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ABSTRACT  

 

 

Title: Measurement Comparison of RF Receivers in UMTS 1900MHz 

Author: Mohammed Najat Mohammed Sayan 

Major Advisor: KOSTANIC, Ivica  

 

 

 

        In every day engineering practice, drive test systems are used to verify 

coverage, estimate quality of service and optimize RF network. To accomplish these 

tasks, drive tests need to be conducted in a systematic and cost efficient way. There 

are several commercial UMTS drive test systems and they can be classified as high 

dynamic range, multiband, and phone-based measurement tools. The data obtained 

from the measurement tools are then analyzed using statistical methods and 

inference. This thesis presents a detailed and comparative study of some of the 

physical layer measurements in UMTS 1900MHz frequency band. The collected 

measurements are compared against three major criteria: coverage analysis, pilot 

quality comparison, and active set agreement. The objective of this study is to 

establish a level of difference between actual measurement values obtained using 

different measurement tools. In practical applications, these differences need to be 

considered and extend their validity to a set of more general cases and applications. 
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Chapter 1 

Introduction 

This chapter begins with a brief discussion on the evolution of cellular 

technology followed by growth of mobile traffic. Then it provides a background 

review of some of the researches conducted in this area of the study.  

1.1 Evolution of Cellular Technology 

In the past few decades, the wireless industry has gone through a substantial 

change. Cellular telecommunication companies increasingly demand innovative, 

reliable and new services that would attract customers in a long term. To stay 

competitive, service providers constantly strive to provide better quality of service 

(QoS).  

The evolution of wireless system technology started with deployment of first 

generation (1G) cellular networks focusing on the real-time voice services. In 1G 

technology, the voice data transfer was based on analogue signals [1]. The concept 

of digital transmission was soon realized and in 1991 second generation (2G) digital 

cellular network under Global System for Mobile (GSM) communications was put 

into service. GSM brought tremendous changes in terms of signal transmission and 

services such as better penetration intensity, short message service (SMS), 

multimedia messaging service (MMS) and higher efficiency with digital technology 
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[2].  Improvements to enhance data transmission rates and reliability in GSM resulted 

in technologies like General Packet Radio Service (GPRS) and Enhanced Data Rates 

for GSM Evolution (EDGE) promising data rates up to 236kbps [3].  

Next step was revolutionary third generation (3G) cellular technology, which 

contains UMTS/HSPA and CDMA1x/EvDO technologies. 3G networks provide 

high speed voice and data rates from 1Mbps to 4Mbps on the downlink. Finally, 3rd 

Generation Partnership Project (3GPP) released the Long-Term Evolution (LTE) 

standard in December 2008, which is providing data speeds up to 100Mbps. The 

focus of this study is on the UMTS/3G technology.  

 

Figure 1.1: Evolution of cellular technology [4]. 

1.2 Growth of Mobile Traffic 

The demand for data traffic has grown rapidly in the last decade or so. The 

growth in data traffic is being driven both by increased smartphone subscriptions and 

a continued increase in average data volume per subscription, fueled primarily by 

more viewing of video content. 
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Mobile phones have become an essential part of people’s daily lives from 

voice conversation to video calling, streaming music, mobile banking, playing games 

and online banking. The number of mobile subscriptions exceeds the population in 

many countries, which is largely due to inactive subscriptions and multiple device 

ownership. As a result, the number of subscribers is lower than the number of 

subscriptions. Today there are around 5.1 billion subscribers globally compared to 

7.5 billion subscriptions [1]. 

Mobile data applications typically require higher data rate than just voice 

calls. For instance, an internet radio service may consume up to 1Mbps or higher, 

which is much higher than the data rate set for conversational voice services. 

According to Ericson mobility report, the data traffic between third quarter of 2015 

and 2016 increased by 50% as shown in figure (1.2).  
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Figure 1.2: Mobile data traffic [1]. 

Understanding the usability of data and services provide useful insight into 

expectation of data growth over the course of next decade. For example, embedded 

video in social media and web pages continues to trend and is counted as video 

streaming traffic. According to figure (1.3), by 2022 video streaming will account 

for around 75% of mobile data traffic. It is also expected that social networking will 

be the second highest data traffic segment in 2022 [1]. 
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Figure 1.3: Mobile traffic expectation in 2022 [1].  

1.3 Background 

Every year predecessors of wireless cellular services spend millions of dollars 

for RF measurement surveys. Due to advances in technology and availability of 

proper hardware and software tools, collecting measurements is a straightforward 

process. In practice, RF Engineers use variety of drive test systems to determine the 

overall performance of the network and ensure the quality of end-user experience. 

Researchers in [5] presents experimental results of coverage and capacity 

analysis in a WCDMA network using the 850MHz frequency band. Key performance 

parameters used in this study are Common Pilot Channel (CIPCH) and Received 

Signal Code Power (RSCP). The results of the analysis are useful to identify the level 

of RSCP value to provide higher reliability of coverage and determine the power 

level of CIPCH for capacity estimation. 
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The Received Signal Level (RSL) is one of the fundamental parameters 

collected during drive tests for Radio Frequency (RF) optimization, coverage 

verification, and quality of service estimation. In [6] measurements were collected 

using one of commercially available drive testing systems. The study presents 

comparative analysis of the RSL measurements obtained in the GSM 1900MHz 

frequency band using computer simulation and theoretical analysis. The differences 

are observed both in the size of the coverage area where the measurements are 

collected as well as in the actual measured values. 

There are many different approaches used to evaluate network performance. 

One of those methods is repeatability test of a series of RSL measurements in the 

GSM 1900MHz frequency band. The measurements were collected with three 

different drive-test systems. The assessment was based on conducting multiple drive 

tests to demonstrate a significant repeatability difference between the measurement 

systems. The results of the analysis in [7] provided quantitative assessment of the 

RSL dependence on random changes in the propagation environment. For that 

purpose, the collected series of data are analyzed using statistical tools. 

In this thesis, three different drive test systems are considered: HDR receiver-

based system, multiband scanning receiver, and phone-based system. These devices 

have different decoding process and sensitivities due to their functionality and 

purpose of use. Each hardware is used to collect physical layer measurements on 

UMTS-FDD network. The drive tests are performed in an efficient way around 

Florida Institute of Technology campus. The differences are evaluated using 
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MATLAB programming software and Gladiator post-processing tool. It is vital to 

accurately evaluate the measurement comparison of real-time RF environment that 

is unpredictable to be determine from computer simulations. 

This Master of Science thesis is organized as follows: In Chapter 2, 

fundaments of UMTS system architecture along with WCDMA air interface and 

Radio Resource Management (RRM) is explained. Chapter 3 describes three 

different drive-test systems and drive test methodology. Data analysis and statistical 

inference are discussed in Chapter 4. Chapter 5 presents the results of measurement 

data comparison. Finally, the results are concluded in Chapter 6. 
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Chapter 2 

Fundamentals of UMTS 

This chapter is a short introduction to universal mobile telecommunication 

system (UMTS). It draws special attention to the fundaments of UMTS air interface. 

The main reasons behind WCDMA selection for UMTS are introduced in section 2.1 

followed by the elements of UMTS network. Physical layer features are explained in 

section 2.3 and 2.4. The concept of spread spectrum modulation and orthogonality is 

described in section 2.5 while frame structure, scrambling code and pilot channel, 

performance measurements, and processing gain are defined in section 2.6, 2.7, 2.8, 

and 2.9, respectively. The significance of radio resource management and its 

implementation are discussed in detail in section 2.9. Finally, multipath radio channel 

and rake receiver are presented in section 2.10.  

2.1 WCDMA for UMTS 

The wideband code division multiple access (WCDMA) was specified and 

selected for third generation (3G) system for many reasons. First, it is very efficient 

to utilize radio resources. UMTS uses WCDMA scheme to spread the narrowband 

information from individual users over a wider bandwidth. Thus, the signal becomes 

less sensitive toward narrowband interference and very robust against frequency-

selective fading. 
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Frequency-selective fading is a common problem in radio communication. 

This occurs because of multipath propagation of the RF channel. WCDMA structure 

offers a good multipath resistance due to the use of rake receivers.  

The handovers in WCDMA are smooth and imperceptible. WCDMA allows 

a mobile station to communicate with two or more cells at the same time, offering 

macro diversity gain [8].      

2.2 UMTS Network Architecture 

This is a short introduction to the elements of the UTRAN (UMTS Terrestrial 

Radio Access Network). Like many other communication networks, the UMTS 

network can be seen as a connection of many logical elements with distinct 

responsibilities. The logical elements of the UMTS can be grouped as: 

• User Equipment (UE) 

• UMTS Terrestrial Radio Access Network (UTRAN), and  

• Core Network (CN) 

Figure (2.1) shows the general outline of the UMTS/3G network. The 

interface between UE and UTRAN is called Uu Interface and Iu interface represents 

the interface between the UTRAN and the CN. 
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Figure 2.1: Major components of UMTS/3G network [9]. 

2.2.1 User Equipment (UE) 

In UMTS, the mobile station is referred to as the user equipment (UE). The 

UE consists of two physical parts:  

1. Mobile Equipment (ME) – is the radio terminal used for communication over 

Uu interface. 

2. UMTS Subscriber Identity Module (USIM) – is a smart card that stores 

subscriber identity, network authentication, and encryption keys.   

2.2.2 UMTS Terrestrial Radio Access Network (UTRAN) 

The UTRAN consists of two distinct elements: 

2. Node B (Base Station) – converts user’s data between the Iub and Uu interface. 

Node B hosts all radio transceivers and processing modules that participate in 

radio resource management. It also performs important measurements on the air 

interface (Uu) and reports these measurements to the RNC (Radio Network 
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Controller) with regards to quality of the link. Then, the RNC evaluates the QoS 

(Quality of Service) and adjust the power control targets accordingly [8].  

2. Radio Network Controller (RNC) – is responsible for the radio resource 

management of all connected Node Bs (channel allocation, handover, power 

control). The RNC concurrently communicates over Iub interface with one fixed 

network node MSC (Mobile Switching Center) and SGSN (Serving GPRS 

Support Node) at any given time. It also has the option of using Iur interface to 

communicate between different RNCs [10]. 

 

 

Figure 2.2: UMTS network elements [8]. 

2.2.3 Core Network (CN) 

The core network in UMTS has the similar characteristics as any other 

backbone network, and it is responsible for the switching and controlling of the 

connections. Part of the mobility management is handled in the core network as well 
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[3]. As Illustrated in figure (2.2), the CN consists of two separate communication 

domains – Circuit Switch (CS) and Packet Switch (PS).  

The first domain uses traditional MSCs with associated VLR (Visitor 

Location Register) to control CS connections, speech and real-time data applications 

for an active UE in the network. There may be multiple MSCs in the system and 

usually one of them takes on the role of the Gateway MSC (GMSC). The GMSC 

provides connections between the UMTS network and outside CS networks, for 

example PSTN (Public Switched Telephone Network). 

The packet switch domain consists of multiple SGSNs and a GPRS Gateway 

Serving Node (GGSN). The SGSN provides internal data traffic service towards 

mobile station, including mobility management, access control and control of packet 

data protocol contexts. The GGSN is the node that handles external data traffic to 

outside packet data networks (Internet, for example).  

Both HLR (Home Location Register) and VLR are subscriber databases. 

HLR contains subscriber information like, subscription profile, roaming partner and 

current VLR/SGSN location of the UE. VLR provides location information about 

locally registered UEs and retrieves subscriber information from the HLR [9]. 

2.3 UMTS Radio Features 

In wireless communication systems, it is often desirable to allow a large 

number of mobile users to share the allocated spectrum in the most efficient manner. 
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As the spectrum is limited, the sharing is required to increase capacity of the channel, 

i.e., to allow the available bandwidth to be used by multiple users simultaneously. 

This must be done in an efficient way to maintain a sufficient level of quality of 

service. There are three major multiple access techniques that are used to share the 

available bandwidth of wireless communication system.  These includes the 

following: 

1. Frequency division multiple-access (FDMA) 

2. Time division multiple-access (TDMA) 

3. Code division multiple-access (CDMA) 

 

2G systems uses FDMA and TDMA techniques for radio interface whereas 

CDMA technique was employed by 3G systems. In FDMA, the frequency spectrum 

is divided into small sub-frequency channels and user data is multiplexed on these 

channels at the same time. In TDMA, all users transmit using the same frequency, 

but the data is multiplexed in short consecutive time slots. In CDMA technique, all 

users transmit simultaneously in the same frequency channel but are separated by 

different orthogonal codes [3]. Above mentioned access schemes are presented in 

figure (2.3). 
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Figure 2.3: Multiple access schemes. 

