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Abstract 

 

Title: UE Based Performance Evaluation of 4G LTE Network” 

Author: Hazza Saif Saeed Alshamisi 

Advisor: Ivica Kostanic, Ph.D. 

 

In the past ten years, we have witnessed an increase in demand for mobile services 

as we have come to depend more and more on mobile phones as an indispensable 

part of everyday life. And not merely for making phone calls or sending text 

messages, but also for services such as games, mobile banking, streaming videos and 

making video calls. These mobile applications consume far more data than simple 

voice calls. Reflecting what an end user experiences when using a mobile device is 

an aspect that has not yet been properly catered for. The LTENetScan framework 

introduced a novel method for evaluating the performance of LTE network. 

LTENetScan seeks to locate, identify and assess the live radio frequency and 

associated parameters of a cellular LTE network. The desired end result is to assist 

the RF engineer to analyze the network and subsequently improve the mobile user’s 

quality of service by making appropriate adjustments. The following steps were the 

main structures of the LTENetScan App in phase 1. 

 Create the android Application  

 Display the serving and neighbor cells data such as RSRP, RSRQ, RSSI and 

PCI 

 Classify the LTE parameters based in their typical range as good and bad for 

the signal strength values 

 Evaluate and analyze the data of the serving cells 

 Record the radio frequency measurements during DT in excel sheet 



 

iv 

 

 Displaying the result to the end user in the form of a coverage map 

In phase 2, the tool was implemented and tested by the following steps. 

 Evaluate the accuracy level by comparing measurements taken by 

LTENetScan App with the comparable results from a radio network scanner 

 Evaluate the stability of the app 

The LTENetScan App achieved high correlations with the radio network scanner. 

This analysis aims to help RF engineers to evaluate the cellular network and to adjust 

them to provide a better service to their clients, as well as to represent a simple and 

low cost alternative to expensive professional drive-test tools and may help to make 

the data collection process even more productive and easier to accomplish. 
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Chapter 1: Introduction 

1.1. Introduction 

Soaring usage of mobile devices over the past 20 years and simultaneously increased 

demand of online services via mobile devices has seen a transformation in the service 

offerings of telecommunication companies; significantly driven by the global data 

traffic that is consumed by applications such as video conferencing, online gaming 

and social media. To remain competitive and relevant in that market, cellular 

telecommunication providers need two things: better quality of service (QoS) to 

match or outperform the competition and new, innovative services, which must also 

be reliable. The performance of cellular network services can be measured using 

fundamental indicators to calculate quality. One such indicator used to measure 

performance is the Received Signal Level (RSL).  For Long-Term Evolution (LTE) 

communications, this measurement is taken via a reference sequence and therefore 

referred to as Reference Signal Received Quality (RSRQ), and Reference Signal 

Received Power (RSRP), which constitutes the primary elements of quality and 

power in LTE networks. In this thesis, we propose Android application named 

LTENetScan, which uses the Android Application Programming Interface (API) to 

obtain the Key Performance Indicators (KPIs) such as Signal Strength and Signal 

Quality. Experiments show that LTENetScan can help to obtain the KPIs that reflect 

the real end-users experience and network performance at a low cost and easy to use. 

The proposed LTENetScan on a smartphone will help to lower operation and 

maintenance costs.  

1.2. Goals and Objectives 

The goal of this research is to design an application that runs on the Android platform 

for obtaining RSRP, RSRQ, RSSI and PCI from any android phone that supports 

LTE technology. The application will display KPIs in graphical format with each 

element displayed in a chart. It will use Excel to record data to be later used for 
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studies of network issues by researchers who may then build suitable solutions. 

Network Operators may also find the data useful when fine tuning network setup and 

implementation. 

The general objectives of the project are: 

 Develop a phone based performance measurement application. The 

advantages of such application  

o Low cost  

o Closer to real user experience  

o Lower operation and maintenance costs 

 Comparison between developed phone based platform and commercial tools 

o Determine the difference in performance and accuracy between 

phone based measurements and scanner based measurements 

 Performance comparison between different phones  

1.3. Research Question 

 What is the stability and performance of the application? 

 How is the performance of the same network using different phones at the 

same location? 

 How is the performance of the application compared to the commercial drive 

test gear? 

1.4. Evolution of Cellular Wireless and expansion of demand for wireless 

data 

In the past ten years, we have witnessed an increase in demand for mobile services 

as we have come to depend more and more on mobile phones as an indispensable 

part of everyday life. And not merely for making phone calls or sending text 

messages but also for services such as games, mobile banking, streaming videos and 

making video calls. These mobile applications consume far more data than simple 
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voice calls. As seen in Figure 1, one report forecasts that in 2019, mobile networks 

will carry ten times the volume of data that they did in 2013 as seen in Figure 1 [1]. 

This increase is driven by multiple factors such as greater use of smartphones, more 

mobile devices in general and the spread of high speed 4G LTE cellular networks 

across the globe. 

 

Figure 1: Global Mobile Data Traffic 

To predict the level of network data traffic for the next ten years, we first need to 

understand how that data is used today, which also provides a picture of current data 

rates. With an expected consumption of 70% of all data, the video will be the biggest 

user of mobile data by 2021 as per Figure 2 [2]. In second place will be social media. 
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Figure 2: Mobile Data Traffic by Application Types 

Delivering this high demand for mobile traffic will require cellular networks and 

mobile devices to operate at optimum performance. For that reason, the requirements 

of the 3rd Generation Partnership Project (3GPP) are designed to deliver the quality 

of service through maintaining freshness of mobile technology thus achieving 

satisfaction. 

Figure 3 shows the evolution of mobile technologies from 1st Generation (1G) all the 

way through to LTE [3]. 
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Figure 3: Evolution of Mobile Technologies from 1st Generation (1G) to 4th Generation (4G)  

The 1980s saw the birth of mobile cellular systems with what became known as the 

First Generation (1G). In Scandinavia, the cellular network of Nordic Mobile 

Telephone (NMT) came to the forefront. At that time, popular new technologies 

included Advanced Mobile Phone Service (AMPS) and (Total Access 

Communications System (TACS) which evolved from analog forerunners that 

incorporated circuit switching through radio signals configured with Frequency 

Division Multiple Access (FDMA) at 850MHZ [4]. This generation was capable of 

a maximum data rate of 2.4 Kbps. 

The Second Generation (2G) was characterized by several new multiple access 

technologies such as Code Division Multiple Access (CDMA) and Time Division 

Multiple Access (TDMA) in addition to the existing FDMA, which resulted in 1G 

being completely replaced. The specific objective of 2G was to allow voice 

communication using full duplex was the specific objective of 2G, which achieved 

maximum data rates of 64 Kbps.  Subsequently, that rate was increased to 115 Kbps 



 

6 

 

through the addition of enhanced data packet transfer using Global System for 

Mobile Communications (GSM), which used the General Packet Radio Services 

(GPRS) framework to transport data. Data throughput was further improved to 236 

Kbps through a progressive GSM development called Enhanced Data GSM 

Environment (EDGE) [4]. 

The introduction of GPRS services paved the way for the Third Generation (3G) of 

mobile telephony, which delivered reliable, fast Internet access of a multiple-megabit 

nature. It enabled Voice Over Internet Protocol (VoIP) for digital voice 

communication as well as data access to multiple users, browser web and app 

sessions and real-time music. Downlink data speeds of up to 4 Mbps are achievable 

[4]. 

1.5. Long Term Evolution (LTE) 

LTE evolved from constant innovation and development of radio communication 

and mobile technologies, which also improved availability. Intense marketplace 

competition grew side by side with these new and robust mobile communication 

environments. Competition between operators requiring regulation governing the 

allocation and use of spectrum, as well as innovative technological advances by other 

mobile manufacturers have driven changes to the environment of mobile 

communications. For many years, voice communication was the primary objective 

of earlier generations, implementing data packet transfer thorough GPRS 

transformed how cellular network technology could be adapted for a myriad of uses, 

with internet access being the first [4]. LTE explicitly supports the many 

requirements of Internet Protocol Services (IPS), which in turn enables the 

implementation of a wide range of applications. Orthogonal Frequency Division 

Multiple Access downlink/Single Carrier Frequency Division Multiple Access 

uplink (OFDMA/SCFDMA) forms the basis for LTE, which is a wireless cellular 

configuration system based on the 3GPP standard. The specific primary design 
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objectives of LTE are higher data rates with fewer delays, providing greater capacity 

and wider coverage, all within a spectrum that is flexible [5].  

