB
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3 STOCHASTIC TOOLS FOR STASTICAL ANALYSIS OF
MEASUREMENTS

In this section, it is explained how to calculated the mean, standard deviation, variance,
cumulative distribution function (CDF) and probability density function (PDF) of any data.
Moreover, it is also mentioned how data binning’s idea is applied to measurements, and

the Vehicle Penetration Loss (VPL) is described based on previous experiments.

With formulas, RSL (Received Signal Level), RSRP (Reference Signal Received Power), SNR
(Signal to Noise Ratio) or FSPL (Free Space Path Loss) can be calculated; however, it is very
hard to calculate exactly these parameters due to the fading, weather conditions or the
VPL. Figure 21 is an illustration of complex environment for mobile communication
channels. Therefore, RF signals are subject to fast fading and other propagation

phenomenon, which requires stochastic tools to define them.

a

Figure 21: Sources of fading and Path Loss [22]

As it is understood, RF signals are not deterministic signals, which means that they cannot

completely be determined as a function of time. Therefore, they are random signals,

26



which are usually sourced from nature. Basically, RF signals are generated by machines,
which have periodic signals waveforms that make them deterministic signals at
transmitter side, but due to real world environments, they become random signals at
receiver side. In order to describe random signals, stochastic signals in Math, these signals
have to be ruled by probability theory. As a result of this, before going deep into the
mean, median, standard deviation, there is a term, Random Variable, which needs to be

defined.

A random variable is a mapping from the sample space to the set of real numbers. In
other words, a random variable is an assignment of real numbers to the outcomes of a
random experiment [18] (See Figure 22). There are different type of random variables
such as exponential random variables, or log-normal random variables. RSRP is defined as

a log-normal random variable, which is normally distributed in logarithmic domain.

Q:{wy,wy, w3, o} > X {x1, X2, X3, . }

Q: sample space (the set of all possible event outcomes)
w: individual outcomes

X: Random variable

x: real numbers that correspond to outcomes

Y

Figure 22: A random variable as a mapping from Q to R [18]
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3.1 Mean

The Mean is the average of the total numbers or data. Basically, it is calculated that you
sum up all numbers and divide by how many numbers there are. However, it should take
into account how many times a number occurs in statistical analysis, which means that
the probability of the numbers are very significant. In that case, the Mean is also known
as the Expected Value, which shows a central tendency of a random variable. It is
calculated as the sum of all possible random variable values multiplied by their

probabilities.
Let X: Q - {x,x;,x3,...} be arandom variable with distribution P{X = x;.} = py

The probability and the mean are calculated with the following formulas:

the number of xk event happens
total number of events

P{X =xx} =px =

E(x) = u = XxXkPk

Where P is probability operator, X is a random variable, x is the k™ event that
corresponds an outcome, E(X) or u is average value of all measurements, and px is the

probability of k" event.
We also call i the first moment of random variable X [23].

If the random variable of X is equally distributed, and the total number of points are N, we

can denote the mean

X1+x,4 . . XN

N
B = p=)  mgy =t 1)
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Where: E(X) or u is average value of all measurements
Xk is the k™ measurements in the population
N is the total number of measurements

In this thesis, we assume that probability of each RSRP measurements are equally

probable, so that when the mean is calculated, equation 3.1 is utilized.

3.2 Median

The Median is the number that is the middle number in the sorted list of measurements if
the total number of measurements are odd. If measurements are even, the Median is the

number that is the mean of the two central numbers.

The Median is more reliable a measure of central tendency than the Mean in case of
significant outliers. In an example, it is found the Mean and the Median because the
median and the mean can be compared. If these result are not close enough each other, it

may indicate that there is a data corruption.
Example: Calculate the Mean and the Median for following data,

In a given bin, there are 10 RSRP measurements which are:

-90 dBm -50 dBm -95 dBm -91 dBm -93 dBm
-93 dBm -60 dBm -89 dBm -99 dBm -100 dBm
Solution: The mean is equal, E (x) = —2—2350-60-95-89-91-99-93-190 _ g¢ 4Bm

10

-50 dBm -60dBm -89 dBm -90dBm -91dBm -93dBm -93 dBm -95dBm -99 dBm
-100 dBm

When it is reordered from maximum to minimum measurements or vice-versa, -91 dBm

and -93 dBm are two central numbers. Thus, the Median is equal -92 dBm.
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As a result of these calculation, the difference between the mean and median is 6 dB (4

times in linear domain), which is very significant difference.

3.3 Standard deviation

Before the explanation of standard deviation, it has to be defined what the Variance of
random variable. Variance in probability theory measures what is the range of a data set,

or variance is a measure that quantifies data variation around the mean.

Standard deviation is a measure that define the amount of variation of measurements
(data), and Standard deviation is the square root of the variance. Higher variance

indicates wider spread in measured data.

Let X be a numerically valued random variable with expected value u = E(X). Then the

variance of X, denoted by V(X), is

V(X)) =E((X —w?)

V(X) = ZX(X — w)?.m(x), where m(x) is the distribution function of X.
If X is any random variable with E(X) = u, then

V(X) = E(X?) - u?
(3.2)

Proof. We have

V(X) E ((X-p)?)) = E(X* - 2 pX + pi?)