Wideband CDMA (WCDMA) was selected to be the radio interface for 

UMTS system as a part of 3GPP standardization. The key parameters of WCDMA 

are given in table (2.I). UTMS supports two modes of operation: Time Division 

Duplex (TDD) and Frequency Division Duplex (FDD). The UMTS-TDD uses the 

same frequency for both the UL and DL, alternating the direction of transmission 

over time, whereas in UMTS-FDD a paired set of bands are required, one for UL and 

one for DL, with equal bandwidths. Only the UMTS-FDD mode is considered in this 

thesis. 

In most regions around the world, the band 1920-1980MHz is assigned for 

the UL of UMTS-FDD and the band 2110-2170MHz is assigned for DL as shown in 

figure (2.4). The frequency for UMTS-FDD operation in North and South America 

are: 1850-1910MHz for the UL and 1930-1990 for the DL. The nominal carrier 
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spectrum of a UMTS-FDD signal is 5MHz with the center frequency of the channel 

in the raster of 200kHz.  

Table 2.1: Main WCDMA parameters. 

Parameter Value 

Multiple Access Scheme DS-CDMA and asynchronous operation 

Duplex Scheme TDD and FDD 

Chip rate 3.84Mcps 

Bandwidth 5 MHz (Center frequency in raster of 200kHz) 

Frame Length 10ms, 15 time slots 

Frequency reuse N=1 

Modulation Variable up to 64-QAM 

Power Control Frequency 1500Hz 

 

In most regions around the world, the band 1920-1980MHz is assigned for 

the UL of UMTS-FDD and the band 2110-2170MHz is assigned for DL as shown in 

figure (2.4). The frequency for UMTS-FDD operation in North and South America 

are: 1850-1910MHz for the UL and 1930-1990 for the DL. The nominal carrier 

spectrum of a UMTS-FDD signal is 5MHz with the center frequency of the channel 

in the raster of 200kHz.  

 
Figure 2.4: UMTS Frequency Spectrum. 
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2.4 The UMTS Radio Frequency Carrier 

As mentioned above, the bandwidth of UMTS carrier is about 5MHz and is 

divided into 3.84Mcps [8]. Figure (2.5) shows a typical UMTS RF channel.  

 

Figure 2.5: Typical UMTS RF channel [8]. 

Each user is assigned a specific power level that reflects the amount of 

information per service and path loss to that user. A large portion of total transmitted 

power is assigned to pilot channel known as CIPCH. The more user traffic there is, 

the more power will be transmitted and the higher the amplitude of the UMTS carrier 

will be.  UMTS uses a chip rate of 3.84Mcps that takes up the 5MHz UMTS radio. 

Figure (2.6) shows transmission of UMTS signal in 10ms frames, enabling on-

demand services every frame duration.  
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Figure 2.6: UMTS bandwidth allocation for services in 10ms frame [8]. 

2.5 Spread Spectrum Modulation and 

Orthogonality 

 

UMTS is based on Direct Sequence CDMA (DS-CDMA) technology which 

is a wideband spread spectrum signal. The wideband nature of UMTS allows the 

baseband information from individual users to spread throughout the spectrum. This 

spreading at transmitting end (and de-spreading at receiving end) is done by 

multiplying user data bits by a sequence of code bits, referred to as chips. This 

multiplexing with chip rate distributes the energy of the user data over a wider 
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frequency bandwidth as shown in figure (2.7). Thus, the signal becomes less prone 

to narrowband interference.  

 
 

Figure 2.7: Overview of spreading and de-spreading in UMTS [11]. 

Each mobile station in service is assigned a unique spreading code. This 

unique code is then used to encode the transmit data of each mobile station. The 

coded signal (spread signal) is orthogonal to other users in the cell. The principle is 

that the code is constructed in such a way that one coded signal does not “spill” any 

energy to another coded user if the orthogonality is maintained over the radio 

channel. At the UMTS receiver, each individual user signal can only be retrieved by 

applying the same specific code, thereby limiting the interference between users [8]. 

The spread spectrum modulation is a fundamental aspect of UMTS since it 

allows the possibility of combining different data services in the same radio channel. 

It also provides high tolerance and robustness against narrowband interference added 

by the transmission channel. 
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2.6 UMTS-FDD Frame Structure 

For the radio access to handle such control actions as timing, synchronization 

arrangements, transmission assurance, etc. between the network and mobile station, 

burst data should be structured in a well-defined way. Therefore, UMTS-FDD 

contains a frame structure that is divided into 15 individual time slots. Each time slot 

is 2 3⁄  ms and, thus, the frame length is 10ms [12]. The UMTS-FDD frame is shown 

in figure (2.8). 

 
 

Figure 2.8: UMTS-FDD frame. 

Based on this, one UMTS-FDD frame can handle: 

 
𝑭𝒓𝒂𝒎𝒆 𝒅𝒖𝒓𝒂𝒕𝒊𝒐𝒏 (𝟏𝟎𝒎𝒔)

𝑪𝒉𝒊𝒑 𝒅𝒖𝒓𝒂𝒕𝒊𝒐𝒏 (𝟎. 𝟐𝟔𝟎𝟒𝟐𝝁𝒔)
= 𝟑𝟖, 𝟒𝟎𝟎 𝑪𝒉𝒊𝒑𝒔 (2.1) 

One slot in the UMTS-FDD frame contains: 
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𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒄𝒉𝒊𝒑𝒔/𝒇𝒓𝒂𝒎𝒆 (𝟑𝟖, 𝟒𝟎𝟎 𝒄𝒉𝒊𝒑𝒔)

𝑵𝒖𝒎𝒆𝒓 𝒐𝒇 𝒔𝒍𝒐𝒕𝒔/𝒇𝒓𝒂𝒎𝒆
= 𝟐, 𝟓𝟔𝟎 𝑪𝒉𝒊𝒑𝒔 (2.2) 

The number of bits within each individual frame is variable. The UMTS-FDD 

is designed to accommodate various communication services. Each service can be 

characterized with a different data rate. Regardless of the bit rate, the chip rate 

remains at 3.84Mcps for all users in the network [9]. 

2.7 Scrambling Code and Common Pilot Channel 

Scrambling Codes provide additional identification of the sender in the uplink 

or downlink. In UMTS-FDD uplink, all mobile stations transmit on the same 

frequency and are differentiated by their unique scrambling codes. Whereas in the 

downlink, scrambling codes are used to separate different cells (Node Bs).  

By using the appropriate scrambling code, a mobile station can separate the 

signal coming from the base station of interest from signals of other base stations in 

the area.  The total number of scrambling codes are very high, but only 512 codes 

are reserved for downlink. This number is large enough that cells on the same 

scrambling code are a large distance apart, and the inter-cell interference between 

them is minimal [13]. 

The common pilot channel (CIPCH) is a pure downlink code channel that 

serves two purposes only: to broadcast the identity of the cell and to aid mobile 

stations in cell evaluation and selection. The CPICH is coded with the cell-specific 
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primary scrambling code. It carries a predefined bit sequence with a fixed spreading 

factor of 256 [8]. The frame structure of the CIPCH channel is shown in figure (2.9). 

 

 
 

Figure 2.9: CIPCH frame structure. 

UTRAN has two kinds of CIPCH: primary and secondary CIPCH. The 

Primary CIPCH (P-CIPCH) is always under the primary scrambling code with the 

same channelization code allocation, and there is only one such channel per cell. The 

secondary CIPCH (S-CIPCH) uses an arbitrary channelization code with spreading 

factor of 256 and may be under the secondary scrambling code. The typical are of S-

CIPCH would be operations with narrow antenna beams intended to high traffic 

density at specific service locations “hot spots” [14]. 

A major portion of total transmit power of the cell is assigned to broadcasting 

the pilot channel. Typically, the base station assigns 10% of the DL power for 
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microcells (medium traffic) and less than 5% for picocells (high traffic). For a 

43dBm base station, the CIPCH level at 10% is 33dBm (see figure (2.5)) [8].   

2.8 Physical Layer Measurements 

In this section, we primarily focus on some of the RF measurements 

performed by the UE. 

1. Received Signal Code Power (RSCP [dBm]) – is the power indicator of 

UMTS downlink coverage and for calculating path loss. It is essentially the 

power level contained in the pilot channel of a cell. The RSCP is the measured 

RF energy after descrambling process. 

2. Received Signal Strength Indicator (RSSI [dBm]) – is the total power of 

WCDMA signal received by the UE including noise and neighboring 

interference.  

3. Transmit Power (PTX [dBm]) – is the UE transmit power used as a prime 

indicator of the UL system coverage.  

4. Signal to Interference Ratio (SIR [dB]) – is the signal quality of the user data 

and referred to as 
𝐸𝑏

𝑁𝑜
. The 

𝐸𝑏

𝑁𝑜
 is the ratio of energy per bit to the spectral noise 

density. This metric plays an important role in the link budget calculation and 

UMTS radio planning. Different data services have different 
𝐸𝑏

𝑁𝑜
 requirements. 

A typical 
𝐸𝑏

𝑁𝑜
 level for voice is 7dB and about 4dB for a 384kbps service [8].   



23 
 

5. Quality of the Common Pilot Channel (
𝑬𝒄

𝑰𝒐
 [dB]) – is the ratio of the CIPCH 

code power to the carrier RSSI. 
𝑬𝒄

𝑰𝒐
 is not measured directly, but it is computed 

as: 

 
𝑬𝒄

𝑰𝒐
= 𝑹𝑺𝑪𝑷 − 𝑹𝑺𝑺𝑰          [𝒅𝑩] (2.3) 

In UMTS-FDD, the pilot quality is one of the most critical parameters that 

characterizes coverage of the system. Additionally, all handover algorithms are 

solely based on the measurements of CPICH quality level [9]. 

2.9 Processing Gain (Spreading Factor) 

The Spreading Factor (SF) is the ratio of the chips (𝑅𝑐) to baseband 

information rate (𝑅𝑏). SF varies from 4 to 512 in UMTS-FDD. Spreading factor in 

dBs indicates the processing gain (PG). PG is obtained as the result of spreading and 

de-spreading the signal over a wideband carrier. The effect of processing gain is 

clearly seen from figure (2.10). 

 𝑺𝑭 =
𝑹𝒄

𝑹𝒃
=  

𝟑. 𝟖𝟒𝑴𝒄𝒑𝒔

𝑹𝒃
 (2.4) 

 𝑷𝑮 = 𝟏𝟎 × 𝒍𝒐𝒈 (𝑺𝑭)         [𝒅𝑩] (2.5) 
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Figure 2.10: Processing gain of voice and high-speed data  

The processing gain depends on the service data rate. This means higher bit 

rate results in lower processing gain and higher power density. Hence, processing 

gain can be seen as an improvement factor toward interference suppression. For 

example; voice at 12.2kbps needs an approximately 5dB wideband SIR minus the 

processing gain, 5𝑑𝐵 − 25𝑑𝐵 =  −20𝑑𝐵. In practice, this concludes that the signal 

for the voice call can be 20dB lower than the interference or noise level, but still be 

decoded.  
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2.10 Radio Resource Management (RRM) 

Radio resource management (RRM) plays an important role to provide 

efficient utilization of the shared radio resources and to guarantee quality of service 

for the planned coverage and capacity. UMTS RRM algorithms can be divided into 

power control, handover control, and admission and load control. Accordingly, UE 

and UTRAN actively participate in these functionalities [14]. 

2.10.1 Power Control (PC) 

UMTS power control is complex and extremely strict particularly on the 

uplink. PC is a critical part of the WCDMA access scheme since all users are 

operating at the same time and using the same frequency spectrum. Power control 

assures that all traffic on the uplink must arrive at the base station having 

approximately the same energy per bit of information at all times. This allows 

optimum detection of all signals. As an illustration of power control is depicted in 

figure (2.11). 
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Figure 2.11: Power Control in UMTS. 

2.10.1.1 Open Loop Power Control 

The open loop power control is implemented on the uplink on the channels 

that do not have a feedback loop. When the mobile station is accessing the network, 

it uses the downlink pilot CPICH signal to estimate path loss and the transmit power. 

Then the mobile waits for the response signal from the base station (node B). If no 

access granted within a specified time window, the mobile assumes that the access 

signal did not reach the base station. Next, the mobile station increases the transmit 

power for the next access by a power step parameter broadcasted by the cell. Due to 

large frequency separations between UL and DL bands of the WCDMA-FDD mode, 

such method would be far too inaccurate to estimate path loss. Hence, this method 

can only be used when the amount of the information that needs to be exchanged is 

relatively small [9].  
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2.10.1.2 Closed Loop Power Control 

Fast closed loop power control is necessary on the UL to eliminate the near-

far problem as shown in figure (2.12).  