Data Rate: Low data usage applications such as Short Message Service (SMS) and 

mobile voice communications have stood the test of time and are still as valuable and 

relevant as ever and consume a large proportion of mobile network capacity. Data 

rates have increased exponentially with each generation [5]: 

 2nd G was measured in Kbp/s  

 3rd G achieved rates in Mbp/s  

 4th G is the Gigabit generation Gbp/s  

Delay: Some applications are interactive services that require little or no delay 

between packets, such as web browsing, gaming, and translation in real time. When 

a delay occurs between sending and receiving data packets between the server and 

the client (user) it is called Latency [5]. 

Capacity: During periods of peak usage and congestion, spectral efficiency impacts 

QoS, and therefore it is closely monitored by service providers. For spectral 

efficiency, operators must measure each user’s total data rate, and for each base 

station, the average data delivered [5]. 

For the first time, LTE represents a mobile standard that is being deployed on 

different LTE frequency bands in several countries, enabling multiband phones to 

utilize LTE in geographies that support multiple bands [6]. In such an extremely 

competitive marketplace as mobile telecommunications, service providers who can 

deliver a superior quality of service will enjoy a distinct advantage. Quality of voice 

calls, a wide coverage area, and satisfactory network availability are all factors that 

feed into determining the quality of service. Nevertheless, the same KPIs apply 

across each of those factors, namely RSRQ, RSRP and RSSI. 
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1.6. Tools for Measuring Performance 

Using drive tests to measure the received signal is nowadays a relatively simple and 

proven process due to the advances in technology and the development of 

sophisticated software and hardware tools. Network performance as experienced by 

users can be assessed through some drive test tools by radio frequency (RF) 

technicians.  

The most common devices deployed in drive test systems are test engineering 

phones, scanners and receivers and each has its attributes and 

advantages/disadvantages. Systems that use phones can measure elements of their 

service provider networks. Those depending on receivers can analyze local RF 

activity but are incapable of identifying network problems. Drive test systems based 

on scanners are considered specialized receivers with some features enabling them 

to analyze different frequencies. The software is used in conjunction with receivers 

and scanners to log data on a laptop with input from an ancillary Global Positioning 

System (GPS). Statistical analysis software (e.g., MATLAB) analyzes the recorded 

data points. [7] 

Service providers previously tended to prioritize basic RF performance, but have 

changed the priorities. Now, it is how well data applications perform, such as video 

streaming and VoIP, which impact directly on the end-user perception of 

performance.  

For that reason, RF engineers need access to analytical RF measurement data that 

includes quality of service at the application level as well as basic RF signal 

performance to assess end-user’s satisfaction levels. 

Network performance can be assessed by several methods, one of which is a 

repeatability test of tools used for such measuring to establish how robust the system 

is. Assessments carried out by repeatable systems are accurate. Moreover, stability 
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is also indicated where a correlation exists between drive tests. Receivers and 

scanners are tools that are extremely labor intensive for acquiring data because of the 

high count of connections that are required, any one of which can go down during 

drive testing, resulting in errors in the data. These tools are also expensive, needing 

an annual software license renewal. Phone-based drive tests are the preferred 

approach to avoid these problems, and the required tool can be obtained by 

developing an Android app that can then be executed on any Android smartphone, 

which will also utilize LTE technology. Several applications have the capability of 

measuring a wide range of parameters such as energy consumption, mobility 

performance, location, throughput, latency and received power. However, the 

accuracy of these applications is rarely validated. The authors in [8] examine the 

accuracy of energy consumption and latency. In [9] the author drills down into 

streaming video for mobile devices across LTE networks to assess the significance 

of measurements of RSSI, RSRQ and RSRP. The author in [10] posits that Cell Info 

API update frequency and availability RSRP values vary in different phones, 

suggesting that manufacturers differ in how they implement the received power from 

the network modem to the Radio Interface Layer. 

Therefore, the objective of the design of the Android app is to provide a more cost-

effective and efficient method of capturing the same measurements that network 

receivers and scanners do. Moreover, measurements acquired by phone based drive 

tests reflect the experience of end users. 
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Chapter 2: Literature Review 

2.1. Literature review 

In this chapter, we summarized the LTE system architecture along with a description 

of its main nodes, and User Equipment (UE) capabilities and categories, followed by 

performance factors including interference and coverage.  

2.1.1 LTE Network Architecture with some Performance Factors 

There follows a breakdown of LTE network elements and how they function as per 

Release 8 of the 3GPP specification. Also, certain components of network 

architecture are assessed it regarding their efficient optimization. 

2.1.2 LTE Architecture 

LTE differs from an earlier generation in that it aims to support full Internet Protocol 

(IP) connecting the Packet Data Network (PDN) with mobile user equipment with 

zero data loss. There are three principal elements of LTE network architecture as 

shown in Figure 4: [11] 

 Evolved Universal Terrestrial Radio Access Network (E-UTRAN) 

 User Equipment (UE) 

 Evolved Packet Core (EPC)  

 

Figure 4:Principal Elements of LTE Network Architecture 
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2.1.3 Evolved Universal Terrestrial Radio Access Network (E-UTRAN) 

Radio communications between the evolved packet core and the mobile device are 

catered for by the E-UTRAN, which has a single component, namely the evolved or 

enhanced NodeB (eNB). In the direction of UE, eNB operates on two basic planes: 

at control plane level and the E-UTEA user plane. LTE mobile devices can 

communicate with only a single cell and a single base station simultaneously. The 

S1 interface is the medium for the eNB to communicate with the EPC as illustrated 

in Figure 5 [11]. The X2 interface enables the eBN to communicate with base stations 

in range. That is primarily used during handover for packet forwarding and signaling 

[11]. 

 

Figure 5: Evolved Universal Terrestrial Radio Access Network Architecture 

The eNB also manages low-level functions of mobile stations that it controls. For 

this, it provides signaling messages that act as handover commands. 

2.1.4 User Equipment (UE) 

Any equipment or device such as laptops or cell phones connected to eNodeB by an 

end user is classified as UE. 

The internal architecture of UMTS and GSM user equipment is the same for LTE 

and is made up of these primary modules [11]: 
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 Mobile Termination (MT), which caters for communications operations 

 Universal Integrated Circuit Card (UICC), which executes the Universal 

Subscriber Identity Module (USIM) application and is also called the SIM card 

in LTE devices. 

 Terminal Equipment (TE), which offers services to the user and terminates the 

data stream 

Categories of User Equipment 

3GPP specifies various categories of UE, each of which defines capabilities and 

constraints of the UEs including maximum uplink and downlink data rates, to make 

for efficient communication between mobile devices and eNodeB. UE is illustrated 

below in Table 1 and shows the categories from 1 through 10, the relevant 3GPP 

version, quantity of MIMO antennae supported, maximum uplink and downlink data 

rates, as well as examples of UEs that support the category [12]. 

Table 1: User Equipment Categories from 1 through 10 with relevant 3GPP 

UE 3GPP Max 

Downlin

k speed 

(Mbit/s) 

Max  

Uplink 

speed 

(Mbit/s) 

No. 

 of 

MIMO 

Examples of supported 

devices 

category 1 Release 8 10.3 5.2 1 N/A 

category 2 Release 8 51.0 25.5 2 N/A 

category 3 Release 8 102.0 51.0 2 original Moto X, iPhone 
5 

category 4 Release 8 150.8 51.0 2 Nexus 5, Moto G 4G 

Moto X (2nd G) iPhone 6 

category 5 Release 8 299.6 75.4 4 N/A 

category 6 Release 10 

(LTE-Advanced) 

301.5 51.0 2 or 4 Huawei Honor 6, 

Samsung Galaxy s6 

category 7 Release 10 

(LTE-Advanced) 

301.5 1020 2 or 4 N/A 

category 8 Release 10 

(LTE-Advanced) 

2998.6 1497.8 8 N/A 

category 9 Release 10 

(LTE-Advanced) 

504.2 51.0 2 or 4 Galaxy Note 7, Galaxy 

Note 5, iPhone 7 

category 

10 

Release 10 

(LTE-Advanced) 

405.2 102.0 2 or 4 Galaxy Note 7 
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Notice that the most common mobile devices belong to Categories 4, 6 and 9. 