E(X?) - 2uE(X) + 2

E(X?) - u2.

The standard deviation of X, denoted by D(X), is D(X) =/ V(X). We often write o for D(X)
and o for V (X) [24].
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3.4 CDF and PDF
In probability theory and statistics, CDF (Cumulative Distribution Function) is the
function that calculates the probability of a random variable being less than or

equal to the argument. CDF ranges between zero and one, and it is non-decreasing

function.

On the other hand, PDF (Probability Density Function) is a function that gives the
probability of each measurements, and shows the probability distribution of a random
variable. From this distribution, it can be easily seen what the probability of each
measurements is. Additionally, if X is discrete random variable, it is defined Probability

Mass Function (PMF) instead of probability density function (PDF).

In statistical analysis, CDF and PDF are usually plotted instead of calculation to see
measurements’ behavior in the form of a histogram. Moreover, F(x) is the cumulative
distribution function of X in math, and f(x) is the probability density function of X.
however, in electrical engineering, Cumulative Distribution Function of X, and Probability

Density Function of X is written as CDF(X) and PDF(X) respectively.

Let X be a continuous random variable. Then the CDF of X is defined by the equation
Fx(x) = CDF(x) = P(X < x)
P is probability operator

The number of measurements smaller than x
PX<x)=

The total number of measurements

CDF (+) is equal one, CDF (-=°) is equal zero

Let X be a continuous random variable with density function f(x). Then the function

defined by

F(x) = [*_f(t)dt is the CDF of X.
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Furthermore, we have
%F(X) = f(x) [24], where f(x) is probability density function of X.

For discrete random variables, the calculation of PMF depends on the type of distribution

such as Binomial distribution, or Poisson distribution.

3.5 Data binning

Data Binning is a method that averages measurements into geographical bins. As it is seen
in Figure 23, numbers of data are averaged and placed in a specified area as if there is
only one points in that area. The bin resolution in cellular communication industry is
usually between 1m and 100m. Higher resolution typically leads to increased accuracy;
however, inadequate averaging may reduce the accuracy at extremely fine resolution. Bin
resolution adopted in this study has been 50 X 50m (164 by 164 feet). In every bins, it has
been counted the number of measurements, which their PCls also took into
consideration, as it is calculated from equation (3.1). Moreover, the area can be
considered as a matrix that has 193 rows and 149 columns, Figure 24 shows the drive

route and bin grids.
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Figure 23: Binning Concept [25]
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Figure 24: Drive Testing Road with Bin Grids

For further calculation, as it is known, the distance between each degree of latitude is
around 111 km while the distance between each degree of longitude is 111 km in only
equator. However, the distance between two longitudes in Melbourne (28.08360 N

80.60810 W) 98 km.

From these information, 50 meter can be written as a conversion factors 0.00051 degree
for longitudes’ angular distance, and 0.00045 degree for latitudes’ angular distance. For

drive testing route, the maximum and minimum longitudes is respectively -80.59715 and -
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80.67256 whereas the maximum and minimum latitudes is respectively 28.12166 and

28.03524.

When the measurements are collected, RF metrics are saved with their locations such as
longitudes and latitudes, so that for simplicity it has been converted to small bins, and
these bins are named as a row index and column index i.e. 30" row 43 column. This

conversion is calculated with following formula:

| = Lon —minLon +1 ] = Lat—minLat +1
0.00051 0.00045
I : column index
J : row index
Lon : a measurement’s longitude in degree
Lat : a measurement’s latitude in degree
minLon : the minimum longitude of the drive testing area in degree
minLat : the minimum latitude of the drive testing area

0.00051 & 0.00045: conversion factors between Lat/Lon angular distance and

50m bin size

3.5 Vehicle Penetration Loss

The Vehicle Penetration Loss (VPL) is the received power reduction between the antenna
outside of the vehicle and the antenna inside of the vehicle. The VPL has to be calculated
in order to calculate the link budget of the system. The VPL is calculated as it seen in

equation (3.3).
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VPL[dB] = 10 1og(%) (3.3)

VPL : vehicle penetration loss expressed in dB

Pout : the power of the signal coming from the antenna mounted outside of the
vehicle

Pin : the power of the signal coming from the internal antenna [26].

In the thesis, the Vehicle Penetration Loss has not been calculated due to the fact that the
VPL has been measured earlier at 800 MHz, and the results of that experiment is shown in
Table 4. These published results were applied to current measurements collected at 700
MHz. The experiment which the VPL were measured and the measurements in this thesis
are almost at the same frequency. As it is known, the more frequencies increase the more
received powers decrease. It can be understood that the VPL at 700 MHz will be less than

7.26 dB in this case.

Table 7: Summary of the VPL Measurement for the Full Size Car [26]

Type of Position of the Antenna Mean Standard
Environment [dB] Deviation
[dB]
Urban Attached to Drivers Hat 8.98 2.26
Urban Placed on the Passenger Seat 8.64 3.89
Suburban Attached to Drivers Hat 8.86 3.13
Suburban Placed on the Passenger Seat 7.26 2.94
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3.6 ANOVA (Analysis of Variation)

ANOVA is a stochastic tool that provides the difference between groups whether their
means are equal or not by calculating the amount of variation between groups and within
groups. Because of that, there have to be at least two groups in order to compare their

means.