 

Figure 2.12: Closed loop power control. 

In closed loop power control, the base station performs frequent estimates of 

the received signal to interference ratio (SIR) and compares it to a target SIR. If the 

measured SIR is greater than the target SIR, the base station will command the 

mobile station to lower the power. If it is too low it will command the mobile station 

to increase its power. This measure–command–react cycle is executed at a rate of 

1500 times per second (1.5 kHz) for each mobile station. In most circumstances, this 

is sufficient to compensate for any significant change that could possibly happen in 

the path loss and, indeed, even faster than the speed of fast Rayleigh fading for low 

to moderate mobile speeds. Thus, closed loop power control will prevent any power 

imbalance among all the uplink signals received at the base station [14]. 
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Figure (2.13) shows how uplink power control combats fast fading. The 

fading radio channel (the green line) provides a large variance on the path loss, 

depending on the speed of the mobile. Closed loop power control commands the 

mobile station to use the transmit power proportional to the inverse of the received 

power. Then the base station transmitted power (the red line) compensates for this 

fading. The base station received power (the Black line) shows the resulting radio 

channel compensation by the power control, with a typical maximum variance of ±2-

3dB. 

 

Figure 2.13: UMTS fast power control combating fast fading. 

closed loop power control technique is also used on the downlink as well. 

Unlike uplink, the downlink does not suffer from the near-far problem since the 
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transmission is in the form of one-to-many. However, it is desirable to provide a 

marginal amount of additional power to mobile stations at the edge of the cell as they 

suffer from neighboring-cell interference [9].  

2.10.1.3 Outer Loop Power Control 

The outer closed-loop power control is implemented in the Radio Network 

Controller (RNC). The purpose of Outer loop power control is to adjust the target 

SIR set-point in the base station per the needs of the individual radio link and aims 

at a constant quality, usually defined as a certain target bit error rate (BER) or block 

error rate (BLER). The SIR depends on the mobile speed and the multipath profile. 

Mobiles moving at faster speeds have more fading impact and need more power 

resources. Thus, the idea is to let the target SIR set-point float around the minimum 

value that fulfils the required target quality [14]. The target SIR set-point will be 

adjusted accordingly, as shown in the graph in figure (2.14).  
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Figure 2.14: Outer loop power control [4]. 

2.10.2 Handover Control 

Handover algorithms guarantee that each ongoing call or data session is 

serviced using locally the most optimal combination of radio network resources. In 

UMTS-FDD handover decisions are based on various measurements performed by 

mobile, base station or radio network controller. The measurements may be based on 

the RF parameters, or they may involve traffic and service balancing criteria [9]. 

There are several handover scenarios in UMTS. The type of handover is dependent 

on whether the handover is within the same node B, different node B, different 

UMTS/3G frequencies or even system handover to and from 2G. 
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2.10.2.1 Softer Handover 

During softer handover, a mobile station is in the overlapping cell coverage 

area of two adjacent cells of the same Node B with similar power levels. The 

communications between mobile station and base station take place concurrently via 

two RF links, one for each cell separately. This requires the use of two separate codes 

in the downlink direction for the mobile station to distinguish the signals. The two 

signals are received in the mobile station using rake receiver to generate the 

respective code for each cell for the appropriate de-spreading operation [8]. Figure 

(2.15) shows the softer handover scenario. 

 

Figure 2.15: Softer handover scenario. 

On the UL, the base station will use rake receiver to combine the two signal 

paths. Softer handover typically occurs in about 5–15% of connections [8]. 
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2.10.2.2 Soft Handover 

In soft handover, the mobile station is simultaneously controlled by two or 

more cells belonging to different Node Bs of the same or different RNCs. Figure 

(2.16) shows soft handover scenario.  

A
1

Add B1

Drop A2

A
2

A
3

B
1

B
3

B
2

MS is here in 2-way

Handoff

(with A2 & B1)!

 

Figure 2.16: Soft handover scenario. 

As in softer handover, two separate air interfaces are used; the mobile 

combines the downlink signals using rake receiving. The main difference is on the 

uplink, owing to the fact that in soft handover the RNC not the base station will have 
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to perform the combining of the two uplink signal paths [8]. Soft handover occurs in 

more connection than softer handover in UMTS. 

The Soft Handover Algorithm 

The handover algorithm in UMTS evaluates the pilot quality (
𝑬𝒄

𝑰𝒐
) of the 

serving and adjacent cells. The 
𝑬𝒄

𝑰𝒐
 measurement is used by the mobile station for 

evaluating the serving cell and handover candidate cells [8]. As a part of the soft 

handover algorithm description, UMTS-FDD defines the following items: 

Active Set: The active set comprises of all the cells that are transferring traffic 

information to the mobile station simultaneously. Generally, all cells are identified 

through their primary scrambling code. The number of cells participating in the 

active set is limited by the mobile’s capacity – voice mobiles can support up to three 

cells while high data mobiles are usually limited to one way handover. 

Monitored (Neighbor) Set – These are the neighbor cells whose pilot signal quality 

(
𝑬𝒄

𝑰𝒐
) is constantly measured, but is still not strong enough to be added to active set 

and engage in soft handover.  

Example of UMTS-FDD Soft Handover Algorithm 

In this example, the soft handover algorithm is presented. However, the actual 

implementation may be somehow vender specific.  
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The handover decision in UMTS-FDD is based on the pilot quality evaluation 

of cells surrounding the mobile station (shown in figure (2.17)). Specific events are 

defined in UMTS-FDD as follows:  

Event 1A; Radio Link Addition – if  

 𝑺𝒆𝒓𝒗𝒊𝒏𝒈 (
𝑬𝒄

𝑰𝒐
) > 𝑩𝒆𝒔𝒕 (

𝑬𝒄

𝑰𝒐
) − 𝑨𝑺 𝑻𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅 + 𝑯𝑶 𝑯𝒚𝒔𝒕𝒆𝒓𝒆𝒔𝒊𝒔 𝒂𝒅𝒅  (2.6) 

for a period of ∆T, and the active set is not full, then the monitored cell is added to 

the active set. 

 

Figure 2.17: Soft handover events with maximum active set size assumed to be two cells.  
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Event 1B; Radio Link Removal – if 

 𝑺𝒆𝒓𝒗𝒊𝒏𝒈 (
𝑬𝒄

𝑰𝒐
) < 𝑩𝒆𝒔𝒕 (

𝑬𝒄

𝑰𝒐
) − 𝑨𝑺 𝑻𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅 − 𝑯𝑶 𝑯𝒚𝒔𝒕𝒆𝒓𝒆𝒔𝒊𝒔 𝒅𝒓𝒐𝒑  (2.7) 

for a period of ∆T, then the cell is removed from the active set.  

Event 1C; Combined Radio Link Addition and Removal (Replacement) – if 

 𝑩𝒆𝒔𝒕 (
𝑬𝒄

𝑰𝒐
) > 𝒘𝒐𝒓𝒔𝒕 𝒐𝒍𝒅 𝒑𝒊𝒍𝒐𝒕 (

𝑬𝒄

𝑰𝒐
) + 𝑯𝑶 𝑯𝒚𝒔𝒕𝒆𝒓𝒆𝒔𝒊𝒔 𝒓𝒆𝒑𝒍𝒂𝒄𝒆  (2.8) 

For a period of ∆T, then the weakest cell in the active set is replaced by the strongest 

candidate cell. 

Following are definitions for the terms used in the above description of soft 

handover events; 

AS Threshold: Active set threshold for handover. 

HO Hysteresis add: Hysterics for cell addition. 

HO Hysteresis drop: Hysteresis for cell removal. 

HO Hysteresis replace: Hysteresis for cell replacement. 

∆T: Time to trigger specific event. 

2.10.2.3 Hard Handovers 

There are few cases where mobile station performs handover instead of soft 

handover. First, it occurs within the WCDMA system between cells that operate on 

different 3G frequencies. This is call inter-frequency handover. Another HO scenario 
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is when the mobile station performs inter-system handover. This is a handover that 

takes place between 2G to 3G technology. Hard handover is more likely to fail; hence 

these events should be limited to a minimum rate to maximize network performance 

quality.  

2.10.3 Admission and Power Control 

Any traffic in UMTS is equal to noise increase on the radio channel. Since 

all traffic is on the same frequency, and all signals from active users need to arrive 

at the base station at the same level, it is critical to control the noise increase in the 

network [8]. 

To control this issue, the base station continuously measure and evaluate the 

overall noise power received on the UL. By doing so, the base station can calculate 

how much headroom is left for the new traffic to be admitted in the cell. The total 

noise power on the UL of Node B (𝑁𝑇) is calculated as: 

 𝑵𝑻 =  𝑵𝒐𝒘𝒏 𝒕𝒓𝒂𝒇𝒇𝒊𝒄 + 𝑵𝒐𝒕𝒉𝒆𝒓 𝒄𝒆𝒍𝒍𝒔 + 𝑵𝑭𝒏𝒐𝒅𝒆 𝑩         [𝒅𝑩] (2.9) 

where; 

𝑁𝑜𝑤𝑛 𝑡𝑟𝑎𝑓𝑓𝑖𝑐: Noise generated by own traffic in the cell in dB. 

𝑁𝑜𝑡ℎ𝑒𝑟 𝑐𝑒𝑙𝑙𝑠:  Noise contribution from users on other cells in dB. 

𝑁𝐹𝑛𝑜𝑑𝑒 𝐵: noise figure of Node B and other active hardware in the system in dB. 
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The main task of admission control (AC) is to ensure that there are free radio 

resources available for the intended traffic with required SIR and bit rate. Thus, the 

AC always performed when a mobile station initiates communications in a new cell, 

either through a new call or handoff. Based on the AC algorithm, the RNC either 

grants or rejects access [12]. The principle of admission control algorithm is shown 

in figure (2.18). 

 

Figure 2.18: Admission Control in UMTS [8]. 

The basic principle of load control (LC) is the same as admission control. 

While admission control is carried out as a single event, load control is a continuous 

process where the noise rise is monitored. Theoretically, it is possible to discover 

whether the noise power has a direct relationship to cell load. If we express cell load 

(load factor - β) as a parameter, that expresses cell percentage load as shown in figure 

(2.19) and denote noise rice as NR, this leads to the following equation: 
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 𝑵𝑹 = 𝟏𝟎 × 𝒍𝒐𝒈 (
𝟏

𝟏 − 𝜷
)         [𝒅𝑩] (2.10) 

 

Figure 2.19: Noise rise as a function of load factor. 

Loading a cell from 0 to 50% load is a noise rise of 3dB; an additional 25% 

load increases noise rise to 6dB, and so on. Ultimately, as β approaches 1, the NR 

increases without a bound and becomes infinite. This condition is commonly referred 

to as the pole point, and it represents maximum theoretical limit on number of users 

that can be supported by the UL link of WCDMA channel [9].  

Since the mobile’s received power needs to overcome the noise rise, it 

becomes clear that as the load of the system increases, the cell radius of the UL 

becomes smaller. This effect is commonly referred to as the cell breathing. Figure 
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(2.20) is an example of how the noise increase and load will affect the footprint of 

the cell.  

 

Figure 2.20: cell breathing in UMTS. 

In a typical cell the link tends to be noise-limited during light traffic load, and 

power-limited when the traffic load rises as shown in figure (2.21). The service 

profile of traffic generated by the users affects the balance of the cell between being 

DL and UL limited. For example; data users use higher downlink data speed for 

downloads.  
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Figure 2.21: Effect of load factor on the DL and UL path loss [8]. 

The nature of downlink is different since the communication is conducted in 

the form of “one-to-many”. Because of that, noise rise is not appropriate for downlink 

control. As it was discussed earlier, UMTS is power limited on the downlink, so 

downlink control is done through power allocation using intelligent base station 

transmission.  
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2.11 Multipath Propagation 

Multipath propagation is one of the fundamental characteristics of the 

wireless communication channel. In real world, especially in urban and suburban 

environments, most RF signals reaches the receiver travelling through multiple 

propagation paths. Figure (2.22) shows various ways of multipath propagation.  

 

Figure 2.22: Illustration of multipath propagation.  

 

When several copies of the RF signals are combined at the receiver, 

amplitude of the resulting signal depends on the phase of the individual waveforms. 

Variations in the phase of individual components results in combining their 

amplitude in constructive and destructive manner. Fast fluctuations of the received 

signal level from multipath propagation is commonly referred to as small scale 
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fading [9]. A typical measurement of the received signal strength (RSL) in the mobile 

environment is shown in figure (2.23). The effects of small scale fading are easily 

identified as fading dips in the RSL measurement. 