Category 3 devices are becoming obsolete. Carrier aggregation featured in later 

versions of LTE can be found in Category 6 and above. 

Carrier aggregation delivers superior spectrum utilization by facilitating the 

aggregation of the Primary Component Carrier (PCC) with up to 4 Secondary 

Component Carriers (SCC) thus increasing the bandwidth (and bitrate). 

2.1.5 Evolved Packet Core (EPC) 

Evolved Packet Core (EPC) is the 3GPP core network architecture’s most recent 

evolution, which delivers a high capacity and high performance all IP network for 

LTE. EPC uses packet switching protocols whereas its predecessors, GPRS and 

GSM, utilized circuit switching systems. Version 8 of 3GPP saw the release of EPC 

following on from the decision that IP packet switching should be utilized. The LTE 

Radio Access Network (RAN), user and control planes, are subsumed into EPC 

through its modified control stack. The figure below illustrates how switching 

systems evolved [13]. 

 

Figure 6: Comparison of Technologies Regarding Switching Systems 

EPC elements 

 Packet Data Network (PDN) Gateway (P-GW) – Just like the Gateway GPRS 

Support Node (GGSN) in UMTS and the Serving GPRS Support Node (SGSN) 

in GSM, this interconnects with the internet via a Serving Gateway Interface 
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(SGI) and every Packet Data Network has a unique identifier known as an access 

point name (APN).  

 Serving gateway (S-GW) – This acts like a router, forwarding data between the 

base station and the PDN gateway. 

 Home Subscriber Server (HSS) - Just as in UMTS and GSM, this central database 

contains data about every subscriber to the network operator. 

 Mobility Management Entity (MME) – This runs in the control plane and 

controls all the important functions of the EPC, such as session status 

management, mobility in 3GPP, 2G and 3G nodes, authentication, paging, 

roaming, and barrier management functions [11]. 

Some essential MME functions are shown in Figure 7[11]: 

 

Figure 7: Functionality of Evolved Universal Terrestrial Radio Access Network and Evolved 

Packet Core 

2.2. Elements of LTE Air Interface 

In 2008, 3GPP defined the specification for LTE and standardized it later in Release 

8 of 3GPP, which included these enhancements: 
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2.2.1. Orthogonal Frequency Division Multiple Access Technology 

The time domain structure is central to an understanding of access technology and 

needs to be described. Figure 8 shows the OFDM time domain structure [14]: 

 

Figure 8: Time Domain Structure of OFDM for LTE 

The differences: 

o A frame is 10 ms, and 1 ms equates to 10 subframes 

o A subframe has two slots of 0.5 ms each 

o A slot has 7 OFDM symbols 

o A slot is one resource block, containing 12 resource components 

2.2.2. Prevent Overlap of Symbols  

Multipath propagation transmits a delayed signal to the receiver, which causes 

interference between symbols because it overlaps with signals that were previously 

received. To prevent this distortion, LTE deploys cyclic prefixes as the last portion 

of each symbol. 

2.2.3. Multi-Antenna Technology  

Multi-Antenna contributes significantly to delivering a high level of performance. 

Figure 9 below illustrates its three primary objectives [15]: 
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 Enhanced coverage 

 Delivering higher speed 

 Increased capacity 

 

Figure 9: Multi-Antenna Technology and Its Primary Objectives 

2.2.4. Bandwidth Options 

Six bandwidths are supported by LTE from 1.4 to 20 MHz as per Figure 10. The 

wide range of bandwidth options allows significant flexibility when selecting an 

appropriate bandwidth for an operator to suit its situation [16].  

 

Figure 10: LTE Channel Bandwidth Options 

Table 2: Transmission Bandwidth Configuration Number Resource of Block in E-UTRA 

Channel Bandwidths 
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Any transmission bandwidth resource block frame is suitable for downlink data and 

uplink data. They must be contiguous for single carrier transmission. 

2.3. Performance Parameters in LTE 

In the cellular network environment, since the UE moves from one eNB to another 

eNB and performs handover during cell selection or reselection, it needs to measure 

some essential performance parameters before making a decision. 

2.3.1. Physical Cell Identity (PCI) 

PCI is one of the most significant identifiers of cells in an LTE system wireless 

network. Its value is generated based on two components – Primary Synchronization 

Signal (PSS) and Secondary Synchronization Signal (SSS). The PSS has values of 0, 

1, or 2. The SSS may range in value from 0 to 167. The PCI value is calculated as  

𝑃𝐶𝐼 = 3 ∗ 𝑆𝑆𝑆 + 𝑃𝑆𝑆  (1) 

PCI results in value from 0 to 503. It is utilized in network design to avoid close 

reuse and help to increase resource utilization efficiency and also the subscriber QoS 

of the LTE system [19]. 

2.3.2. Received Signal Strength Indicator (RSSI) 

RSSI is a measure of the linear average of total received power by a device based on 

received OFDM symbols (only those containing Reference Symbols) from all 

sources. 

Sources may consist of both serving and non-serving co-channel cells, interference 

from adjacent channels and thermal noise within the considered bandwidth across N 

RBs. It is not possible to report RSSI in isolation, but the following formula indicates 

how it may be estimated using RSRP and RSRQ: 

𝑅𝑆𝑆𝐼[𝑑𝐵𝑚] = 10 ∗ log(𝑁) + 𝑅𝑆𝑅𝑃[𝑑𝐵𝑚] − 𝑅𝑆𝑅𝑄[𝑑𝐵]   (2) 
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RSSI dimensions can go through many iterations. Different test apparatuses may use 

varying criteria, which can result in different measurements [18]. Criteria for RSSI: 

 The measurement is recorded when resource elements contain RS but filtering 

via an RS pattern does not take place. 

Even though this is the most accurate interpretation of RSSI, it is also the least 

utilized. 

 The resource elements of an OFDM indicator that possesses RS is assessed 

It is the most commonly used interpretation of RSSI even though it depends on 

traffic. 

2.3.3. Reference Signal Received Quality (RSRQ) 

RSRQ represents the ratio of signal to noise and is the parameter that finds the quality 

of the received signal. It is utilized to achieve a reliable handover and reselection of 

a cell by making additional information available when deciding which cell to use 

when the RSRP measurements are not adequate. Table 3 shows the reporting range 

of RSRQ values [18]. Unlike RSRP, RSRQ is affected by noise, interference and the 

number of users. It is defined as [17]: 

𝑅𝑆𝑅𝑄 =
𝑁.𝑅𝑆𝑅𝑃

𝑅𝑆𝑆𝐼
 (3) 

𝑅𝑆𝑅𝑄[𝑑𝐵] = 10 ∗ log(𝑁) + 𝑅𝑆𝑅𝑃[𝑑𝐵𝑚] − 𝑅𝑆𝑆𝐼[𝑑𝐵𝑚]  (4) 

Where N = Number of RBs and N is equal to 50 for 10 MHz, 

The upper limit of the range of RSRQ, when considered with no traffic, is -3 dB. 

This is as per the following equation [18]: 

𝑅𝑆𝑅𝑄 =
𝑁 ∗  𝑅𝑆𝑅𝑃

2 ∗  𝑅𝑆𝑅𝑃
 

𝑅𝑆𝑅𝑄 =
𝑁

2
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𝑅𝑆𝑅𝑄 = 10 ∗ log(0.5) =  −3 dB 

The lower limit of the range of RSRQ is considered to be -19.82 dB because of all 

symbols, the following equation can confirm traffic and the signal to interference: 

𝑅𝑆𝑅𝑄 =
𝑁 ∗ 𝑅𝑆𝑅𝑃

𝑁 ∗ 12 ∗ 𝑅𝑆𝑅𝑃
∗

1

8
 

𝑅𝑆𝑅𝑄 =
1

96
 

𝑅𝑆𝑅𝑄 = 10 ∗ log (
1

96
) =  −19.82 dB 

Table 3: Reported Range of RSRQ Values 

 

Comparing RSRP and RSRQ provides coverage information of RF. For that reason, 

RSRQ provides critical information about how stable the RF environment is, and 

minimizes the unambiguous portion of the interference. 