There is a table called "ANOVA Table." Before calculating the parameters of this table, the
hypotheses are defined such as Hop is Null Hypothesis which means the means of groups
are equal, and H; is Alternative Hypothesis which means the means of groups are not
equal. After defining our hypotheses, the parameters of the table are calculated (see
Table 8). Although the parameters can be calculated, there are many anova functions,
which make this analysis easier, in MATLAB. Result of that, it will be decided if the means

are equal, which means whether Null Hypothesis is rejected or not.

The decision is based on whether F is greater than critical value or not. The critical value is
found from F-Table, which can be found in Appendix. F-Table is different based on alpha

(a) level. Alpha can be 10%, 5%, or 1%. However, it is usually 0.05.

Table 8: ANOVA Table

Source SS df MS F Prob>F

Columns (Between, | SS B | a-1 MS_B =SS B/(a-1) MS_B/MS_W p
Treatments)

Error (within) SS W | N-a| MS_W=SS W/(N-a)

Total SS_T | N-1
SS: Sum of Squares a: number of groups
SS_B: Sum of square between groups N: Total number of measurements (data)
SS_W: Sum of square within groups MS: Mean square
SS_T: Total sum of squares MS_B: Mean square between groups
df: Degree of freedom MS_W: Mean square within groups
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4 MEASUREMENT PROCEDURE

In this chapter, we can understand where and under which circumstances data
measurements were collected. Moreover, it is explained how equipment were setup in

the car, and how software were setup into the devices.

4.1 Equipment Setup
The car, which is utilized during data collection and which is shown in Figure 25, was 2001

Hyundai Elantra. The cell phone was placed on the front passenger seat while the receiver
antenna was on the car roof. The scanning receiver was placed back seats of the car while
the laptop was placed on the front passenger. The GPS and the RF antenna were mounted
on the car roof. Cables were connected properly, the power for the scanning receiver was

from the car itself while the laptop and the cell phone always had full battery.

HTC One M7

Power Cable

2001 Hyundai Elentra

PCTELL SeeGull EX Scanning Receiver

Figure 25: Equipment Setup
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4.1.1 Phone-based Drive Testing Equipment Setup

Phone-based drive testing systems are useful for evaluating basic network performance
and are essential to characterizing the end-user experience while using the network.
Phone-based systems address the need to verify network settings such as cell selection
and re-selection boundaries and to measure the voice and data application performance
in the live network [9]. In this thesis, HTC One M7 was used as a cell phone for measuring
and recording the data. Additionally, it was utilized AT&T as a carrier in HTC One M7. In
Figure 26, its specifications are given.

2G/2.5G - GSM/GPRS/EDGE:
§50/900/1800/1900 MHz

3G - UMTS/ HSPA:

Europe/ Middle East/ Africa: 900/1900/2100 MHz with
HSPA+ up to 42 Mbps

Asia: 850/900/1900,/2100 MHz with HSPA+ up to 42
Mbps

Canada/ Latin America: 850/1900/2100 MHz up to HSPA+
42 Mbps

T-Mobile (US): 830/ AWS/1900/2100 MHz with HSPA+ up
to 42 Mbps

AT&ET: 850/1900/2100 MHz with HSPA+ up to 21 Mbps
Sprint: 1200/2100 MHz with HSPA+ up to 14.4 Mbps

3G - CDMA:
800,/1900 MHz for Sprint

4G - CDMA:

Verizon: 800/ 1900MHZ, UMTS/HSPA
200/2100MHz,GSM/GPRS/EDGE
8350/900/1800/1900MHz, LTE 700MHz (Band 13)

4G - LTE:

Europe/ Middle East/ Africa: 800/1800/2500 MHz
Asiaz 1800/2600 MHz

T-Mobile (US) AT&T/ Canada/ Latin America: 700 MHz
and AWS band

Sprint: 1900 MHz

[ T =t

Figure 26: Network Specifications for HTC ONE M7 [27]

In order to collect measurements with a cell phone while drive testing, you need either a
professional software and license or an application. An application is much cheaper than a
professional tools, and also it provides a view that a UE has experienced. Because of that,
LTE Measurement application is developed for the android platform. This application is

used to measure and save radio frequency (RF) signals each second. This application saves
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the values of the parameters such as RSSI, RSRP and RSRP at each instant for later use and

analysis [28]. The application easy to install and use (see Figure 27).

W LTE Measurement (2 LTE Measurement m LTE Measurement

Do you want to install this application? It

will get access to Installing...