 

Figure 2.23: Typical RSL measurements in UMTS 1900MHz.  

 

In the time domain, the multipath propagation causes dispersion of the signal. 

Hence, multiple copies of the originally transmitted signal arrive at the receiver 

across distinguishable time instants. This creates an echo impact.  
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Figure 2.24: Power delay profile (PDP) for 5MHz channel [9]. 

 

The duration between the first occurrence of the pulse and last detectable 

echo in figure (2.24) is called delay spread. The delay spread is a characteristic of 

the propagation environment. In rural environment, typical delay spread are up to 

2µs, 4-6µs in suburban, and up to 10µs in the urban environment. In communication 

systems, when multiple symbols are received simultaneously, delay spread causes 

inter-symbol interference. The UMTS system uses rake receiver to minimize the 

impact of multipath propagation.  

2.11.1 Rake Receiver 

Rake receiver is used to combine multipath components, which are time-

delayed versions of the original signal transmission. The combining is done to 

improve energy per bit to noise ratio (
𝐸𝑏

𝑁𝑜
) at the receiver. Rake receiver attempts to 
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combine signals of multipath components by providing multiple correlation 

receivers.  

A rake receiver utilizes multiple correlators to separately detect strongest 

multipath components and combine them coherently to achieve maximum ratio 

combining (MRC) diversity.  

 

Figure 2.25: Schematic representation of M-branch rake receiver 

In order for the UMTS rake receiver to work, the delay separation between 

different components has to be more than one chip duration (The chip duration at 

3.84Mcps is 0.26μs). The 0.26μs delay can be obtained if the difference in path 

lengths is at least 78m ( = speed of light ÷ chip rate = 3.0·108 𝑚 𝑠⁄ ÷ 3.84Mcps) A 

delay of one chip is necessary to recover multipath components by the rake receiver 

and avoid causing inter-symbol interference.  
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Chapter 3 

Measurement Hardware and Drive 

Test Methodology 

This chapter addresses the process of collecting measurements in UMTS-

FDD network. It explains measurement hardware, RF collection tools, necessary 

measurement procedure for drive testing, spectrum scan, and eventually conducting 

measurement campaign in a systematic method.   

3.1 Drive Test Equipment and Collection Software   

In this section, the hardware and collection tools used to accomplish data 

collection process is described. The three types of measurement hardware are: phone-

based, HDR receiver-based, and multiband receiver-based systems. 

3.1.1 Phone-Based Drive Test System 

Phone-based drive test system is useful for evaluating basic network 

performance and characterizing the end-user experience while using the network. 

Phone-based system addresses the need to verify network settings, such as cell 

selection and re-selection boundaries and measure the voice and data application 

performance in the live network [15].  
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Phone-base drive test system embodies a mobile phone and an appropriate 

RF collection tool. Most modern mobile phone chipsets have engineering 

measurement capabilities built into them during mobile phone’s design process [15]. 

Samsung Galaxy S4 (SGH – I337) is considered in this thesis to monitor the 

performance of physical layer measurements in UMTS network. 

 The mobile phone responds only to problems within network-controlled 

constraints. Hence, configuration and stabilization of phone is a necessary first step 

in conducting drive tests. For this research, the “QMI Forcing” app is used to lock 

the device to a certain technology (like UMTS) and frequency band (like PCS 

1900MHz). Figure (3.1) shows a snapshot of QMI forcing app.  

 

Figure 3.1: Snapshot of QMI forcing app. 

Once the mobile phone is configured, the RF collection tool (JDSU – 

E6474A) is used to gather measurements from the phone.  The collecting software 
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runs defined test sequences to log different measurements in real-time.  Figure (3.2) 

presents phone-based drive test setup used in this thesis.  

 

 

 

 

 

Figure 3.2: Phone-based drive test setup. 

3.1.2 Receiver-Based Drive Test Systems   

Receiver-based systems are used to obtain a “raw” view of the RF 

environment. They can collect measurements of the entire spectrum without 

interacting with the network under test. These systems are useful for activities, such 

as spectrum analysis and general coverage estimation, but they cannot provide a true 

measure of end-user experience. In this thesis, two different receiver-based drive test 

systems are considered. 

3.1.2.1 HDR Receiver-based System 

The PCTEL SeeGull® scanning receiver is one of the most commonly used 

hardware globally to perform drive and walk test measurements. SeeGull® ExPlus 

supports six frequency bands and multiple technologies around the world. It provides 

Sa ms un g  Ga l a x y  

S4  ( S GH  –  I 33 7)  

J D S U –  E 6 4 74 A  
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consistent and reliable RF data independent of the network backhaul. It has a high 

dynamic range (HDR) to determine noise floor and potential interference effects 

[16]. 

The scanner interfaces with a data collection tool named as (SeeHawk 

Collect). SeeHawk collect is a user-friendly platform that is highly customizable. It 

is integrated with industry leading post-processing tools for easy data analysis [17]. 

HDR receiver setup is shown in figure (3.3).  

 

Figure 3.3: HDR receiver setup. 

3.1.2.2 Multiband Receiver-Based System 

Multiband receiver-based system or GAR (Gladiator Autonomous Receiver) 

is a compact scanner, which is produced by Gladiator Innovations to collect data for 

all cellular operators, technologies and frequency bands. Unlike HDR receiver, GAR 

has a build-in computer to provide flexibility of storing the data while performing 
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drive or walk test. This feature allows the multiband receiver to automatically upload 

the data to cloud using available Wi-Fi network. Then the data is analyzed using 

post-processing tools. In general, GAR is very efficient in collecting measurements 

and characterizing a network. Figure (3.4) shows multiband receiver-based system. 

 

Figure 3.4: Multiband receiver-based system. 

3.2 Measurement Procedure 

The equipment setup, spectrum analysis, and drive-test methodology used in 

this study emulate typical drive test process used by RF field engineers. Phone-based, 

HDR and multiband receiver-based drive test systems are placed in a full-size car as 

illustrated in figure (3.5). The details of the measurement procedure are provided as 

follows. 

GP S 

An t en na  

R F 
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Mul ti ba nd  
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pa ck  o n - ba rd  
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Figure 3.5: Drive test equipment setup. 

3.2.1 Equipment Setup 

This section details the test setup of each drive test equipment used during 

this research. As seen in figure (3.5), the phone-based system contains of three 

measurement phones set up on idle, periodical call, and continuous call modes, and 

a laptop with appropriate measurement software. The data collection software on the 

laptop is used to automatically log the phone measurements. According to phone-

based system measurements, the test engineering phones are able to decode PSCs if 

the calculated CIPCH 
𝐸𝑐

𝐼𝑜
 is above -20dB. In this setup, the test phones are placed on 

the passenger seat, and it uses smart omni-directional antenna with 0dBi. 
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The HDR receiver-based system collects the data using a high dynamic 

scanning receiver with built-in GPS receiver, a laptop with appropriate collection 

software installed to provide geo-location of the collected data, and external RF and 

GPS antennas. The HDR receiver-based system uses advanced signal processing 

technique, and it is capable of capturing RSCP of the CIPCH 
𝐸𝑐

𝐼𝑜
 above -26dB [16]. 

The scanner-based drive test system comprises of a scanner with integrated 

PC, built-in GPS receiver, and external RF and GPS antennas. The multiband 

receiver system uses sophisticated signal processing technique compared to the 

phone and HDR receiver system. It can measure minimum CIPCH 
𝐸𝑐

𝐼𝑜
 of -22dB to 

decode primary scrambling codes.  

Both receiver-based drive test systems are equipped with external GPS and 

RF antennas mounted on the roof of the vehicle. The RF antennas used in both drive 

test system designs are identical to maintain similar path loss conditions.  

3.2.2 Spectrum Scan 

Spectrum scan or “Band Scan” is the ability of the RF receiver to scan 

multiple frequency ranges. In UMTS-FDD, each operator disposes one or more 

5MHz carriers for deployment. It is easy to distinguish each operator by considering 

the frequency band assigned to them through FCC (Federal Communications 

Commission) spectrum dashboard [18]. 
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 Both receiver-based systems have built-in RF spectrum scan that can 

detect deployed frequencies in a specific geographic area. HDR receiver system has 

Blind Scan feature that sweeps all or part of a frequency band to detect active 

channels and pilots. Blind Scan is conducted in Melbourne, FL to detect available 

UMTS 1900MHz carrier frequencies. The outcome of the blind scan is a list of 

existing channels and pilots. Figure 3.6 shows spectrum scan using HDR receiver 

system.  

 

Figure 3.6: Spectrum scan for UMTS 1900MHz using HDR receiver. 

Multiband receiver system has the capability of scanning the whole spectrum 

and provides information about what frequencies are available in the survey area. It 

uses Discovery Scan mode to identify owners of each frequency, technologies 

deployed and channel center frequencies. The discovery scan is executed through 
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GAR Configuration Wizard platform after specifying geographic location of the 

drive test. Figure 3.7 shows results of discovery scan mode in Melbourne, FL. 

 

Figure 3.7: Results of discovery scan using GAR configuration wizard. 

Spectrum scan is an important first step of running a drive test. For this thesis, 

channel center frequency 1937.5MHz is selected. The carrier frequency is referenced 

using UMTS Absolute Radio Frequency Channel Number (UARFCN). The value of 

the UARFCN in the PCS 1900MHz band is defined using: 

 𝑵𝑫𝑳 = 𝟓 ×(𝒇𝑫𝑳 − 𝟏𝟖𝟓𝟎. 𝟏𝑴𝒉𝒛)       𝟏𝟗𝟑𝟐. 𝟏𝑴𝑯𝒛 ≤  𝒇𝑫𝑳 ≤ 𝟏𝟗𝟖𝟕. 𝟗𝑴𝑯𝒛 (3.1) 

 𝑵𝑼𝑳 = 𝟓 ×(𝒇𝑼𝑳 − 𝟏𝟖𝟓𝟎. 𝟏𝑴𝒉𝒛)       𝟏𝟖𝟓𝟐. 𝟏𝑴𝑯𝒛 ≤  𝒇𝑼𝑳 ≤ 𝟏𝟗𝟎𝟕. 𝟗𝑴𝑯𝒛 (3.2) 

where 𝑁𝐷𝐿 is the UARFCN for DL transmission, 𝑁𝑈𝐿is the UARFCN for the UL, 

𝑓𝐷𝐿 is the DL channel center frequency, and 𝑓𝑈𝐿 is the UL channel center frequency. 

Center frequency 1937.5MHz corresponds to channel number 437 on DL which can 
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be calculated using equation (3.1) [19]. After the right channel is discovered on the 

DL, all receiver-based drive test systems are forced to collect measurements on 

channel number 437 which belongs to PCS 1900MHz band. Meanwhile, Phone-

based system was set up to collect measurements on the entire PCS 1900MHz band. 

The phone builds up a list of existing channels dynamically and then the collected 

data is filtered to include only channel 437. 

3.2.3 Measurement Campaign 

In UMTS and other cellular technologies, drive testing is a part of the network 

deployment and management life cycle from early onset. Drive testing provides a 

real-world capture of RF environment under a particular set of network coverage and 

environmental conditions. The main benefit of drive testing is to measure the actual 

network coverage and performance that a user on actual drive route would experience 

[15]. 

The drive test plan was devised in a way that reduces the driving time and 

cost. All major roads in the area are selected for the network survey and the 

measurements are recorded simultaneously through the RF collection software. 

Figure (3.8) shows the area where the measurements took place. 



55 
 

 

Figure 3.8: Area under analysis. 

The physical layer measurements are collected within the neighborhood of 

Florida Tech campus in Melbourne, Florida. The area under the analysis is in a 

suburban environment with a relatively flat terrain. The suburban model represents 

village or a road with scattered trees and houses, some obstacles near the mobile, but 

not too congested [20].  

The drive test examines the local UMTS network, which is operated by one 

of the US cellular providers. Measurements were done specifically in channel 437 of 

1900MHz Band II using both phone-based and receiver-based systems. 
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Chapter 4 

Data Analysis and Statistical Inference 

One of the most important elements of data evaluation in radio frequency 

engineering surveys is the utilization of statistical tools. In this chapter, we will just 

be touching on the fundamentals that are relevant for providing a conceptual 

framework for statistical inference. It starts off by defining sampling distribution and 

introduction to measures of center and spread. Finally, we will see building blocks 

from the previous sections come together in commonly used statistical inference 

methods, such as confidence intervals and hypothesis tests. 