2.3.4. Reference Signal Received Power (RSRP) 

Mobile devices determine the most appropriate cell by measuring the RSRP of each 

available cell at the device’s current location. When a device moves from one cell to 

another, RSRP is used as input for a process of selection and reselection of cells as 

well as for the handover decision-making processes. Coverage information of LTE 

eNBs is also delivered by RSRP when the device sends the discarded RSRP values, 

as shown in Table 4. 
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RSRP is defined by 3GPP as the linear average power measured in [W] of the REs 

carrying reference signals specific to a cell within the bandwidth of the frequency 

under consideration [17]. Establishing the RSRP requires utilizing the cell-particular 

reference indicators, R0. If the device reliably detects that R1 is available, it can 

access both R0 and R1 to establish the RSRP [18].  

Either a single OFDM resource element of a comprehensive frame can be used to 

find RSRP, or all REs can be used. 

-25 dBm is the maximum level of RSSI that a device can accept. The 72 Resource 

Elements at 1.4 MHz BW deliver RSRP = -43.6 dBm according to this function:  

𝑅𝑆𝑅𝑃[𝑑𝐵𝑚] = 𝑅𝑆𝑆𝐼 [𝑑𝐵𝑚] − 10 ∗ log(12 ∗ 𝑁)  (5)  

Where N is Number of Resource Blocks 

𝑅𝑆𝑅𝑃 = −25 − 10 ∗ log(12 ∗ 6) = −43.6𝑑𝐵𝑚 

The bottom of the range of RSRP acknowledges is -139.8 dBm because of the 

152dBm path loss, 43 dBm transmit power at 20 MHz BW, which delivers 1200 REs. 

Applying those parameters in the function below:  

𝑅𝑆𝑅𝑃[𝑑𝐵𝑚] = 𝑅𝑆𝑆𝐼 [𝑑𝐵𝑚] − 10 ∗ log(12 ∗ 𝑁) − 𝑃𝐿[𝑑𝐵𝑚] 

𝑅𝑆𝑅𝑃 = −43 − 10 ∗ log(1200) − 152 = −139.8𝑑𝐵𝑚 

The range of RSRP levels for a usable signal is typically in the region of -75 dBm 

(close proximity to an LTE cell) to -120 dBm (edge of LTE radius) [18].   



 

21 

 

Table 4: Reported Range of RSRP Values 

 

2.3.5. Additional Factors  

Manmade and natural interference are the categorization headings for these factors. 

Sources of natural interference cannot be controlled. By contrast, manmade sources 

can be controlled and mitigated. Some of the main factors are assessed below, such 

as channel interference (co-channel and adjacent channel), thermal noise and vehicle 

penetration loss. 

 Co-Channel Interference (CCI) 

CCI takes place between signals of the same carrier frequency that are transmitting 

information. An adjacent cell causes interference to mobile receivers in the serving 

cell for signals of the same frequency. Known as Co-Channel Interference, the 

phenomenon is shown in Figure 11. CCI is highly significant because it can 

potentially result in notable performance degradation during transmission, such as 

outages or obvious speed reduction, most notably at cell edges [20]. 
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Figure 11: Co-channel Interference 

 Thermal Noise 

This is also known as Johnson Nyquist noise and is caused by the charge carries 

inside an electrical conductor being subject to thermal agitation irrespective of 

whatever voltage is applied. 

Moreover, for a finite bandwidth, it is roughly equivalent to a Gaussian amplitude 

distribution. There are several sources of thermal noise, such as CCI in a CDMA or 

FDMA system or the receiver. The following formula can be used to define the level 

of noise power N in dBm: [21].  

𝑁 = 𝐾 ∗ 𝑇0 ∗ 𝐵  (6) 

Or in dB domain,  

𝑁[𝑑𝐵𝑚] = −174[𝑑𝐵𝑚] + 10 ∗ log(10 ∗ 𝐵) + 𝐹[𝑑𝐵] (7) 

Where: 

𝐾 = 1.38 × 10−23 J/K is the Boltzmann′s constant  

𝑇0 = 290 K is standard temperature  

𝐵 is the receiver bandwidth in Hz 

F is the noise figure of the receiver in dB (Typically F range is from 5 to 10) 
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 Vehicle Penetration Loss (VPL) 

Reliability of a cellular system across its entire coverage area is an important 

requirement. Service providers realize that the quality of service for subscribers is 

critical and adequate coverage must be delivered in a variety of environments. 

Reliability levels of 80% for suburban and 90% for urban areas are typical objectives. 

The average VPL suffered by the 800 MHz band illustrated in Table 5, is similar to 

700 MHz bands [22]. This formula calculates VPL: 

𝑉𝑃𝐿 [𝑑𝐵] = 10 ∗ log (
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
)   (8) 

Where: 

𝑉𝑃𝐿: Vehicle Penetration Loss  

 𝑃𝑜𝑢𝑡: Power of signal from antenna located outside of Vehicle  

𝑃𝑖𝑛: Power of signal from antenna located inside of Vehicle 

Table 5: Average Vehicle Penetration Loss (VPL) for Full-Size Car 

 

 

 

 

 

 



 

24 

 

Chapter 3: Hardware for Assessing Performance 

3.1. Hardware for Assessing Performance 

This chapter describes the two types of equipment used to carry out performance 

measurements, namely smartphone that run the App and PCTEL scanner. 

3.1.1. Drive-Test Systems Using the Phone 

These evaluate the fundamentals of network behavior and provide a means to assess 

network performance from the end user perspective. Network elements such as 

boundaries for cell selection and re-selection can be validated as well as enabling 

assessment of data and voice applications while using the network [7]. Using a cell 

phone with a drive test system requires appropriate licensed software or an app that 

runs on the phone, which costs significantly less and provides the actual UE 

experience. For that reason, an LTE Measurement app for Android smartphones is 

developed to measure radio frequency (RF) signals at intervals of one second and 

records the data. Elements such as RSRP, RSRQ, RSSI, and PCI are saved at each 

interval for subsequent analysis. As the Phone moves around, it will have 

encountered several cells, some of the cells are far, and some of the cells are close to 

the phone. The phone determines which cell to utilize, which makes it vital to be able 

to identify that cell and its location by detecting and storing PCI, so as to enable 

accurate statistical analysis of the LTE network. Table 6 illustrates Smart Phones and 

its key characteristics that are used to run the App and determine the LTE 

measurements for this experiment [55]. 
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Table 6: Smart Phones and Its Key Characteristics 

 

3.1.2. Drive-Test Systems Using the Scanner 

These evaluate RF across the entire spectrum without interfacing with any network 

operators, and so provide an objective and raw assessment of the RF environment. 

Scanner based systems enable estimates of general coverage to be measured as well 

as band clearing and other activities. However, they cannot assess the end user 

experience as they measure RF only and do not interface with a network or utilize its 

services [7]. Components of these systems usually include a scanner linked to a 

laptop running special data collection software, and are also connected to multiple 

RF antennae and a GPS device. This experiment utilized the PCTEL SeeGull EX 
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scanner as seen in Figure 12, to measure signal strength and modulation, a PCTEL 

scanner is used by RF engineers while cellular networks are being planned, 

assembled and maintained [23]. 

This scanner supports a range of protocols and wide ranges of frequencies to measure 

performance across a spectrum. This type of scanner can scan LTE channel 

bandwidths 1.4, 3, 5, 10, 15, and 20 MHz. For this drive test, the scanner configured 

to a frequency of 700 MHz and bandwidth of 10 MHz, as well as it set to channel 

5110. 

 

Figure 12: PCTEL SeeGull EX Scanner 

SeeGull Scanners use advanced methods for analyzing wireless signals. Dynamic 

range for the Carrier to Interference plus Noise Ratio (CINR) for this scanner spans 

-20dB to + 40 dB and it can detect very low measurements of RSRP from as low as 

-140dBm. The maximum reference signals measured in one second can be as many 

as 48, subject to the multiple-input-multiple-output (MIMO) mode. The SeeGull 

Scanner performs scanning for GSM/WCDMA/LTE. It also has a spectrum analyzer 

mode that measures the center frequency for operators of LTE networks [24]. 
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Chapter 4: Statistical Analysis Evaluation 

4.1. Statistical Analysis Evaluation 

An essential element of evaluating RF signal data is deploying statistical tools and 

software that utilizes them. Parameters such as Received Signal Level (RSL), 

Reference Signal Received Power (RSRP), Reference Signal Received Quality 

(RSRQ), Signal to Noise Ratio (SNR) and Free Space Path Loss (FSPL) can be 

computed using appropriate formulas. However, it is difficult to achieve a high 

degree of accuracy because of Vehicle penetration loss (VPL), atmospheric 

conditions or fading. A complex environment in which mobile wireless networks 

operate is illustrated in Figure 13 [25]. 