App installed.
PRIVACY
R. read phone status and identity
@ approximate location (network-based)
precise location (GPS and network-based)
'-IJ modify or delete the contents of your USB
storage

read the contents of your USB storage

DEVICE ACCESS

Ty change network connectivity
full r ka

view network connections

CANCEL INSTALL DONE OPEN

Figure 27: Application Setup

This application was created as fulfilling in part the requirements for the degree of doctor
of philosophy in Electrical Engineering at Florida Institute of Technology in 2015. This
application was recording data such as RSRP or SNR at given location without PCI (Physical
Cell Identity). When a UE moves, the cell phone has been surrounded with many sites,
some of them are close, and some of them are far away from the cell phone. The cell
phone decides which site is available at that time, so that it is very important which site is
being used by the cell phone at that moment and location; because of this, the
application has been updated in 2017. Therefore, the application now records data
parameters with its PCl, which makes the statistical analysis more reliable. In Figure 28, it
is shown the main screen of the application, and when ‘start recording’ button is pressed,

the information of RF signal will be recorded at the phone as a NetInfo.txt file.
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LTE Measurement

Network

Mint

Cell Id
2147483647
LAC

65534

RSRP

=113

PCI

Location
28.0379555; -80.632464
Site Location
aull: nwll

START RECORDING

Figure 28: Main Screen for LTE Measurement application

4.1.2 Receiver-based Drive Testing Equipment Setup

Receiver-based systems are used to obtain a “raw’’ view of the environment. They can
measure the entire spectrum and are not constrained by network operator settings.
These systems are useful for activities such as band clearing and general coverage
estimation, but they cannot give a true measure of customer experience because they do
not physically interact with the network under test [9]. The scanner based drive testing
system has four basic components which are scanner, a laptop with the software for

collecting data, and external GPS and RF antennas.
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In this experiment, the PCTEL SeeGull EX Scanner was used (see Figure 29 for its front
view). It is very common for RF engineers to perform drive tests and optimize the wireless
network through analysis of measurement. The PCTEL SeeGull EX Scanner supports
multiple protocols and different frequency ranges to evaluate spectrum performance. The
scanner that is used is capable of measuring data pertaining to two technologies, LTE and
UMTS [20]. For LTE systems, it can scan channels bandwidth 1.4, 3, 5, 10, 15, and 20 MHz.
Moreover, during drive testing, the scanning receiver was set up at 700 MHz frequency

and 10 MHz bandwidth, and channel 5110 was used as well.

RF3
Antenna
Port

RF2
Antenna
Port

GPS Antenna
port

RF1
Antenna
Port

System Status

LEDs _ GPS Status LEDs

— Power

USB Interface
Input

Figure 29: Front View of SeeGull EX Receiver [13]

For more detail specifications of the PCTEL SeeGull EX Scanner, it can be seen in
Appendix. From its specifications, the measurements rate at 10 MHz is 50/sec for LTE-FDD
in the LTE section. From this information, it has to be extracted what the speed of the car
should be. Additionally, Lee Criteria says that for 1 dB accuracy and 90% probability, 50
measurements has to be taken over 40 A (wavelength). Thus, the car speed cannot be

more than 40mph (65km/h) in order to satisfy the Lee criteria.
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Before driving, the software has to be ready for data collection in the laptop. As it is seen
in Figure 30, after all cables are connected properly, the steps that are explained can be

followed:

e Click “Detect Devices”

e  Wait for the message “All devices are detected” at “Message Log”
e Click “UMTS LTE”

e Goto “EB 12 US Lower 700 A/B/C Blocks DL”

e Goto “Top N Signal 10 MHz”

o C(Click properties of “Top N Signal 10 MHz"

e Select “Selected Channels : 5110”

e Click “Bar Charts” in order to see RSRP Measurements while driving

NI IR

View Devices | Sean | ManageDrives Display Tools &Sefiings  Help a

BUO0QuL  Wrkliviy Taty NP

Defect | StrtScon Recomd SiopScan Bor Chart T Data Tile  Cascade
Devices F2 Scan(F3) F4) Chart e iewer
Hardware Data Calleciion Controls Controls Arrangements
g n o froerse <[ e
= UMTS WCDMA e 81| [Quick search
81| Quick searc
-89 EX Device 061208118 . i Bar Chart - EX Device 061208118 UMTSLTE EB 12: US Lower 700-A/E/C Blocks DL - Top N Signal [Channel 5110] [
B 4fys Spectrum Analysis o NENEY I R TNHE
- (2 UMTSLTE |
s EB 04 2100 (AlWS) DL ent Type
4y EB 12: US Lower 700-A/BIC Blocks DL B 3110 RS RP
4 Sync Signal y 2000
b RSSI 100 K g
= Frimary Sync Chanrel R @ True & ‘
+ RSSI 1.4 MHz Frimary Sync Chamel R True B0
1 #* RSSI 3 MHz Secondary Sync Channel [ True 19 3@ 88 78 93 119 138 183 179 199 219 239 269 279 299 318 330
#* RSS15 MHz Secondary Sync Channel 2 True GelLiD
L2 RSSI 10 MHz Sync Channel CINR 1 True
s FNE Sync Signa| Measureme -150 Ll Bar Chart - EX Device 061308118 UMTS LTE EB 13: US Upper 700-C Block DL - Top N Signal [Channel 5230] [Frequ
op N Signal e |
| SuncSignal Sorting/Oper Ref Signal Sorting Mode: . =
## Top N Signal 3 MHz e S eiTes a s A= e @@~ o [mm o v gol&E s
 Top N Sigral 5 MHz 4 Ref Signal
= Top N Sigr=+0 CINR 2 True
& @ Chani roperties Delsy Spread @ True RSRP
w5 2000
Ay EB 13: US Upp Reset Received Power = True g ‘
4ty EB 17: US Lower 700-BIC Blocks DL gzgzjgm;”d G : g:z = 15000 e
ﬁﬂ GPS Ref Signal Measurement 150 19 38 89 79 99 119 138 189 179 198 219 23902‘2‘5‘% 279 298 39 339
LI Ref Signal Sorting/Opera Ref Signal Received Pow .
o = Selecied Channels
Devicss | Drive List| Work Panels | TS, ‘
Message Log T
Time. I Description E
9/25/2017 6:00:26 PM Bt dive data canceled
9/25/2017 60201 PM Expotting cive dete. nformaion
9/25/2017 60219 PM Bxot dive data canceled
9/25/2017 60241 PM Expotting cive dete. nformaton
9/25/2017 60326 PM Expot dive deta canceled
Message Log| Scan Log | Event Log |
Ready |outacor Mode | iapsed Time: 00:00:00 Distance: 0 mies gl com e Gos (el DaTa e scan