4.1 Populations and Samples   

Often times, it is too expensive to collect data for every observation in a 

population. Instead, a sample is taken. A sample represents a smaller group of one or 

more observations from the population. In general, researchers always seek to 

randomly select a sample from a population to allow them to use statistical methods 

to provide inference of the population parameters. 

Characteristics of a population are known as parameters, and characteristics 

of sample are called statistics. Statistics are measurable characteristics used to draw 

inferences about a population and its parameters.
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Figure 4.1:  Illustration of the relationship between populations and samples. 

4.2 Measures of Center   

This section discusses methods of quantifying centers of numerical 

distributions. The following measures are key characteristics of interest in 

determining the center of distribution. 

4.2.1 Mean 

The mean, sometimes called average, is a common way to measure the center 

of a distribution. The sample mean of a numerical variable is computed as the sum 

of all observations divided by the numbers of observations:  

 �̅� =  
𝒙𝟏 +  𝒙𝟐 +  … + 𝒙𝒏

𝒏
=  ∑

𝒙𝒊

𝒏

𝒏

𝒊=𝟏

  (4.1) 

where 𝑥1,  𝑥2, … , 𝑥𝑛 represent the 𝑛 observed values. 
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Letters from Latin alphabet is used to denote sample statistics, and letters 

from the Greek alphabet is used when denoting population parameters. For example, 

the sample mean is �̅� and the population mean is 𝜇. 

4.2.2 Median 

The median is the midpoint characteristic of the distribution. In other words, 

it represents the 50th percentile. When number of observations are even, the median 

is the average of the two observations closest to the 50th percentile.  

4.2.3 Mode 

A rarely used measure of center, the mode simply represents the most 

frequent score or the prominent peak in a distribution. 

4.3 Measures of Spread  

The measures of the center were introduced as a method to describe the center 

of a data set, but the variability in a data set is also essential for statistics. 

4.3.1 Range 

The range is simply the difference between the minimum and the maximum 

values in the data set. It is not considered as a reliable measure of spread since it 

depends on the two most extreme values, the endpoints of the distribution which may 

be unusual observations or potential outliers.  
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4.3.2 Standard Deviation 

This is the average deviation around the mean of the distribution. In other 

words, it roughly describes how far away the typical observation is from the mean. 

Once again, we use Latin and Greek alphabet notations for denoting standard 

deviation.𝑠 is for the sample standard deviation, and 𝜎 is for the population standard 

variation. The standard deviation of sample distribution can be defined as: 

 𝒔 =  √
𝟏

𝒏 − 𝟏 
[∑(𝒙𝒊 − �̅�)

𝒏

𝒊=𝟏

]    (4.2) 

where 𝑥𝑖 represent the 𝑖𝑡ℎ observed value and 𝑛 is the total number of observations. 

4.3.3 Variance 

 It is a more reliable indicator of spread. The variance is roughly, the 

average squared deviation from the mean. We denote a sample variance as 𝑠2 and 

population variance as 𝜎2.  

Calculating the variance and standard deviation by hand for reasonably sized 

data sets is tedious and prone to errors. So, we usually use computational software 

for these tasks.  

4.3.4 Interquartile Range (IQR) 

The IQR is the range of the middle 50% of the data. It can be computed as 

the difference between lower quartile (𝑄1) and upper quartile (𝑄3). Where 𝑄1 and 𝑄3 
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are the 25th and 75th percentiles respectively. This measure is most readily available 

in the box plot as shown below. 

 

Figure 4.2: Typical boxplot parts. 

4.4 Normal Distribution 

Many variables in nature are nearly normally distributed. The normal 

distribution model always describes a symmetric and unimodal. It is also being 

referred to as bell curve due to the distribution resembling a bell shape. However, 

these curves can look different depending on the details of the model. Specifically, 

the normal distribution model can be adjusted using two parameters: mean is usually 

denoted as 𝜇, and standard deviation is denoted as 𝜎. We may write the distribution 

as 𝑁(𝜇, 𝜎). 

There are strict rules that govern the variability of normally distributed data 

around the mean of the distribution. For nearly normally distributed data, 68% falls 
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within one standard deviation of the mean. 95% falls within two standard deviations 

of the mean and 99.7% falls within three standard deviations of the mean. It's possible 

for observations to fall more standard deviations away from the mean, but these 

occurrences are very rare if the data are nearly normal. We can also use the 68 to 95, 

99.7% rule to estimate the standard deviation of a normal model, given a few 

parameters about the distribution of the data. 

 

Figure 4.3: Normal distribution showing 68, 95, 99.7% rule. 

A method most commonly employed for nearly normal observations is called 

Z-score. The Z-score of an observation is defined as the number of standard 

deviations it falls above or below the mean. If �̅� is an observation from a distribution 

𝑁(𝜇, 𝜎), we define the Z-score mathematically as 

 𝒁 =  
�̅� −  𝝁

𝝈
  (4.3) 

When the distribution is normal, Z-scores can be used to calculate percentiles. 

A percentile is the percentage of observations that fall below a given data point. 



62 
 

Graphically, a percentile is the area below the probability distribution curve to the 

left of that observation. A normal probability table which lists Z-scores and 

corresponding percentiles found in index [21], can be used to identify a percentile 

based on the Z-score and vice versa.  

4.5 Evaluating Normal Distribution 

Many processes can be well approximated by the normal distribution. While 

using a normal model can be extremely convenient and helpful, it is important to 

remember normality is always an approximation. Testing the appropriateness of the 

normal assumption is a key step in many data analyses. Following are some visual 

methods used throughout this research for checking the assumption of normality. 

4.5.1 Normal Probability Density Function (PDF) Plot 

 It is a method used to compare the distribution of a sample data to the 

normal distribution. The closer the points are to a linear straight line, the more 

confident we can be that the data follow the normal distribution. 
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Figure 4.4: Normal PDF plot for a random sample. 

4.5.2 Empirical Cumulative Distribution Function (CDF) 

Plot 

 It is a useful method for examining the distribution of a sample data. 

This method shows the empirical CDF of sample data and compares it with a plot of 

the CDF for the sampling distribution.  
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 Figure 4.5: Empirical CDF plot for a random sample. 

4.5.3 Quantile-Quantile (Q-Q) Plot 

Q-Q plot displays a quantile-quantile plot of the quantiles of the sample data 

versus the theoretical quantiles values from a normal distribution. If the distribution 

of the sample data is normal, then the plot appears linear. 
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Figure 4.6: Q-Q plot of sample data versus standard normal. 

4.6 Central Limit Theorem (CLT) 

CLT states that the distribution of sample statistics is nearly normal, centered 

at the population mean, and with a standard error equal to the population standard 

deviation divided by the square root of the sample size. If the population standard 

deviation 𝜎 is unknown, which is often the case, we use s, the sample standard 

deviation to estimate the standard error. 

 �̅� ~ 𝑵 (𝒎𝒆𝒂𝒏 =  𝝁, 𝑺𝑬 =  
𝒔

√𝒏
) (4.4) 

Note that CLT tells us about shape, center, and spread of the sampling 

distribution. Understanding the inverse relationship between standard error and the 
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sample size is important. As the sample size increases, the samples expect more 

consistent sample means, hence, the variability among the sample means would be 

lower, which results in a lower standard error. 

Certain conditions must be met for the central limit theorem to apply. First, 

the sample observations must be independent. This means the observations are from 

a random sample and consists of fewer than 10% of the population. Second, the 

sample must consist of at least thirty independent observations and if the data is not 

strongly skewed, then the distribution of the sample mean is well approximated by a 

normal model [21]. 

4.7 Introducing the t-distribution 

When the sample size (𝑛) is small and the population standard deviation (𝜎) 

is unknown, which is almost always. The uncertainty of the standard error estimate 

is addressed by using the t-distribution. 

This distribution also has a bell shape; therefore, it is unimodal and 

symmetric. The t-curve looks a lot like the normal distribution, However, its tails are 

somewhat thicker. The t-distribution just like the standard normal distribution, is 

always centered at zero. It has one additional parameter, called degrees of freedom 

(𝑑𝑓). This parameter determines how thick are the tails of the t-distribution. 

 𝒅𝒇 = 𝒏 − 𝟏  (4.5) 
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Several t-distributions are shown as solid lines in Figure (4.7). As it can be 

seen in the figure below, the t-distribution starts approaching normality as the 

degrees of freedom increases, going from the darker shade to the lighter shades, the 

curve is getting closer and closer to a normal distribution. 

 

Figure 4.7: Comparison of standard normal versus t-distributions for various degrees of 

freedom. 

4.8 Confidence Interval and Significance 

A plausible range of values for the population parameter is called a 

confidence interval (CI). In other words, if we report a point estimate, we probably 

will not hit the exact population parameter. On the other hand, if we report a range 
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of plausible values, we have a good chance at capturing the population parameter. CI 

is computed as the sample mean plus minus a margin of error (ME). ME is a critical 

value corresponding to the middle percentage of the normal distribution times the 

standard error of the sampling distribution.  

 𝑪𝑰 =  �̅� ± 𝒛∗
𝒔

√𝒏
  (4.6) 

As with the central limit theorem (CLT), there are some conditions that need 

to be satisfied to use this formula to construct confidence intervals. In fact, since this 

method is based on the central limit theorem, same conditions are applied.  

While confidence levels are used in the construction of confidence intervals, 

significance levels (α) are used in hypothesis testing. Broadly we can say that a 

significance level and a confidence level are complements of each other.  

 𝑪𝑰 = 𝟏 −  𝜶 (4.7) 

4.9 Hypothesis Testing 

A hypothesis is an educated guess about a claim. Hypothesis testing usually 

has two competing claims: First, it is the null hypothesis. Usually denoted 𝐻0. This 

is often either a skeptical perceptive or a claim to be tested. In the null hypothesis, 

the parameter of interest is set to equal to some value. The second is the alternative 

hypothesis. Usually denoted as HA. This hypothesis represents an alternative claim 

under consideration and is often represented by a range of possible parameter values. 



69 
 

Therefore, in the alternative hypothesis, we claimed that the parameter of interest is 

either less than, greater than or not equal to the same null value from the null 

hypothesis. Note that in the hypothesis testing framework, the skeptic will not 

abandon the null hypothesis, unless the evidence in favor of the alternative 

hypothesis is very strong, that we reject 𝐻0 in favor of 𝐻𝐴. 

4.10 Hypothesis Testing with p-values 

The p-value is a way of quantifying the strength of the evidence against the 

null hypothesis and in favor of the alternative. It is defined as the probability of 

observed or more extreme outcome given the null hypothesis is true [21]. The p-

value can be represented as: 

 𝑷 (�̅� ≠  �̅� |𝑯𝟎: 𝝁 = 𝑵𝒖𝒍𝒍 𝒗𝒂𝒍𝒖𝒆)  (4.8) 

The test statistic Z-score in equation (4.3), is used to calculate the p-value. If 

the p-value is lower than the significance level, (𝛼), which is typically set at 0.05, It 

would be very unlikely to observe the data if the null hypothesis were true. And 

therefore, we reject the null hypothesis.  

If, on the other hand, the p-value was high. Which means p-value higher than 

(𝛼), that it is indeed likely to observe the data even if the null hypothesis were true. 

And hence, we would not reject the null hypothesis. Below is an illustration of a p-

value (presented as a small yellow circle) larger than (𝛼 = 0.05). 
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Figure 4.8: Hypothesis testing with (p-value = 0.2) and (α = 0.05). 

4.11 Analysis of Variance (ANOVA) 

Initially, to compare two means to each other, coming from two different 

groups, Z and T statistic were utilized, depending on the sample size. In this section, 

we will learn how to compare means of three or more groups concurrently using a 

new test method known as analysis of variance (ANOVA) and the new statistic 

parameter, called F statistic. The hypotheses in ANOVA are constructed the same 

way as before. ANOVA uses a single hypothesis test to check whether the means 

across many groups are equal: 
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𝐻0 = The mean outcome is the same across all groups. In statistical notation, 𝜇1 =

 𝜇2 = ⋯ 𝜇𝑖 … = 𝜇𝑘 where 𝜇𝑖 represents the mean of an outcome for observations in 

group 𝑖 and 𝑘 is the total  number of groups. 

𝐻𝐴 = At least one pair of means are different from each other. 