 

Figure 13: Sources of Fading and Path Loss 

Multiple propagation phenomena, such as fast fading, impact on RF signals and 

necessitate the use of stochastic tools to specify them. Figure 14 illustrates the most 

common types of statistical analysis of the measurements for this type of experiment. 
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Figure 14: Types of Statistical Analysis of Data 

RF signals are understood to not be deterministic signals, meaning they are not 

determined fully as a function of time. It follows that they are typically randomly 

generated by nature. Essentially, they are machine generated by devices creating 

periodic waveform signals, which are deterministic when transmitted but are 

transformed to a random nature by the time they are received because of the effects 

of the environments through which they pass. Probability theory in math is required 

to define these random signals in a stochastic manner. Mapping the raw sample data 

to real numbers is achieved through a process known as Random Variable, which 

assigns real numbers to the results of some experiment that can be classified as 

random. Random variables come in a variety of forms including log-normal and 

exponential types. Log-normal random variables include RSRQ and RSRP. They are 

typically distributed normally in a logarithmic domain. Figure 15 illustrates the 

random variable [26]. 
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Figure 15: Random Variable 

Where: Ω: {𝜔1, 𝜔2, 𝜔3, …} → X: {𝑥1, 𝑥2, 𝑥3, …}, Ω: sample space (the set of all 

possible event outcomes), ω: individual outcomes, X: Random variable, x: real 

numbers that correspond to outcomes 

4.2. Statistical Parameters 

4.2.1. Measures of Central Tendency 

There are many methods in statistical analysis that measure the central tendency. 

These are the most common for this type of experiment: 

o Mean 

The average of a given set of values is called the Mean. Its simplest form is to add 

up the sum of all values in the data set and divide the result by the count of numbers 

in that data set. For statistical analysis, however, it should factor in the number of 

occurrences of a specific value. That infers that the probability of values is quite 

significant. In such a calculation, Expected Value is the name assigned to the Mean 

as it illustrates the central tendency of a random value or variable. It is arrived at by 

summing the range of values multiplied by the probability of each one. Assuming 

the count of values is N and random variable X is distributed equally, the Mean can 

be denoted as follows [27]:  

𝐸(𝑋) =  𝜇 =  ∑ 𝑥𝑘
1

𝑁
=  

𝑥1+𝑥2+⋯+𝑥𝑁

𝑁

𝑁
𝑘=1   (9) 

Where μ or E(X) is the average value of all the values in the data set 
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𝑥 k is the kth value in the data set, N is the count of values 

o Median 

The Median is essentially the middle number in a sorted dataset. If the count of values 

is odd, then the middle number is taken. If the count of values is even, then the Mean 

of the two middle values is taken as the Median. Where significant outliers exist, the 

Median is considered to be a better evaluation of central tendency. Both the Mean 

and the Median are often measured and compared with one another. If there is a 

significant difference between them, it could denote corrupted data [28]. 

Example: Calculate both Median and Mean for this dataset consisting of ten RSRP 

measurements: 

−80 𝑑𝐵𝑚  − 60𝑑𝐵𝑚  − 86𝑑𝐵𝑚 − 81𝑑𝐵𝑚   − 83𝑑𝐵𝑚 

−85𝑑𝐵𝑚   − 70𝑑𝐵𝑚  − 89𝑑𝐵𝑚   − 99𝑑𝐵𝑚    − 97𝑑𝐵𝑚  

The mean is equal 

𝐸(𝑋) =
−80 − 60 − 86 − 81 − 83 − 85 − 70 − 89 − 99 − 97

10
= −83 𝑑𝐵𝑚 

dBm values are -61, -70, -80, -81, -83, -85, -86, -89, -97, -99  

When the list is reordered from highest to lowest (or lowest to highest), the two 

middle numbers are -83 and -85. Therefore, the Median is -84 dBm. 

The Mean is -83 dBm and so the difference is 1 dBm which is a factor of 1.3 in a 

linear domain.  

4.2.2. Measures of Dispersion 

There are several useful features in statistical analysis to help with characterizing 

data dispersion. 
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o Confidence Interval (CI) 

This type of interval is a range of values that indicates how reliable are some 

estimated data points in a population. CI has great value for data validation because 

it indicates the accuracy range of a set of parameters (seen Figure 16). The interval’s 

magnitude relates to a level of confidence 100(1- α) %, α being the required 

percentage of the Mean. Therefore, a CI that guarantees to meet the required level of 

confidence should be calculated using the following equation [29]: 

𝐶𝐼100(1−𝛼) = 𝑋 ± E (10) 

𝐸 = 𝑍𝛼

2
∗

𝜎

√𝑛
   (11) 

Where  n = total number of measurements, σ = standard deviation of variable X, 𝐙𝛂
𝟐⁄ = 

standard normal curve value of confidence level, E = Error function 

 

Figure 16: Confidence Interval 

Table 7: Confidence Interval Levels for 𝒁𝜶
𝟐⁄  

100(1-α) 90% 95% 99% 99.9% 

z α/2 1.645 1.960 2.576 3.291 
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o Variance and Standard Deviation 

We need to define what we mean by the Variance of a random variable before 

explaining standard deviation. In probability theory, Variance measures the range or 

extent of a dataset. It can also be the quantification of data variation around the mean.  

Standard Deviation defines the level of variation between the data points in a data 

set and is the square root of the variance. Higher values for the variance indicate a 

wider spread between the values in the data. The following equations are used for 

calculations [30]:  

o Variance 

𝑆2 =
1

𝑛−1
∗ ∑(𝑋𝑛 − 𝑋)2  (12) 

o Standard Deviation  

𝑆 = √variance = √𝑆2   (13) 

4.3. Statistical Charts 

Presenting the results of statistical analysis visually is an important element in 

enabling understanding, and there are several chart types used. For RF statistical 

analysis these are the indispensable graphical elements: 

 Histograms 

 Probability Density Function (PDF)  

 Cumulative distribution function (CDF) 

 Analysis of Variation (ANOVA) 
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4.3.1. Histograms 

These diagrams represent the frequency of occurrence by splitting the data into 

intervals called bins as seen in Figure 17. Sturge’s Rule determines how many bins 

are required and is stated as [29].  

𝑁 = 𝑖𝑛𝑡(1 + 𝑙𝑜𝑔2(𝜂)) (14) 

Where int refers to the integer part of the expression; N is number of Classes (integer) 

η is number of data point 

 

Figure 17: Sample of Histogram 

The Mean, the STD, and the count of values are critical to building a meaningful 

histogram. 

4.3.2. Probability Density Function (PDF)  

This function calculates the probability distribution of a random variable, which 

shows the probability of each data value or measurement. PDF in statistical analysis 

is plotted in histogram’s form instead of calculation to see the measurements’ 
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behavior. In electrical engineering, the Probability Density Function of X is written 

as PDF(X), it is defined by the following equation [31] 

𝑃𝐷𝐹(𝑋) =
𝑑

𝑑𝑥
𝐹(𝑥) (15) 

4.3.3. Cumulative Distribution Function (CDF) 

The probability of a random variable taking a value equal to or less than an argument 

is the output of this function. A great deal of statistical analysis utilizes the CDF for 

simplicity such as for determining maximum, minimum or median as seen in Figure 

18. CDF is a non-decreasing function that describes a range between 0 and 1, d it is 

calculated using the following equation [29]: 

𝐶𝐷𝐹(𝑥) = 𝑃𝑟{𝑋 < 𝑥}  (16) 

Where 𝑃𝑟= 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑝𝑒𝑟𝑎𝑡𝑜r 

𝑃𝑟 =  
𝑇ℎ𝑒 𝑐𝑜𝑢𝑛𝑡 𝑜𝑓 𝑣𝑎𝑙𝑢𝑒𝑠 𝑙𝑒𝑠𝑠 𝑡ℎ𝑎𝑛 𝑥

𝑇ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑢𝑛𝑡 𝑜𝑓 𝑣𝑎𝑙𝑢𝑒𝑠
 (17) 

CDF properties: CDF (+∞) is equal one, CDF (-∞) is equal zero 

 

Figure 18: Example of Cumulative Distribution Function 
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4.3.4. Analysis of Variation (ANOVA) 

This tool is very powerful for evaluating and extracting conclusions in statistical 

analysis. It highlights the difference between groups (there must be at least two 

groups) regarding whether or not their Means are equal. It does this by calculating 

the degree of variation within groups and between groups. 