Figure 30: Software Setup before Drive Testing
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After driving, the steps that are explained can be followed in order to export

measurements for statistical analysis (see Figure 31):

e Click “Drive List”

e Go to the section list which you have driven
e Go to “Export”

e Chose file type “CSV” for an excel file

e Click “Next”, and

e Chose the “Channel” which you want to export, and/or RF signal metrics

= = fee )
(B | A
R

Corduration

Export Wizard

[/Besn Dt Fiver
=, Export Types
& D

18 UMTS LTE EB 12: US Lower 700-4 8 € Blocks DL Top N Signsl 10 Mz Charnel 5110

C\iser econdng\Documerts Browse

Limit Ot File Size (ME) | O Fies Directony
100 € \lsers'recordng\Documents\See. | Browas

e[ ) [ Ganon

Next> | [ Cancal
F———— Jme 00:00:00 Distance: 0 miles. gl COM gl GPS gl DaTa (g Scan

Figure 31: Exporting Data after Drive Testing

4.2 Drive Testing Area

The drive testing area in Melbourne, Florida and it is around Florida Tech. The area can be
classified as a suburban area, it is shown in Figure 32. The road used is approximately 30
miles (50km), the area is around 31.48 square mile (81.54 square kilometer). The speed of
the car was between 20mph and 40mph (30 — 65 km/h). The measurements were
collected in three times during the month of April 2017. The data were measured at night
after 11pm. While collecting data, the weather was clear, and the temperature was

around 80 F° (27CY).
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Figure 32: Drive Testing Area
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5 MEASUREMENTS COMPARISON

For measurements’ statistical analysis, RSRP was taken into account. For more
understanding of measurements comparison, Box and whiskers, Histogram, CDF and PDF

of measurements were plotted as descriptive charts.

Figure 33 shows that between the phone and Scanning Receiver have similar sequence
measurements at the same bins. As it is expected, Scanning Receiver has better RSRP
measurements than the phone does. From this graph, it also can be understand that
Phone RSRP measurements can drop up to -120 dBm while the scanning receiver could

not.

-50 T T T T T T T T

Phnne
—— Scannmg Receiver

60

70

/ L
W‘ .) ' lm I ." f '\ U J \M\

430 L I I L L I I L L L
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Number of Geographical Bins

do
t:-

Averag ed RSRP [dBm]
w0
(=]

110 |

Figure 33: Averaged RSRP measurements of the Scanning Receiver and Phone for geographical bins
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=10

80

Averaged RSRP [dBm]

=120

Scanning Receiver Phone
Devices

Figure 34: Box Representation of the Scanning Receiver and Phone's Averaged RSRP measurements

In Figure 34, it can be seen that the scanning receiver’s averaged RSRP value is around -90
dBm although HTC One M7 has approximately -105 dBm. In addition, the scanning
receiver’s RSRP is closed the lower bound, it means that the distribution of the scanning
receiver is not exactly normal distribution; however, Phone 1’s distribution is close to
Gaussian distribution. Moreover, the minimum and maximum values of the scanning
receiver is around -110 dBm and -65 dBm respectively, the RSRP of Phone differs between
-80 dBm and -125 dBm as well. We also can see that 75 percent of the time, the scanning

receiver’s RSRP is below -85 dBm, Phone's RSRP is below -100 dBm.
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It is usually sketched the histogram of measurements instead of PDF of them. The CDF
and PDF of both devices are shown in Figure 35 and 36, from these two descriptive charts,
the scanning receiver has more measurements around its mean while Phone’s
measurements has spread. It can be said that the scanning receiver has more constant
power that Phone does. The RSRP values for Phone one is accumulated between -75 dBm
and -125 dBm while the scanning receiver is accumulated between -69 dBm and -110

dBm. It can be seen that 50 percent of the time, Phone has weak signal while the scanning

I “ IM |”

receiver has good signal. “Good signal” or “weak signal” can be interpreted better than or

worse than -100 dBm. We also can say that that 90 percent of the time, the receiver has

RSRP measurements below -75 dBm while Phone's measurements has below -90 dBm.