This method does not identify which pair of means are different from each 

other. It simply tells us that there is at least one pair of means that are different from 

each other. We call this variability the mean square between groups (MSG), and it 

has associated degrees of freedom, 𝑑𝑓𝐺 = 𝑘 − 1. The MSG can be thought of as a 

scaled variance formula for means. If the null hypothesis is true, any variation in the 

sample means is due to chance and should not be too large [22]. MSG is calculated 

as: 

 𝑴𝑺𝑮 =  
𝟏

𝒅𝒇𝑮
𝑺𝑺𝑮 =  

𝟏

𝒌 − 𝟏
 ∑ 𝒏𝒊 (�̅�𝒊 −  �̅�)𝟐

𝒌

𝒊=𝟏

    (4.9) 

where SSG is the sum of squares between groups and 𝑛𝑖 is the sample size of group 

𝑖. �̅� represents the mean of outcomes across all groups. 

The MSG on its own, is quite insufficient in a hypothesis test. We need a 

benchmark value to show how much variability should be expected in the sample 

means if 𝐻𝐴 is true. This variability is referred to as the mean square error (MSE), 

which has associated degrees of freedom value 𝑑𝑓𝐸 = 𝑛 − 𝑘. MSE is a helpful 

measure of the variability within the groups. It is calculated as 
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 𝑴𝑺𝑬 =  
𝟏

𝒅𝒇𝑬
𝑺𝑺𝑬 (4.10) 

where SSE is the sum of squared errors and is equal to 

 𝑺𝑺𝑬 = 𝑺𝑺𝑻 − 𝑺𝑺𝑮 (4.11) 

where SST is the sum of squares total and is computed as  

 𝑺𝑺𝑻 =  ∑(�̅�𝒊 −  �̅�)𝟐

𝒏

𝒊=𝟏

 (4.12) 

The ratio of the two quantities MST and MSE is known as F statistic. For the 

null hypothesis to be true, the ratio of MST to MSE should be less that the critical 

value of F statistic. 

 𝑭 =  
𝑴𝑺𝑮

𝑴𝑺𝑬
  (4.13) 

The calculations required to perform ANOVA by hand are tedious and prone 

to human error. Hence, statistical software is used for these computations. ANOVA 

table of parameters shown below. 
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Table 4.1: ANOVA summary of parameters. 

Source of 

variation 
𝑺𝑺 𝒅𝒇 𝑴𝑺 𝑭 − 𝒗𝒂𝒍𝒖𝒆 𝒑 − 𝒗𝒂𝒍𝒖𝒆 𝑭 − 𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 

Between groups 𝑆𝑆𝐺 𝑑𝑓𝐺 = 𝑘 − 1 𝑆𝑆𝐺 𝐹 𝑝 𝐹𝑐𝑟𝑡 

Within groups 

(Error) 
𝑆𝑆𝐸 𝑑𝑓𝐸 = 𝑁 − 𝑘 𝑆𝑆𝐸    

Total 𝑆𝑆𝑇 𝑑𝑓𝑇 = 𝑁 − 1     

4.12 The F-Distribution 

ANOVA uses a test statistic F, which is a ratio of variability in the sample 

means relative to the variability within the groups. The larger the F value is, the 

stronger the evidence is against the null hypothesis. The statistic F follows an F-

distribution, which is used to compute the p-value. An F-distribution with 𝑑𝑓𝐺 = 2 

and 𝑑𝑓𝐸  = 600 corresponding to F statistic equal to 4.2, is shown in Figure 2.20.  

 

Figure 4.9: F-distribution with 𝒅𝒇𝑮 = 𝟐, 𝒅𝒇𝑬 = 𝟔𝟎𝟎 for F-value = 4.2. 
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The F-distribution is right skewed. Large test statistics always lead to small 

p-values because the further the test statistic is pushed to the tail of the distribution, 

the thinner the tail area is going to be. If the p-value is smaller than 𝛼, we can reject 

the null hypothesis and conclude that the data provide enough evidence of a 

difference in the population means. 
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Chapter 5 

Measurement Data Comparison 

Rarely, the data collection is advised because it is expensive and time 

inefficient, but still needed to be able to make accurate evaluation that depicts real-

time RF environment. In this chapter, the collected data from all measurement 

devices are compared against three main criteria: coverage analysis, pilot quality 

comparison, and active set agreement.  

5.1 Data Binning 

Binning is a data modification technique that changes the way data is shown 

at small scales. It is done in the pre-processing stage of data analysis to convert the 

original data values into a range of small intervals, known as a bin. These bins are 

then replaced by a value that is representative of the interval to reduce the number of 

data points [23]. 

Before analysis, all collected measurements are binned. This is a standard 

procedure used in practice, and it is referred to as spatial averaging of the individual 

physical layer parameter over a small geographical area known as bin. The binning 

process tends to eliminate impact of fast fading [9]. In this study, the binning process 

is performed in accordance with 
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 �̅�𝒊 =  
𝟏

𝑵𝒊
 ∑ 𝑿𝒊

𝑵𝒊

𝒊=𝟏
 (5.1) 

where �̅�𝒊 is the averaged measurement parameter value in the i-th bin, 𝑿𝒊 is the 

measurement parameter i-th value, and 𝑵𝒊 is the total number of samples in the i-th 

bin. 

 The size of the bin is usually determined by the terrain resolution used in the 

propagation modeling tool. Some typical bin sizes are (30, 50, and 100 meters). 

However, the difference between analysis results using different bin sizes can be 

negligible [9]. In this study, the analysis is done with bin size equal to 50m. 

Binning is also a great alternative technique for visualizing density when 

working with large data sets. Figure (5.1) below presents composite power plot of 

RSCP parameter using 50m binning technique.  
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Figure 5.1: Composite RSCP plot. 

5.2 Coverage Analysis 

In order to verify the network coverage from the field, a drive test (DT) is 

performed. A designated route has been followed to collect the received signal code 

power (RSCP) from all cells in the area.  

Real-world field measurements were collected through two hours of drive 

testing for coverage analysis. In the processing, each data set is binned using 

logarithmic averaging and bin size of 50m. After binning, the processing data is 

grouped per measurement hardware.  A representative portion of averaged RSCP is 

shown in figure (5.1). 
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Figure 5.2: RSCP profile per measurement hardware. 

Due to balanced antenna systems, the measurements coming from the HDR 

and multiband receiver demonstrate a very good agreement. The averaged RSCP 

reading obtained from the first two measurements tools are in the range of 2dB from 

each other. This is due to hardware design, signal processing technique, accuracy of 

the measurement devices and under sampling that occurs in some measurement bins. 

The measurements from the phone-based system are approximately 8-10dB lower 

relative to other receiver-based systems due to vehicle penetration losses (VPL). The 

difference is consistent with the vehicle penetration measurements reported in [24]. 

As a result, one can easily observe that the overall propagation condition in 

the very same geographical area are under constant change. From a practical 

standpoint, it is important to understand the impact of the propagation environment 
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changes have on RSCP measurements. The standard deviation of the averaged RSCP 

per measurement system is less than 10dB which is slightly above the typical value 

set for outdoor cells [25]. 

Another visualization technique to compare means across multiple 

measurement hardware is a side-by-side boxplot presented in figure (5.2). Boxplot is 

used to compare means across multiple data sets, marked by the plus “+” sign. 

Apparently, phone-based system has significantly lower mean than receiver-based 

systems. On the other hand, the centers of both HDR and multiband receiver-based 

systems are close to each other that these measurement sets are least likely to be 

significantly different from one another. 

 

Figure 5.3: Boxplots of measurement systems. 
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The boxplot distributions of receiver-based systems from figure (5.2) seem 

fairly symmetric and shows consistent variability across them. However, the 

measurements from phone-based system is slightly right skewed, as evidence by the 

median that is closer to the first quantile than the third quantile. Indeed, the number 

of bins for phone measurement is much different as well. This might be once again 

something to concern about as we proceed with data analysis. Summary boxplot 

statistics is shown in table (5.1).  

Table 5.1: Boxplot statistics of RSCP measurements. 

Parameter Multiband receiver HDR receiver Phone 

Minimum -91.82 -93.68 -98.84 

Quartile (1) -76.35 -78.37 -86.20 

Median -69.34 -71.51 -79.70 

Mean -68.50 -70.88 -78.40 

Quartile (3) -61.44 -63.77 -71.21 

Maximum -41.10 -40.11 -51.22 

Count 1206 1210 1075 

5.3 Pilot Quality Comparison 

In the analyzed area shown in figure 5.4, a cell site is selected for pilot quality 

(
𝐸𝑐

𝐼𝑜
) comparison that is in the center of the drive test coverage. The drive test 

conducted thoroughly around the cell site to collect RF measurements. Therefore, 

the chosen cell site (Node B) represents a good random sample for this analysis. 
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The Node B consists of three cells with distinct primary scrambling codes 

(126, 134, and 142). Each one of the PSCs founded with its associated GPS 

information were separated from each other and their corresponding 
𝐸𝑐

𝐼𝑜
 values were 

extracted from the data sets collected by the measurement devices.  

𝐸𝑐

𝐼𝑜
 Is a great indicator of the quality of the CIPCH pilot channel. It plays a key 

role in estimating transmission power, traffic volume measurements and triggering 

radio resources.  

 

Figure 5.4: Predicted coverage per cell. 
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The primary goal of pilot quality comparison is to establish a level of 

difference between 
𝐸𝑐

𝐼𝑜
 measurements collected with different drive test systems 

discussed in chapter three. The comparisons are made using statistical approach and 

inferential analysis. On the first level, 
𝐸𝑐

𝐼𝑜
 measurements of receiver-based systems are 

compared per PSC. One the second level, 
𝐸𝑐

𝐼𝑜
 measurements of HDR receiver which 

is the most used commercial drive test system is compared with phone-based drive 

test system.  

Level one: 
𝑬𝒄

𝑰𝒐
 measurement comparison between HDR and multiband receiver-

based systems 

To determine if there is 
𝐸𝑐

𝐼𝑜
 measurement bias between receiver-based systems (HDR 

and multiband), pairwise differences between the individual measurements are 

obtained. Therefore, for each geographical bin, the differences are calculated per 

PSC as: 

 ∆
𝑬𝒄

𝑰𝒐
=  

𝑬𝒄

𝑰𝒐
 (𝑴𝒖𝒍𝒕𝒊𝒃𝒂𝒏𝒅) −  

𝑬𝒄

𝑰𝒐
 (𝑯𝑫𝑹)         [𝒅𝑩] (5.2) 

where ∆
𝐸𝑐

𝐼𝑜
 is calculated difference between averaged 

𝐸𝑐

𝐼𝑜
 of multiband scanner and 

𝐸𝑐

𝐼𝑜
 

of HDR receiver per bin, and 
𝐸𝑐

𝐼𝑜
 is the averaged pilot quality obtained through 

logarithmic averaging.  
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In conducting quantitative research or analysis, we often require large sample sizes 

that represents the entire population of the survey area because it provides accuracy 

for our research.  In statistics, we seldom know the population parameters and hence 

we estimate them based on sample statistics. When estimating a population 

parameter using sample statistics, it is never going to be perfect. There is always 

some margin of error [21].  

Assuming three sectors with primary scrambling codes (126, 134, and 142) represent 

sample distribution with different coverage objectives. The pairwise ∆
𝐸𝑐

𝐼𝑜
 for each 

cell is represented in figure (5.5, 5.6, and 5.7). 
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Figure 5.5: Normalized distribution of ∆
𝑬𝒄

𝑰𝒐
 for PSC 126. 

 

Figure 5.6: Normalized distribution of ∆
𝑬𝒄

𝑰𝒐
 for PSC 134. 
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Figure 5.7: Normalized distribution of ∆
𝑬𝒄

𝑰𝒐
 for PSC 142. 

Figure (5.5) through (5.7) presents simple normalized histograms per cell 

with the best fitting normal curve (PDF) overlaid on them. The ∆
𝐸𝑐

𝐼𝑜
 sample mean and 

standard deviation are used as parameters of the best fitting normal curve. The closer 

the curve fits the histogram, the more reasonable the normal model assumption. 

Since no information is provided regarding the shape of overall distribution of ∆
𝐸𝑐

𝐼𝑜
, 

it is difficult to verify how the population distribution looks like. It is utmost 

important to examine the grouped ∆
𝐸𝑐

𝐼𝑜
 for each PSC to see if the sample distribution 

is symmetric, be confident that outliers are rare, and moderate skewness is 

reasonable.  
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The visualization methods for checking the assumption of normality testing 

is described in section (4.5). The two common methods of evaluating normality 

distribution are PDF and CDF plots. Comparison using PDF and CDF plots can be 

more accurate and informative than directly comparing the ∆
𝐸𝑐

𝐼𝑜
 histograms. In fact, 

many statistical tests compare distributions by looking at the differences in their PDF 

and CDF plots. Figure (5.8, 5.9 and 5.10) presents PDF and CDF testing of ∆
𝐸𝑐

𝐼𝑜
 per 

sector.  