Before we calculate the parameters of the "ANOVA Table" as seen in Table 8, we 

must first define our hypotheses. H0 is the Null Hypothesis which signifies that the 

Means of the groups involved are equal. H1 is Alternative Hypothesis meaning that 

Means are unequal. The following table shows the ANOVA table’s elements [33].  

Table 8: Details of ANOVA Table 

 

Interpreting ANOVA essentially depends on F statistical and on the value of P, which 

is between 0 and 1. 

The P value enables testing of the null hypothesis to establish if all the Means are 

equal because it provides us with the difference between the estimate and the actual 

results if the experiment.  When the value of P is small enough, then the data provide 
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sufficient evidence that the Means are equal. By contrast, the value of F statistical is 

derived from the P value of ANOVA. The decision pivots on whether or not F is 

more than the critical value. The critical value is taken from F-Table, and it varies 

based on the alpha level (α), which can be 1%, 5% or 10% but is usually 0.05 [33]. 
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Chapter 5: Design of the Android App 

5.1. Design of the Android App 

The objective is to develop the Android app to identify Key Performance Indicators 

from commercial smartphones supporting LTE technology. The aspects outlined will 

cover the core procedure, tools, and techniques that will be deployed and utilized. 

The objective is to design and build an Android app that will determine and analyze 

signal reception information from the LTE modems of Android smartphones. As a 

first step, it is necessary to examine global Android architecture to obtain a better 

understanding of how it operates behind the application programming interfaces 

(APIs) that the SDK provides. Similar to most modern smartphones, Android 

systems have two cores at least; one for the modem (baseband) and another for the 

application (Linux). 

5.2. The Architecture of a Smartphone 

In general, smartphones have two processors. One operates the modem (baseband) 

and is specifically designed for handling cellular network communications. The 

other, which runs the application (Linux) is presented as a System On a Chip (SOC) 

which is integrated with other components including GPS, audio input and output, 

keyboard and touchscreen. Figure 19 shows a generic smartphone system design with 

both these processors and the integrated components [34]. 
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Figure 19: A Comprehensive internal view Smartphone System 

Implementation of modern Android mobile devices generally follows this 

smartphone conceptual design. The operating system presents the user with 

interfaces for mobile computing and for applications that are feature rich. It also 

maintains telephony functionality by handling baseband radio communications. The 

telephony stack of the device achieves access to the processors and connectivity 

between them. The abstraction layers are provided by the telephony stack, which also 

handles communications between the modem and the application processor. It 

contains the interfaces and components that developers require to build applications 

around the modem. Special modem commands are needed to utilize the modem. Such 

commands are passed between both the processors using a device driver via serial 

connections. Figure 20 depicts the smartphone modules that send and receive data 

from the Application Layer at the top, then through the radio application 

programming interfaces (APIs) and Radio Interface Layer, then on to the modem 

driver and finally the modem itself [34]. 
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Figure 20: Units of the Smartphone to Send and Receive Data 

The 3GPP (3rd Generation Partnership Project) has defined some protocol layers that 

make up a 2G, 3G or LTE modem. These handle calls, both incoming and outgoing, 

as well as the mobile data connection and SMS. These are depicted in Figure 21 [35]: 

AT 

Abstraction Layer 

NAS 

AS 

L1 

Figure 21: Layers of the Modem 

The specific layers are as follows [35]: 

 AT (also known as the Man-Machine Interface or MMI): this is the interface with 

the external world where user actions take place for things like sending SMS, 

making a call, etc. 
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 Abstraction Layer: this layer converts user tasks through the MMI to AT 

commands or NAS instructions. 

 NAS: is the Non-Access Stratum, which consists of modules such as CC (Call 

Control), MM (mobility management), CM (connection management). 

 AS: The Access Stratum is the modem’s control room. It consists of modules 

such as MAC, RLC, RR, etc. and manages the current cell while measuring 

neighboring cells. It also controls switching between 3G and 4G as necessary, 

which is called handover when it occurs during a call, or cell change if not during 

a call. 

 L1: the bottom layer which drives the radio and manages the physical channels 

5.3. Architecture of Android 

There are four layers and five parts in the Android architecture. They are the 

Applications layer, the Application Framework, the Libraries, Android Runtime, and 

the Linux Kernel. These are depicted in Figure 22 [34]: 

 

Figure 22: Android Architecture 
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5.3.1. Applications Layer 

The top Applications layer contains the apps that all users will be familiar with such 

as the browser, phone, contacts and so on. These are all written in Java. 

5.3.2. Application Framework layer 

The Application Framework Layer lies directly beneath the top Applications Layer 

and consists of some building blocks at a high level that is used to develop apps. Also 

written in Java, this layer contains developer extensions and services that are 

proprietary to Google [36].  

On Android devices, it comes preinstalled and is made up of these modules: 

 Notification Manager 

 Telephony Manager 

 Window Manager 

 Content Providers 

 Resource Manager 

 Location Manager 

 Package Manager 

 View System 

 Activity Manager 

The purpose of the Application Framework is to assist developers by simplifying 

component reuse in the application. 

5.3.3. Android Runtime Layer and Libraries 

The Android runtime environment and native libraries are present here. Written in C 

and C++, many system components use native libraries. The Dalvik virtual machine 

(VM) and core libraries are contained within the Android runtime component [34]. 
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 Dalvik VM is the proprietary Google equivalent of the Java VM 

 Its core libraries enable the bulk of functionality that is available in the Java 

libraries 

5.3.4. Hardware Abstraction Layer 

The Linux kernel and the Android framework are kept separate from the underlying 

hardware by the Hardware Abstraction Layer (HAL). The HAL for the Android 

platform is formed by the Linux open-source kernel and the relevant device drivers. 

It handles basic system operations such as networking, process management and 

hardware driver control [36]. 

5.4. The Radio Interface Layer (RIL) and Android Operating System 

Android's RIL is effectively an abstraction layer between radio hardware and the 

Android telephony services (android.telephony). It includes functionalities that 

supports mobile communications and is radio agnostic. All onboard applications use 

the API to communicate with the external environment or ports. The telephony 

framework acts as an API for communications directed to the radio modem. Every 

time an application generates a query, the telephony framework APIs forward them 

to the RIL, which acts as an interface between the modem and the telephony 

framework. Figure 23 shows the RIL in the environment of the telephony system 

architecture [37]. 
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Figure 23: Radio Interface Layer in Android 

There are two main components in the RIL [38]: 

 RIL Daemon: It launches the vendor RIL, handles communications from 

telephony services, and passes them to the vendor RIL in the form of solicited 

commands from the RIL library, such as DIAL, HANGUP, and so on. 

 Vendor RIL: This is a radio-specific that handles all radio hardware and passes 

unsolicited commands through to the RIL Daemon (rild).  The Vendor RIL must 

continuously monitor unsolicited commands from the baseband (modem). 

The objective of the RIL is to convert Android queries into AT commands. 

Android interfaces with the RIL using RIL Java (RILJ) via a socket where objects to 

be transported are serialized. Then the RIL generates the AT commands and sends 

them to the modem via a socket. Figure 24 depicts the generic principle of the RIL 

[35]. 
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Figure 24: Principle Radio Interface Layer 

When a user launches the app to ascertain the strength of LTE, the app generates a 

request, which will be passed to the RILJ through the framework. The RILJ will then 

generate a RIL_REQUEST. When the RIL receives the request, it converts it into an 

AT command.  The RIL then begins to scan in read mode, awaiting the final 

response. The RIL processes the response and transmits the RIL_RESPONSE to 

RILJ (the framework) with parameters [35]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

45 

 

Chapter 6: Developing The Application 

6.1. Developing The Application 

Before development can begin, certain essential steps must be carried out. 

Administrator access (root access) to the underlying subsystems, including the 

modem, must be granted. This is known as “rooting” and is granted to super users. 