Phone
Scanning Receiver

0 L L 1 1 L L
-130 -120 -110 -100 90 -80 -70 50 -50
x: RSRP Measurements [dBm]

Figure 35: CDF of both the Scanning Receiver and Phone
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Figure 36: Histogram (PDF) of both the Scanning Receiver and Phone at the same geographical bins

From ANOVA Table of measurements (see Table 9), the F value is 2104.9 by using a level
of 0.05, and the critical value, F (1, 4152), is 3.8415 (see Table 13 in Appendix). Since the F
value is much larger than the critical value, the Null Hypothesis is rejected, which means
the mean of both devices are different. It is concluded that there is a statistically

significant difference among the measurements means of two devices.

Table 9: ANOVA Table for Measurements

Source SS df MS F Prob>F
Columns 205386 1 205386 2104.9 0
Error 405125.8 4152 97.6
Total 610511.7 4153
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6 CONCLUSION AND FUTURE WORK

It is seen that the mean and median of three measurements (Phone, Scanning Receiver
and Their difference) are close enough in Table 10. They are not exactly the same due to
some outliers, but these outliers are not significant. 1 or 2 dB is not significant difference

in linear domain.

Table 10: Comparison of Devices

Devices The Mean The Median Standard Deviation
Phone -103.93dBm -105dBm 9.29dB
Scanning Receiver -89.87dBm -92.06dBm 10.44dB
Difference 14.06dB 14.17dB 7.82dB

Mean: 14.06dB, Stdv: 7.82dB, Count: 2077
T T

250 T T

Relative Frequency of Occurance

-20 -10 0 10 20 30 40 50
Difference between Scanning Receiver & Phone RSRP [dB]

Figure 37: Histogram of the difference between the scanning receiver and phone RSRP measurements

The average RSRP difference between the scanning receiver and Phone is 14.06 dB. There
is also the Vehicle Penetration Loss around 7 dB in this experiment, which is explained in

Chapter 3. Therefore, in given area the scanning receiver’s received power is around 5
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times better than Phone in linear domain. It shows that given RSRP measurements, or
coverage area, or voice or data traffic is significantly different what a UE experiences. It
means that the carrier uses bandwidth or spectrum inefficiently, and also the decision
made for given bandwidth to UE is not efficient. It may refer to some software or
hardware problem for either cell phones or operators. As it is seen in Figure 37, most of
the time, the difference is more than zero dB, in some bins Phone has better RSRP
measurements than the receiver does, and the difference’s distribution is similar to
Normal Distribution. Due to either inexpensive hardware of the cell phone or the carrier,
customers do not have what they are supposed to from their perspective while they

drive.

As a conclusion, it has been shown that there is a significant difference between the
scanning receiver and the cell phone in terms of customers' experience. This result are
also similar to a conference paper, “Comparison of Receive Signal Level Measurement
Techniques in GSM Cellular Networks.” As it is seen in Figure 38 in Appendix, this results
are almost the same. Therefore, it can be considered that the data analysis in Chapter 4

are reasonable [15].

For future work, cell phones can be chosen the same model and different carriers, or vice
versa, which means that at least they should have a common point. As a result of that, the
comparison between two or more cell phones will be more reliable. Furthermore, in this
thesis, the comparison between devices is based on their RSRP measurements, so that
the next experiment can be based on the difference between their SINR (Signal to
Interference Noise Ration). Additionally, the future work could be Network Benchmarking
or Optimization and Troubleshooting instead of Service Quality Monitoring. The next
future work also may be creating a new application that records RF information for cell
phones, and the applications also can be compared. | believe that these future work help
those students who are willing to work in private companies, but also they can help those

who consider to continue their academic career at universities.
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APPENDIX

Table 11: Specifications of PCTEL SeeGull EX Scanning Receiver [29]

Measurement Modes

Top M Synchronization Channel [P-SCH/5-SCH],
Reference Signal, and Resource Block [Wideband, Subband)]