 

Figure 5.8: PDF and CDF plots of delta ∆
𝑬𝒄

𝑰𝒐
 for PSC 126. 

Normal probability plots reveal the shapes of distribution. In a right-skewed 

distribution, measurement values point up and to the left of the line. If the distribution 

is left skewed, points bend down and to the right of the line. The skewness measure 

of figure (5.8 and 5.10) are -0.152 and -0.28 respectively which represent faintly left-

skewed distributions. The figure (5.9) shows slight skewness to the right and the 

skewness measure is 0.017. 
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Figure 5.9: PDF and CDF plots of delta ∆
𝑬𝒄

𝑰𝒐
 for PSC 134. 

 

Figure 5.10: PDF and CDF plots of delta ∆
𝑬𝒄

𝑰𝒐
 for PSC 142. 

Since a one-to-one relationship appears either as a straight line or follows the 

standard distribution curve on a scatter plot, the closer the point are to a theoretical 

PDF or CDF line, the more confident we can be that the data follow a normal model. 

Detailed descriptive ∆
𝐸𝑐

𝐼𝑜
 statistics is shown in table 5.2.  
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Table 5.2: Descriptive ∆
𝑬𝒄

𝑰𝒐
 statistics between receiver-based systems. 

Parameter PSC 126 PSC 134 PSC 142 

Mean -0.332 0.319 0.54 

Standard error 0.216 0.265 0.187 

Median -0.32 0.365 0.77 

Mode 3.22 0.67 1.57 

Standard deviation 3.252 3.617 3.529 

Sample variance 10.575 13.083 12.451 

Kurtosis -0.301 0.243 -0.289 

Skewness -0.152 0.017 -0.289 

Range 17.1 20.88 19.64 

Maximum -9.22 -8.88 -10.34 

Minimum 7.88 12 9.3 

Count 227 186 357 

With quite considerable number of bins per PSC as shown in table (5.2), we 

can overcome the effect of overall ∆
𝐸𝑐

𝐼𝑜
 distribution and apply central limit theorem 

stating that the ∆
𝐸𝑐

𝐼𝑜
 distribution for each PSC closely resembles normal distribution. 

The standard deviation of overall ∆
𝐸𝑐

𝐼𝑜
 is unknown and needs to be estimated. 

This estimation or uncertainty, forces us to use the t-distribution instead of normal 

distribution for the comparison analysis. Figure (5.11) presents a flow diagram of 

selecting t or z distribution.  
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Is sample size ≥ 
30?

Use t-distribution

NOYES

Is the population 
standard deviation (σ ) 

known?
NO

Use z-distributionYES
 

Figure 5.11: Flow diagram of selecting t or z distribution. 

By using t-distribution, we jeopardize some certainty in our analysis because 

t-distribution tails are thicker than the normal model. This means observations are 

more likely to fall beyond two standard deviations from the mean than under the 

normal distribution.  

According to figure (4.7), the t-distribution and standard normal distribution 

become undistinguishable as the number of observations exceeds 30. In other words, 

t-distribution converges to standard normal distribution when the number of bins are 

large. Hence, we assume that ∆
𝐸𝑐

𝐼𝑜
 measurements for each sector follows t-

distribution. 

Next, let us define our hypotheses. The null hypothesis always states that the 

mean difference (µ𝑑𝑖𝑓𝑓) is equals to zero. This means there is no difference between 

the averaged 
𝐸𝑐

𝐼𝑜
 of HDR and multiband receiver-based systems. On the contrary, the 
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alternative hypothesis can then be defined as µ𝑑𝑖𝑓𝑓 does not equal to zero. In other 

words, the alternative hypothesis is going to be a key point of this research. It 

basically speaks to our research question. Hypotheses testing for ∆
𝐸𝑐

𝐼𝑜
 can be defined 

as: 

𝑯𝟎: µ𝒅𝒊𝒇𝒇 = 𝟎, There is no difference between the averaged 
𝐸𝑐

𝐼𝑜
 of HDR and multiband 

receiver-based systems. 

𝑯𝑨: µ𝒅𝒊𝒇𝒇 ≠ 𝟎, There is difference between averaged 
𝐸𝑐

𝐼𝑜
 of HDR and multiband 

receiver-based systems. 

The hypothesis testing framework for ∆
𝐸𝑐

𝐼𝑜
 analysis is as follows [22]: 

1. Set up the hypotheses: 𝐻0: µ𝑑𝑖𝑓𝑓 = 𝑛𝑢𝑙𝑙 𝑣𝑎𝑙𝑢𝑒 

                                    𝐻𝐴: µ𝑑𝑖𝑓𝑓 ≠ 𝑛𝑢𝑙𝑙 𝑣𝑎𝑙𝑢𝑒 

2. Calculate the point estimate: �̅�𝑑𝑖𝑓𝑓 = mean of ∆
𝐸𝑐

𝐼𝑜
 per PSC, given in table (5.2). 

3. Draw sample distributions, shade p-value, and compute test statistic. A test 

statistic is a statistic that is used to assess the strength of evidence against 𝐻0. 

 𝒕 =  
�̅�𝒅𝒊𝒇𝒇 − µ𝒅𝒊𝒇𝒇 

𝑺𝑬�̅�𝒅𝒊𝒇𝒇

 (5.3) 

where 𝑆𝐸�̅�𝑑𝑖𝑓𝑓
 is the standard error of point estimate, calculated in table (5.2). 
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4. Make a decision, and interpret it in context of the research question: 

► If the p-value < α, reject 𝐻0; the data provide convincing evidence for 𝐻𝐴. 

► If the p-value > α, fail to reject 𝐻0; the data do not provide convincing 

evidence for 𝐻𝐴. 

One more piece of item before evaluating the claims is confidence level. 

Commonly used confidence levels in practice are 90%, 95%, 98% and 99%. For this 

analysis, 95% confidence level is chosen. Clearly 95% confidence interval of ∆
𝐸𝑐

𝐼𝑜
 

distribution is defined as a span of two standard deviations of the µ𝑑𝑖𝑓𝑓 where �̅�𝑑𝑖𝑓𝑓 

lays within. The 95% confidence interval can be constructed as 

 𝑪𝑰 = 𝒑𝒐𝒊𝒏𝒕 𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒆 ± 𝒎𝒂𝒓𝒈𝒊𝒏 𝒐𝒇 𝒆𝒓𝒓𝒐𝒓  (5.4) 

 𝑪𝑰 = �̅�𝑑𝑖𝑓𝑓  ± 𝒕∗
𝒅𝒊𝒇𝒇  • 𝑺𝑬�̅�𝒅𝒊𝒇𝒇

  (5.5) 

 𝑪𝑰 = �̅�𝑑𝑖𝑓𝑓  ± 𝒕∗
𝒅𝒊𝒇𝒇  •

𝒔

√𝒏
 

(5.6) 

where CI is the confidence interval, 𝑡∗
𝑑𝑖𝑓𝑓 is the critical value corresponding to the 

middle percentage of the t-distribution, s is the standard error of the ∆
𝐸𝑐

𝐼𝑜
 distribution, 

and n is the number of ∆
𝐸𝑐

𝐼𝑜
 measurement bins per cell. 

Often, instead of looking for divergence from the null hypothesis in a specific 

direction, either greater or less than, this analysis requires divergence in any 

direction. This type of hypothesis testing is referred to as two-tailed hypothesis test. 
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The definition of the p-value stays the same regardless of doing one-side or two-

sided test. However, the calculation becomes slightly different, and even so slightly 

more complicated, since the observed outcome (�̅�𝑑𝑖𝑓𝑓) is considered in both 

directions away from the null hypothesis (µ𝑑𝑖𝑓𝑓). The ∆
𝐸𝑐

𝐼𝑜
 hypothesis testing for each 

PSC is shown in figure (5.12, 5.13, and 5.14). 

 

Figure 5.12: Hypothesis testing of ∆
𝑬𝒄

𝑰𝒐
 for PSC 126. 
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Figure 5.13: Hypothesis testing of ∆
𝑬𝒄

𝑰𝒐
 for PSC 134. 

 

Figure 5.14: Hypothesis testing of ∆
𝑬𝒄

𝑰𝒐
 for PSC 142. 
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The hypothesis testing is conducted under the assumption that the null 

hypothesis is true using the notion of CI. The summary statistics of analysis of mean 

(ANOME) is presented in table (5.3) 

Table 5.3: Descriptive ∆
𝑬𝒄

𝑰𝒐
 statistics between receiver-based systems. 

Parameter PSC 126 PSC 134 PSC 142 

Mean (�̅�𝑑𝑖𝑓𝑓) -0.332 0.319 0.54 

Standard deviation (s) 3.252 3.617 3.529 

Samples (n) 227 186 357 

Degree of freedom (𝑑𝑓) 226 185 356 

Confidence level (CL) 95% 95% 95% 

Significance (α) 5% 5% 5% 

t-critical two-tail (𝑡𝑐𝑟𝑡) 1.971 1.973 1.967 

Standard error (SE) 0.216 0.265 0.187 

Lower limit (cutoff-1) -0.757 -0.205 0.172 

Upper limit (cutoff-2) 0.094 0.842 0.907 

Hypothesized mean (µ𝑑𝑖𝑓𝑓) 0 0 0 

t-value -1.537 1.202 2.889 

p-value 12.58% 23.10% 0.41% 

Fail to reject null hypothesis with 87.42% 76.90% 99.59% 

 

It can be noticed from the table above that as the sample size increases, the 

standard error decreases. When the standard error of ∆
𝐸𝑐

𝐼𝑜
 decreases, there is a higher 

possibility that point estimate (�̅�𝑑𝑖𝑓𝑓) pushed further away to the tails. 

It is usually straightforward to make a call between whether we should reject 

or fail to reject the null hypothesis. That means if the p-value is less than our 
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significance level, we reject µ𝑑𝑖𝑓𝑓, and if it is greater than our significance level, we 

fail to reject null hypothesis. 

As seen from figure (5.12 and 5.13), the confidence interval spans from lower 

limit to upper limit and the null hypothesis (µ𝑑𝑖𝑓𝑓) is included in the interval. The 

interval says that any value with it could conceivably be the true population mean. 

Therefore, we cannot reject the null hypothesis in favor of alternative. As a result, 

we conclude that the ∆
𝐸𝑐

𝐼𝑜
 of PSC (126 and 134) show a strong correlation between 

measurement values. 

In figure (5.14), we reject the null hypothesis since the p-value of 0.0041 is 

less than significance value of 0.05 and conclude that the ∆
𝐸𝑐

𝐼𝑜
 of PSC (142) values 

provide convincing evidence that there is a difference between averaged 
Ec

Io
 of HDR 

and multiband receiver-based system.  

Occasionally, a sample is obtained that is not representative of the overall 

population. That sample is going to be pushed to the right or left of the pre-defined 

confidence interval. Regardless of reject-fail-to-reject decision, an error is possible. 

One type of error occurs when the sample data shows something important and 𝐻0 

is rejected. This is called Type I error. The other type of error, Type II error, occurs 

when 𝐻0 is failed to be rejected while the sample data is due to something out of 

ordinary.  
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In most hypothesis testing, the significance level is typically set to 0.05. 

When using a 5% significance level there is about 5% chance of making Type I error 

if the null hypothesis is indeed true. So, the goal here is to be very conservative about 

rejecting 𝐻0 and demand very strong evidence favoring 𝐻𝐴. For this purpose, a small 

significance value can be chosen, for example 0.01. 

Each of the above independent hypothesis tests of ∆
𝐸𝑐

𝐼𝑜
 have its own 

confidence level. The maximum confidence level required to include all point 

estimates from table (5.3) is 0.9959. To avoid making Type I error, error rate 

compounds with each t-test can be calculated as 

𝐶𝐼 = (0.9959) ∗ (0.9959) ∗ (0.9959) = 0.9877  

𝛼 =  1 − 𝐶𝐼 = 1 − 0.9877 = 0.0123 

So far up to this point, the comparison of ∆
𝐸𝑐

𝐼𝑜
 is made individually for each cell. To 

compare ∆
𝐸𝑐

𝐼𝑜
 of all PSCs together, analysis of variance (ANOVA) is introduced. The 

ANOVA procedure examines the big picture. It considers means of all ∆
𝐸𝑐

𝐼𝑜
 

simultaneously to determine if there are any differences exist among them.  As 

mentioned in section (4.11), this method does not identify which ∆
𝐸𝑐

𝐼𝑜
 group is 

different from each other. It only provides an outcome to show that there is at least 

one ∆
𝐸𝑐

𝐼𝑜
 is different.  