Normally, rooting is prevented by phone vendors. 

6.2. Hardware and Tools Needed for Development 

There is specific hardware and software requirements that must be in place to enable 

design and development to commence. These are illustrated in Figure 25: 

 

Figure 25: Hardware and Software Requirement to Design and Develop the App 

6.3. Modem Communication 

After the data requirements needed for this project have been defined, the next step 

is to actually obtain them. Extracting the data from the modem is vitally important, 

as described earlier. This is achieved by sending requests in the form of AT 



 

46 

 

commands to the phone’s modem. This modem communication and data collection 

process can be depicted as follows: 

6.3.1. Detecting the Modem and Communicating with Modem 

First, we must identify the correct serial device that carries communications to the 

modem of the Android phone. Typically, in /dev directory1 there could be hundreds 

of devices. Knowing which is the correct serial device is a key factor in successful 

AT communications with the Baseband Processor's (BP) Modem. 

A recommended approach is to examine the file build.prop that can be found in the 

/system folder. This contains a set of properties related to the Android RIL and the 

libraries used by the vendor RIL as well as the serial device necessary to 

communicate from RIL to the baseband modem as shown in Figure 26. The library 

/system/lib/libsec-ril.so contains the modem operations used by the vendor RIL [39]. 

 

Figure 26: Communications between the Applications Layer and Baseband via RIL 
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6.4. Android Studio 

The Integrated Development Environment (IDE) used when developing Android 

apps is called Android Studio and is based on Java. Every Android Studio project 

consists of at least one module with resource files and source code. The Android app 

modules include [40]: 

 The Application manifest file: Stores the file AndroidManifest.xml 

 Java Source Code: Stores all Java source code files, which include JUnit Test 

Code 

 Application Resources: Stores all non-code types of resources, for example UI 

strings, XML layouts and bitmap images 

6.4.1. The Application Manifest File 

The root directory of all Android applications must contain an AndroidManifest.xml 

file. Before the Android system can execute the application’s code, it must access 

the manifest to obtain essential information regarding the application. Figure 27 

shows the design application’s manifest file together with the definition of its 

primary components: 
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Figure 27: Application’s Manifest File 

The element <uses-sdk> and its attributes define the lowest Android API level 

required by the application.  Multiple Android OS versions support different levels 

of the API and some of them are shown in Table 9, beginning with the earliest version 

(the base) up to the most recent version. Each version delivers a new set of 

measurements which include special cell identities and LTE measurements [41]. As 

shown here, our lowest version API support is Level 17, and that corresponds with 

Android version 4.2, 4.2.2 (JELLY_BEAN_MR1). The target API is Level 26 - 

Android O version (O). 

Table 9: Different Android Versions with their API 

Android version Codename API 

Android 1.0 BASE 1 

Android 2.3.4 GINGERBREAD_MR1 10 

Android 5.0 LOLLIPOP 21 

Android O O 26 

https://developer.android.com/about/versions/android-4.2.html
https://developer.android.com/reference/android/os/Build.VERSION_CODES.html#JELLY_BEAN_MR1
https://developer.android.com/about/versions/android-2.3.3.html
https://developer.android.com/reference/android/os/Build.VERSION_CODES.html#GINGERBREAD_MR1
https://developer.android.com/about/versions/android-5.0.html
https://developer.android.com/reference/android/os/Build.VERSION_CODES.html#LOLLIPOP
https://developer.android.com/preview/index.html
https://developer.android.com/reference/android/os/Build.VERSION_CODES.html#O
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The Java package name for the application is defined in the manifest element’s 

“package” attribute. The application’s unique identifier is the package name server, 

which is shown in the above figure as " com.example.hazza.saif." 

The Android manifest’s most important sector is the permission element. Access to 

a protected feature is restricted through the use of permissions to prevent it occurring 

without the consent of the user. That means that during the installation of an 

application, the installer decides whether to grant the requested permission or not by 

examining the authorities that signed the application’s certificates. In the majority of 

cases, it asks the user [39]. As they are present in the manifest file, an application 

will demand that the following permissions are granted before its features will 

operate correctly [39]: 

 Android.permission.WRITE_EXTERNAL_STORAGE: Allows access to store 

data to external storage 

 Android.permission.ACCESS_COARSE_LOCATION: Allows access to 

estimated locale found via network location origins, like cell towers 

 Android.permission.ACCESS_FINE_LOCATION: Allows access to specific 

locale from locale sources like GPS 

 Android.permission.INTERNET: Allows access to internet services 

 Android.permission.READ_PHONE_STATE: Allows access to the position 

signal measurements 

Attributes of the format of the application’s icon such as theme and label are stored 

in the application element. 

The application activity that starts activity is stored in the <activity> element. 

However, there is a condition function called Implicit intents within the activity 

element. Figure 28 shows the manner in which an implicit intent is passed through 

the system to start. The steps are also described below [42]. 
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Figure 28: Implicit Intents within the Activity Element 

An intent is generated by activity A along with a suitable action description. The 

action is moved to the start activity sector. The system searches for an application 

that is the match for the intent. The “oncreate” approach then initiates the matching 

activity, which is then moved on to the intent [42].  

To continuously update the location service, a long-running background process uses 

the service element. Therefore, this activity must be represented by the manifest file’s 

service element. 

6.4.2. Java Source Code 

Java enables the user to command the phone by converting the symbols and words 

in the user’s instructions into electrical impulses that are understood by the processor 

so it can then deliver the required data.  

Typically, any file with the .java extension contains at least one class definition. This 

application will primarily use the Telephony class because it assists in reading the 

phone’s various states. The API 26 directory “/java/android/telephony” contains 

telephony classes that present the most recent version O of the Android OS. This 

delivers a new set of measurements including special cell identities and LTE 

measurements [43]. Table 10 lists the API 26 Telephony Class [44] 
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Table 10: Telephony Class list for API 26 

Phone State Listener This listener class watches for certain telephony state changes, 

including signal strength, service state 

Cell Info Fixed cell data at a given point in time 

CellInfoLTE Subclass of Cell Info, which holds fixed cell data for a given 

point in time 

Signal Strength Data regarding phone signal strength is held here 

Cell Signal Strength Cell phone signal strength data is held in this abstract base 
class. 

Telephony Manager Enables access to data regarding the device’s telephony 

services 

Cell Identity LTE Depicts a unique LTE cell 

The application’s Java code will contain the Main Activity file. This includes the 

application’s core functionalities. It links up with the application’s other files to 

deliver the required outcomes. Flowcharts will be used to depict these code files 

because they are a fast and efficient approach to viewing the logic of a piece of code 

and enable a deep comprehension of the true functionality of an application. The 

application’s home page and subpages are introduced through these flowcharts: 
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 Home Page (Main activity) Java Code Description 

 
Figure 29:  Home Page (Main activity) Java Code Flowchart 



 

53 

 

 Key Performance Page Java Code Description 

 
Figure 30: Key Performance Page Java code Flowchart 
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 Network Status Page Java Code Description 

 
Figure 31: Network Status Page Java Code Flowchart 
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 Average Performance Page Java Code Description 

 
Figure 32: Average Performance Page Java Code Flowchart 
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 Measurement Database Page Java Code Description 

 
Figure 33: Measurement Database Page Java Code Flowchart 
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 Map Page Java Code Description 

 
Figure 34: Map Page Java Code Flowchart 
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As illustrated, the package starts each Java code. As explained previously, the 

package forms a unique identifier. It provides the name of the Java package of the 

application. For this application, the package name is " com.example.hazza.saif." 