||'|_l Date Modes RSAP. ASAQ, CIMA, Cyclic Prefix, Teme Offasts, Delay Spread,
=4 Averaging [LTE FDD anly]
E Channel Bandwidths 14/3/5 /710 /15 7 20 MHz
'E Tranamit Antenna Configurations 1,2, 4
@ | Measurement Rates @ 10 MHz: Top M Sync | LTE FDD: 50/sec; TD-LTE: 20/sec
o Channel RS
E Dynamic Range [CINE) @ 20 MHz: P-SCH/S-5CH | -10 to +18 dB**
w AS | -20 to +40 dB**
: Min. Detection Level: RSAP | -140 dBm [RSAP®& 10 MHz)
Relative Accuracy [CINR]: P-SCH/5-5CH | =1 dB
AS | +1dB
Measurement Modes Top M Pilot
= | Data Modes Io, Ec/lo, Agogregate Ec/lo, S5IR, Reke Finger Count,
L] Time Offeet, Delay Spread, Eps/lo, Ess/lo
E Channel Bandwidths 200 kHz / 3.84 MHz
w % Measurement Rate 100/sec [High Speed Mode], 50/sec [High Dynamic
EE Range Mode]; 50/sec Plots with Clarify® Option
=1 Top M CPICH Dynamic Range [Ec./lo) -21.5d8 [High Speed Mode] -26 dB [High Dynamic Range Mode]*™;
a -33 dB [Hegh Dynamic Range] with Clarify® Option
(] [via Post Proceasing)
E Min. Detection Level -120 dBm [High Dynamic Range Mode]
Relative Accuracy +1 dB
Measurement Modes Top M Pilot
o Date Modes Sync_DL: Ec/lo, lo, Time Offaet, SIR
= Midemble: Ec/lo, lo, Time Offset, SIR, Midamble Code
0O | Channel Bandwidthe 200 kHz / 1.28 MHz
H Meassurement Rate 50/sec
=] Top M PM Dynamic Range, Ec/lo -20 dB**
= | Min. Detection Level -110 dBm
Relative Accuracy +1 dB
Measurement Modes Color Code
Data Modes BSIC, C/1, RSS!
Channel Bandwidths 30 kHz / 200 kHz
= Measurement Rate Up to 180 BSIC Decodes/sec;
w 160 Decodes/sec BCCH with Clarify® Option
o Dynamic Range +2 dB C/18 80% BSIC Detection with <(.1% False Detection Rate
-18 dB C./1with Clarify® Option [via Post Processing)
Min. BSIC Detection Level -108 dBm
Relative Accuracy +1 dB
Measurement Modes Top M PN
Date Modes Ec, lo. Ec/lo, Aggregste Ec/lo, Pilot Delay, Delay Spread
= | Channel Bandwidths 30 kHz # 1.25 MHz
E Messurement Rate 26/5ec
o | Top N PN Dynamic Range, Ec/lo -28 dB*~
Min. PN Detection Level -130 dBm
Relative Accuracy +1 dB
Messurement Modes Top N PN
Date Modes Ec. lo. Ec/lo, Aggregste Ec/lo, Pilot Delay, Delay Spread
O | Channel Bandwidths 30 kHz /# 1.25 MHz
g Meassurement Rate 18/8ec
w Top M PM Dynamic Range, Ec/lo -18.5 dB*~
Min. PN Detection Level -120 dBm
Relative Accuracy +1 dB
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Table 12: Specifications of PCTEL SeeG

ASSI MEASUREMENTS

ull EX Scanning Receiver [Continued] [29]

Measuremant Rate [Typicall LTE
UMTS [WCDMA /HSPA[+]]

10,000 ch/sec
7,000 ch/sac

G5mM 3,000 ch/sac
CcCOmMA 10,000 ch/sec
= EV-DD | 10,000 ch/sec
& TOD-SCDOMA | 10,000 ch/sec
5 Dynamic Range -120 to -20 dBm & 30 kHz
E Absolute Accuracy =1 dB [across Basic RF Input Power Range]
15 ENHANCED POWER SCAN [EPS™] MEASUREMENTS
: Channel Bandwidths 5 kHz to 20 MHz in 2.5 kHz Increments
@ Measurement RHate 1,000 MHz/sec @ 5 MHz [Typical)
= Absolute Accuracy +1 dB [across Basic RF Input Power Range]
'i SPECTRUM ANALYSIS MEASUREMENTS
g Measurement Range =30 dB
o Measurement Rate [Single Sweep] =400 MHz/sec
Accuracy +1 dB [ecross Basic BF Input Fower Range]
LTE POWER ANALYSIS MEASUREMENTS [Available for TD-LTE Only]
Channel Bandwidths 14 /3 /5 /10 /15 /20 MHz
Measurement Rate 50 msec @ 20 MHz
Accuracy +1 dB [scross Basic AF Input Power Ranga)
B Internally Generated Spurs =102 dBrm Mazx.
'E Conducted Local Oscillator -75 dBm Max.
& AF Dperating Rangs: In-Band | -15 dBm Masx.
g Desensitization: Adjacent Channel | =50 dB [COMASEV-DO)
L Adjacent Channel | =55 dB [All Other Technelogies]
= Alternate Channel | =65 dB
3 Safe RF Input Renge =10 dBm
= Fregquency Accuracy =0.05 ppm [GPS Locked]; =0.1 ppm [GPS Unlocked]
Type 50 Channel Internal Receiver
E Position Accuracy +2.5 meter
(L] Acquisition Time Cold Start: <30 sec; Hot Start: <2 sac
Sensitivity [Tracking) =-150 dBm
Maximum Power [+8 to +16 VOC) 21W Max.; 17W Typical
Siza B7Dx37"Wx27"H[221 mm D x 34 mm W xBE8.5 mm H]
Waight 1.6 Ib [0.71 kg)
E Temperature Range Operating: 0°C to +50°C; Storage: -40°C to +85°C
T Host Data Communications Interface use 2.0
J::" AF Input RF: SMA Female [500); GPS: Male [S0O0) SMB
a Safety [CE) EM BEO0S50-1
EMC EM 301 483-1
Shock and Vibration MIL-STD-B10G, SAE J1455
RoHS Compliant [ESB]
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Figure 38: Histogram of the difference between the receiver and phone RSL measurements [31]
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MATLAB CODES