97 
 

The analysis of the differences is performed using one-way ANOVA. The concept 

to perform one-way ANOVA is similar to hypothesis testing. If all ∆
𝐸𝑐

𝐼𝑜
 are around 

zero, this implies that the difference of averaged 
𝐸𝑐

𝐼𝑜
 between HDR receiver and 

multiband scanner based systems in each bin is unbiased. In other words, if p-value 

is less than α, we reject 𝐻0 and conclude that the data sets provide convincing 

evidence that at least one ∆
𝐸𝑐

𝐼𝑜
 measurement set is different from each other. 

Furthermore, if p-value is greater than α, we fail to reject 𝐻0 and conclude that the 

∆
𝐸𝑐

𝐼𝑜
 of all cells do not provide convincing evidence that the difference of one pairwise 

averaged mean between HDR and multiband receiver per PSC is different from the 

others. The observed differences in ∆
𝐸𝑐

𝐼𝑜
 between cells are attributed to sampling 

variability or “chance”.  

The error rate compound of (CI = 99%) and significance level of (α = 0.01) 

calculated above, are used for this analysis. The output of ANOVA analysis feature 

two sub-tables, summary and ANOVA, are shown below in table (5.4). 

Table 5.4: ANOVA summary statistics of ∆
𝑬𝒄

𝑰𝒐
 for all cells. 

Summary       

Groups Count Sum Average Variance   

∆
𝐸𝑐

𝐼𝑜
 (PSC 126) 227 -75.29 -0.332 10.575   

∆
𝐸𝑐

𝐼𝑜
 (PSC 134) 186 59.28 0.319 13.083   

∆
𝐸𝑐

𝐼𝑜
 (PSC 142) 357 192.62 0.540 12.451   
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ANOVA       

Source of Variation SS df MS F-value p-value F-critical 

Between Groups 107.285 2 53.643 4.452 0.012 4.633 

Within Groups (Error) 9242.694 767 12.050    

Total 9349.980 769         

From ANOVA summary table, it can be observed that p-value of 0.012 is 

greater than significance level set for the analysis. Consequently, we fail to reject the 

null hypothesis (µ𝑑𝑖𝑓𝑓 = 0) and conclude that the ∆
𝐸𝑐

𝐼𝑜
 mean of all PSCs provide 

convincing evidence that there is no difference among ∆
𝐸𝑐

𝐼𝑜
 of all PSCs. A better 

illustration of ANOVA analysis is seen in figure (5.15) using F-distribution.  

 

Figure 5.15:  F-distribution with 𝒅𝒇𝑮 = 𝟐, 𝒅𝒇𝑬 = 𝟕𝟔𝟕 for F-value = 4.452. 
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The triangle symbol in figure (5.15) depicts the computed F-value and the red center 

line represents critical value of F-statistic corresponding to 99% confidence level.  

Since F-value of (4.452) is less than F-critical of (4.633), we can infer that receiver-

based systems are not biased and the collected 
𝐸𝑐

𝐼𝑜
 of both measurement devices for 

all cells exhibit a great correlation.  

To verify the above results obtained from the analysis of ANOVA, a second drive is 

conducted. From a practical standpoint, it is important to understand the impact of 

the RF propagation channel on 
𝐸𝑐

𝐼𝑜
 parameter. From figure (5.16), one can easily 

observe that the Analysis of ANOVA led to no differences between means of ∆
𝐸𝑐

𝐼𝑜
 

for the same cells again. On the other hand, the HDR receiver and multiband scanner 

demonstrate no differences between the individual drives using the same routes. This 

means both collection tools preserve repeatability of the measurements between 

different days as well.  
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Figure 5.16:  F-distribution with 𝒅𝒇𝑮 = 𝟐, 𝒅𝒇𝑬 = 𝟗𝟒𝟓 for F-value = 3.493. 
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to evaluate the mean of ∆
𝐸𝑐

𝐼𝑜
 different than zero, where zero indicates no difference 

between averaged 
𝐸𝑐

𝐼𝑜
. The hypotheses are defined as: 

𝑯𝟎: µ𝒅𝒊𝒇𝒇 = 𝟎, There is no difference between the averaged 
𝐸𝑐

𝐼𝑜
 of HDR and phone 

systems. 

𝑯𝑨: µ𝒅𝒊𝒇𝒇 ≠ 𝟎, There is difference between averaged 
𝐸𝑐

𝐼𝑜
 of HDR and phone systems. 

As a part of comparison analysis, it is desired to see if there is a difference in 

the mean of ∆
𝐸𝑐

𝐼𝑜
 for all cells between both collection tools. The tentative assumption 

is that no difference exists between the collected values of averaged 
𝐸𝑐

𝐼𝑜
 means. 

The calculated value of 99% confidence interval and significance level of 

0.01 is chosen to determine the fate of variability among means of ∆
𝐸𝑐

𝐼𝑜
 for PSC (126, 

134, and 142). The level of variability between paired means is determined by 

standard deviation, number of bins, and the level of “confidence” this research is 

satisfied with. 

The statistical tool “ANOVA – Single Factor” is used to compute the F-statistic and 

p-value. Table (5.5) outlines the summary for testing variability between means of 

∆
𝐸𝑐

𝐼𝑜
. 
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Table 5.5: ANOVA summary statistics of ∆
𝑬𝒄

𝑰𝒐
 for all cells. 

Summary       

Groups Count Sum Average Variance   

∆
𝐸𝑐

𝐼𝑜
 (PSC 126) 186 541.92 2.914 8.030   

∆
𝐸𝑐

𝐼𝑜
 (PSC 134) 210 690.46 3.288 18.328   

∆
𝐸𝑐

𝐼𝑜
 (PSC 142) 255 594.76 2.332 14.278   

       

ANOVA       

Source of Variation SS df MS F-value p-value F-critical 

Between Groups 108.117 2 54.059 3.917 0.020 4.638 

Within Groups (Error) 8942.851 648 13.801    

Total 9050.968 650         

The p-value achieved in the above table is greater than the pre-defined 

significance level, hence this concludes that the data provided convincing evidence 

against alternative hypothesis. This means both drive test systems provide similar 

variability between ∆
𝐸𝑐

𝐼𝑜
 means for all cells. Figure (5.17) illustrates the F-distribution 

of this analysis.  
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Figure 5.17:  F-distribution with 𝒅𝒇𝑮 = 𝟐, 𝒅𝒇𝑬 = 𝟔𝟒𝟖 for F-value = 3.917. 
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UTRAN and itself. As soon as the CS or PS activity is over, it moves back to the idle 

mode and all resources that are previously assigned to it are released.  

In this thesis, the drive test is performed according to the need. Three mobiles 

phones are configured differently in the collecting software. In the idle mode, the UE 

is configured to make no calls along the drive test activity. In the dedicated mode, 

the UEs are configured to make periodical and continues calls. Periodical call is short 

call that is established in every minute for forty seconds while continuous call is a 

one long call that occurs throughout the course of data collection session. In practice, 

short calls are requested to examine network accessibility, for example call setup 

success rate and event analysis. Long call is used to assess network retainability and 

sustainability like call drop rate, handover success, etc. Both types of calls are 

initiated to the voice answering machine. 

Data collection is conducted for phone-based system in idle and dedicated 

modes to measure several parameters. One of those parameters is active pilot count 

(APC). APC is the number of scrambling codes in an active set. In UMTS-FDD, the 

maximum number of pilot counts is limited to three.  

The collected data shows that the UE is only using one SC to stay connected 

to the network in idle mode and three SCs for transferring traffic information 

simultaneously during periodical and continuous calls. The results of both calls also 

demonstrate similar occurrence percentage per APC count. Hence, in this thesis all 
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analyses are completed using periodical calls which depicts real life example. Figure 

(5.18) shows the length of APC versus occurrence. 

 

Figure 5.18: APC occurrence in percentage for idle, periodical and continues calls. 

The active-pilot-count and active-set parameters are not available for receiver-based 

systems because scanning receivers decode existing scrambling codes in the UMTS 

channel based on their power level. This means receiver-based system lists SCs 

based on their corresponding signal strength at any instance from the strongest to the 
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Figure 5.19: An example of best server application. 

 For this analysis, we extracted the first three SCs and grouped them together 

to represent an active set (AS). Then we compared the active sets between two 

collection systems per equivalent geographical bin and count the number of identical 

SCs between them. This analogy is done again on two levels. On level one, HDR and 

multiband receiver-based systems are compared. On level two, HDR receiver-based 

compared with phone-based system. Figure (5.20) presents mosaic plot of AS 

agreement between receiver-based systems. 
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 Figure 5.20: AS Agreement between HDR and multiband receiver-based systems. 

Each block pictures the number of identical SCs exist per AS length. For 

example AS(2,3) represents the percentage of two identical SCs in an active set size 

of three. It can be concluded from the above figure that approximately 70% of the 

time both receiver-based systems decoded exact SCs simultaneously and 29.4% 

shows two out of three SC agreement. 

On Level two, the AS agreement between HDR receiver and phone based 

systems shows slightly different results as seen if figure (5.21). This is due to several 

factors such as mobile station orientation, handover decision, transitioning of the MS 

to idle mode between call sessions, and availability of the radio resources. 
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Figure 5.21: AS Agreement between HDR receiver and phone based systems. 
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Chapter 6 

Concluding Remarks 

• The ability to compare measurements of multiple RF receivers manufactured by 

multiple venders is difficult due to the differences in design philosophy and 

measurement techniques developed in both the scanning receivers and the 

software utilized to configure and capture the data. 

• The head to head comparison was completed between SeeGull® ExPlus in high 

dynamic range mode, multiband receiver-based system (GAR), and JDSU 

phone-based system. The network under study is chosen to be large enough to 

obtain representative results not biased due to insufficient number of samples or 

dominance of a particular radio environment.  

• It is usually hard to measure the actual coverage along every route for every area 

of the whole country because this would require a tremendous amount of 

manpower and time. Instead, coverage is only verified in certain reference area 

and the statistical outcome of this verification can be extrapolated to a set of more 

general cases. 

• The number of samples obtained using HDR receiver is greater than both 

multiband receiver and phone-based system since the HDR receiver has a speed 
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advantage over the other two measurement tools when decoding PSC. The 

scanning rate of HDR receiver is 100 measurements per second.  

• Three cells with different coverage objective in the middle of drive test coverage 

area are used for pilot quality comparison. The comparison analysis is done using 

ANOVA. Results are concluded as a high consistency of average 
𝐸𝑐

𝐼𝑜
 among 

measurement tools because any changes in the propagation environment affects 

both RSCP and RSSI parameters and the difference which is denoted as (
𝐸𝑐

𝐼𝑜
) 

remains constant.  

• The repeatability test was performed by re-collecting data on a defined drive 

route. The defined route required approximately two hours of drive time. The 

repeatability is observed using the comparison of the averaged 
𝐸𝑐

𝐼𝑜
 measurements 

between HDR and multiband receivers. The analysis of variance tests the 

measurement bias between the drives to estimate the probability that the repeated 

measurements fall within a prescribed interval. The results of this test provided 

strong correlation between averaged 
𝐸𝑐

𝐼𝑜
 measurements collected on both drives. 

On the contrary, the phone-based system by itself does not provide measurements 

that are repeatable since phone-based system can only respond to problems 

within network-controlled constraints. 
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• The number of cells participating in the active set is limited by mobile’s capacity 

– voice mobiles can support up to three cells while high data mobiles are usually 

limited to one way handover. 

• AS agreement proves that approximately 70% of the time both receiver-based 

systems decoded exact SCs at the same instance while AS agreement between 

phone-based system and HDR receiver shows slightly different matching 

percentage due to the nature of UE operation in UMTS network. 
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FUTURE WORK 

The impact of this research provides a major support for RF engineers to 

understand the difference between collection tools. The detailed statistical analysis 

of this study overcomes the misconception between phone-based drive test system 

and scanning receivers. It gives another angle on how to perform drive test efficiently 

to reduce cost and time.  

Strong correlation of pilot quality metric among measurement tools allows 

replacement of UE with scanning receivers in performing surveys to enhance 

network coverage and quality of the service. Most importantly 
𝐸𝑐

𝐼𝑜
 can be used for 

coverage estimation since it remains constant across measurement tools. 

The comparison analysis can be extended further to include other 

measurement parameters among collection tools. It can also be applied for other 

available applications and technologies. Such an application can be used in forensic 

analysis where 
𝐸𝑐

𝐼𝑜
 considered to estimate cellular footprint and cell tracing. 
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