After loading your measurements file as a table variable in MATLAB, you need to have 4
columns, which are longitude index, latitude index, and PCl and RSRP values. Converting
geo-location to bin index is explained in Chapter 3 as | and J formula by using binning idea
in excel, then the file is saved as a PATT which refers to PHONE and AT&T carrier. The
same thing is done for the scanning receiver as well. Then, the calculation of averaged
RSRP measurements of each bin based on their location and PCls is coded in MATLAB by

following:

binning PATT = zeros (193,149,504); % there are 193
latitudes, 149 longtitude, and 504 PCIs create 3 dimension zero
matrix

count PATT = zeros (193,149,504); % create 3 dimension zero
matrix in order to find how many RSRP mearements there are in each
bins

binning PATT med = zeros (193,149,504); % create 3 dimension zero
matrix in order to find median of each bin

for LON = 1 : 149
idxl = PATT.ILon_ index~=LON;
% 1dx1,logical, is 1(one) where PATT.ILon index is not equal LON
j1 = PATT.jLat index(~idxl);
% find latitudes' indexs where idxl is zero
il = PATT.ILon index(~idxl);
% find longtitudes' index where idxl is zero
pl = PATT.CellPCI (~idx1l);
% find PCIs where idxl is zero
rsrpl = PATT.RSRP (~idxl);
% find RSRP values where idx1l is zero
al = unique (j1);
% find how many different latitudes there are
[rowl,~] = size(al);
% find the length of al
for rl =1 :rowl
LAT = al(rl);
$ find first elements of al
idx2 = j1~=LAT;
% 1idx2,logical, is 1(one) where jl is not equal LAT
p2 = pl(~idx2);
% find PCIs where idx2 is =zero
rsrp2 = rsrpl(~idx2);
% find RSRP values where idx2 1is zero
az = unique (p2);

)

% find how many different PCIs there are
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[row2,~] = size(a2);
% find the length of a2
for r2 =1 : row2
PCI = a2(x2);

[

% find first elements of al

idx3 = p2 ~= PCI;
% 1dx2,logical, is 1 (one) where jl is not equal
PCI

rsrp3 = rsrp2(~1idx3);
% find RSRP values where idx3 is zero
points = length (rsrp3);
% find how many RSRP mearements there are
average = mean(rsrp3);
% find the Mean of RSRP measurements at
specific LON, LAT,and PCI

med = median (rsrp3);

count PATT (LAT,LON,PCI) = points;

% place the number of RSRP mearements at 3
dimension matrix in specific points

binning PATT (LAT,LON,PCI) = average;

% place the Mean at 3dimension matrix in

specific points
binning PATT med (LAT,LON,PCI) = med;
end

end

end

After calculation of averaged RSRP measurements of each bin, it needs to be reshape, and
erase the bins that they are not matched, and erase zeros that created at the beginning of

the code. This process can be done by following code:

%% to find bins where phone and receiver have RSRP measuremnts
together

% and make those bins zero where they do not have RSRP
measuremnts together

SIZE = 193*%149*504;

DATT = binning RATT - binning PATT;

DATT (binning RATT ==0) = 0;

DATT (binning PATT ==0) = 0;

DATT med binning RATT med - binning PATT med;

DATT med (binning RATT med ==0) = 0;
DATT med (binning PATT med ==0) 0;
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binning PATT (binning RATT == 0) = 0;

binning RATT (binning PATT == 0) = 0;
binning PATT med (binning RATT med == 0)= 0;
binning RATT med (binning PATT med == 0)= 0;
count PATT (count RATT == 0) = 0;

count RATT (count PATT == 0) = 0;

%% Reshape phone and receiver measurements, and remove zeros in
order to compare their RSRP

DATT reshape = reshape (DATT,SIZE,1);

DATT med reshape = reshape (DATT med,SIZE,1);
binning RATT reshape = reshape(binning RATT, SIZE, 1);
binning PATT reshape = reshape(binning PATT, SIZE, 1);
binning RATT med reshape = reshape(binning RATT med, SIZE, 1);
binning PATT med reshape = reshape (binning PATT med, SIZE, 1);
count PATT reshape = reshape (count PATT, SIZE, 1);
count RATT reshape = reshape (count RATT, SIZE, 1);

index = DATT reshape==0;

DATT NEW = DATT reshape (~index) ;

DATT med NEW = DATT med reshape (~index);
binning PATT new = binning PATT reshape (~index)

binning RATT new binning RATT reshape (~index) ;
binning PATT med new = binning PATT med reshape (~index) ;
binning RATT med new = binning RATT med reshape (~index) ;
count PATT new = count PATT reshape (~index);

count RATT new = count RATT reshape (~index);

’

%% Find the Mean, Standard Deviation and total Number of points
% Each Phone, Receiver and the difference

MEAN DATT = round (mean (DATT NEW), 2);

STDV_DATT = round(std(DATT NEW), 2);

COUNT DATT = numel(DATT_NEW);

MEAN DATT med = round(median (DATT med NEW), 2);

STDV_DATT med = round(std(DATT med NEW), 2);

MEAN RATT = round(mean (binning RATT new),2);
STDV_RATT = round(std(binning RATT new), 2);

COUNT_ RATT = numel (binning RATT new);

MEAN RATT med = round(mean (binning RATT med new),2);
STDV_RATT med = round(std(binning RATT med new), 2);

MEAN PATT = round(mean (binning PATT new),2);

STDV_PATT = round(std(binning PATT new), 2);

COUNT PATT = numel (binning PATT new) ;

MEAN PATT med = round(median (binning PATT med new),2);
STDV_PATT med round (std(binning PATT med new), 2);
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