Next, the classes must be defined so as to facilitate the functions of the classes across 

the entire Java file. Every Java file in the application has different classes to deliver 

the different outputs that each page requires. The important functions of each class 

are explained below [45]:  

 Classes for the LTE Parameters such as RSRP, RSRQ, and PCI: 

Some special classes must be utilized to enable the application to obtain and present 

the LTE parameters. There follows an explanation of these classes. Each is started 

by an import statement, which permits them to refer to classes declared in various 

other packages without declaring the full package name: 

o Import android.telephony.TelephonyManager; 

Contains the Telephony services of the device 

o Import android.telephony.PhoneStateListener; 

Monitors changes to the Telephony states of the device  

o Import android.telephony. CellInfo 

3G and 4G cell info 

o Import android.telephony.CellInfoLte; 

A subclass of cell info – this is for 4G only 

o Import android.telephony.SignalStrength; 

Information regarding the strength of the phone signal 

o Import android.telephony.CellSignalStrengthLte; 

Contains LTE signal strength data 
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 Classes for GPS Information: 

To ascertain the device’s longitude and latitude, the application uses the following 

classes to access the GPS of the device. These classes assist in retrieving the GPS 

information and presenting it to the end user: 

o Import android.location.Location; 

Denotes a geographic location by its longitude, latitude, timestamps as 

well as attributes such as velocity, altitude, and bearing. 

o Import android.location.LocationManager; 

Enables applications to refresh the geographic location of the device 

o Import com.google.android.gms.location.LocationListener; 

Receives Location Manager notifications when the location changes 

o Import android.content.BroadcastReceiver; 

Permits registration for application events. When an event occurs, 

Android runtime notifies all registered receivers. 

o Import android.app.Activity; 

 Generates a UI window for the user 

o Import android.os.Bundle; 

Maps string keys to different Parcelable values 

o Import android.widget.TextView; 

Text display presented to the user 

o Import java.lang.reflect.*; 

Contains reflective information about class and object 

o Import java.util.List; 

Order collection as a sequence 

 

 

 

https://developer.android.com/reference/android/os/Parcelable.html
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 Classes for Recording and Exporting LTE Parameters: 

In the main code of the app, certain classes must be declared to enable the recording 

of LTE parameters from the Android app for subsequent statistical analysis, and also 

to enable the file containing the LTE parameters to be exported from the app to other 

devices. The relevant classes are as follows: 

o Import java.io.File; 

The depiction of a directory or file path name 

o Import java.io.FileWriter; 

Enables characters to be written to a file 

o Import java.util.ArrayList; 

Delivers resizable-array and implements the List interface. 

o Import android.util.Log; 

Enables messages to be logged, categorized based on their order 

o Import Android.database.sqlite.SQLiteDatabase; 

Exposes methods to manage an SQLite database 

o Import java.io.PrintWriter; 

Enables the writing of formatted data to an underlying Writer 

o Import com.readystatesoftware.sqliteasset.SQLiteAssetHelper; 

Assists in copying the file to a correct location 

6.4.3. Application Resources  

This file is designated as a non-code resource folder and contains UI strings, XML 

layouts, and bitmap images. This enables a convenient method for placing objects on 

the screen of the smartphone. A very powerful utility for designing a user interface 

called Relative Layout is used to achieve this. It has the capability of eliminating 

nested view groups and maintains a flat layout hierarchy. An ID is assigned to every 

relative layout for every page in the application which enables the Java code to 
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discover and print the appropriate data on the page with the same ID as the relative 

layout [46].  Text View is used within Relative Layout to present text to the user. An 

ID also needs to be assigned to this. Also, Linear Layout, which also needs to be 

assigned an ID, is also used with Relative Layout. This aligns all elements in a single 

direction, horizontally or vertically. It follows that utilizing these in the designed 

application assists in organizing the layout of the application. 

 

 Home Page User-Interface 

 

Figure 35: Home Page User-Interface 
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 Key Performance Page User-Interface 

 

Figure 36: Key Performance Page User-Interface 

 Network Status Page User-Interface 

 

Figure 37: Network Status Page User-Interface 
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 Average Performance Page User-Interface 

 

Figure 38: Average Performance Page Design Elements and User-Interface 

 

 Measurement Recording Page User-Interface 
 

 

Figure 39: Measurement Recording Page User-Interface 
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 Map Tracking Page User-Interface 

 

Figure 40: Map Tracking Page User-Interface 
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Chapter 7: Data Collection and Analysis 

7.1. Data Collection and Analysis 

In this section drive-test systems and equipment setup will be clarified. Then 

experiment details and results will be analyzed in different ways. Validation is 

conducted by comparing measurements taken by App, named LTENetScan, with the 

comparable results from a radio network scanner. Figure 41 illustrates the method 

and process for acquiring measurements by scanner and the app running on Android 

smartphones. 

 

Figure 41: The way of obtaining Key Performance Indicators by Scanner and Android 

Application 
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7.2. Equipment Setup 

The phone-based system contains LTENetScan App which is configured to acquire 

and store LTE measurements along with the time and location in longitude and 

latitude. The App will always measure and report RSRP, RSRQ and RSSI of the 

serving cell along with up to four neighbor cells. 

The system is based on a scanner connected to a laptop running measurement 

handling software. The scanner system includes an integral GPS receiver and its 

external antenna as well as a RF external antenna. The scanner-based system uses 

are more high-tech than those used by the smartphone.  

The devices were installed in a measurement rack. This was to remove undesired 

effects caused by differing movement of the devices or through hand grip causing 

different gains as illustrated in Figure 42 [11]. 

 

Figure 42: Measurement Rack  

The smartphone and scanner are located inside the car for road scenario as illustrated 

in Figure 43. Both the scanner’s antennae are fitted to the roof of a car. An external 

monitor is used to configure the scanner by means of an internal computer. The 

scanner is configured through its internal computer attached to an external monitor 

to inspect Channel 5110 (equivalent of 739MHz in the spectrum), which sits in the 

US Lower 700-A B C Blocks DL Top N Signal with the “LTE only” setting selected 

to ignore all other signals. The smartphone utilizes the list of dynamic channels 
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according to their Carrier to Interference (C/I) ratios, the scanner depends on fixed 

frequency parameters as configured by RF engineers such as frequency range, 

channel number, and technology type. All phones were subscribed to the same 

mobile operator.  

 

Figure 43: Equipment set-up for road DT Scenario 

The scanner can monitor several frequencies simultaneously and demonstrates better 

measurement resolution and sampling time. It has two significant disadvantages: it 

is unable to interact with any specific network because it is passive device, and it 

cannot assess the actual end-user experience in the same way as the App is capable 

of doing. This user experience depends on characteristics such as cell load conditions 

and handover settings [47].  

7.3. Drive-Test Methodology and Data Collection  

In this research, measurements are taken in the West Melbourne area of Brevard 

County, Florida over three consecutive days. The environment is suburban where the 

terrain is generally flat. Buildings typically are two stories at most. The size of the 

area is approximately 15 square miles. Readings are taken simultaneously by all 

measurement devices while the experiments are underway. The same weather 

conditions and time of the day were selected to minimize the variation of fast fading 

effect that increases the signal path loss. Figure 44 shows the area through which the 

drive test takes place. 



 

68 

 

 

Figure 44: Drive Test Area 

7.4. Processing Data 

The measurements are “binned” to diminish the impact of the minor observation 

errors of data and to eliminate fast fading effects from the measured values. With this 

pre-processing technique, the entire area under test is divided into small square areas 

and data average across small areas. Each square area is 50 X 50 meters and is 

referred to as a bin. To illustrate the binning process, consider the case shown in 

Figure 45. The following formula calculates the conversion [48] [49]: 

𝐼 =
𝐿𝑜𝑛−𝐿𝑜𝑛𝑚𝑖𝑛

0.00051
+ 1 (18) 

𝐽 =
𝐿𝑎𝑡−𝐿𝑎𝑡𝑚𝑖𝑛

0.00045
+ 1 (19) 

Where: I: the column index, J: the row index, Lon: the measurement location’s 

longitude, Lat: its latitude, minLon: lowest longitude, minLat:  lowest latitude, 

0.00051 and 0.00045: the conversion factors between the angular distance of the 

Latitude and Longitude, and 50 m bin size 

The following formula was used to average the measurements within the bin for 

RSRP [30]:  

𝑅𝑆𝑅𝑃̅̅ ̅̅ ̅̅
�̅� =

1

𝑁𝑖
∑ 𝑅𝑆𝑅𝑃𝑗

𝑁𝑖
𝑗=1  (20) 
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Where: 𝑹𝑺𝑹𝑷̅̅ ̅̅ ̅̅ ̅̅
𝒊 represents the bin’s average RSRP, 𝑹𝑺𝑹𝑷𝒋 represents data sequence 

within a bin, 𝑁𝑖is the bin’s total number of 𝑅𝑆𝑅𝑃𝑗 measurements 

 

 

Figure 45: Binning Concept 

7.5. Data Analysis and Performance Comparison 

The Statistical analysis plays a major role in assessing RF measurements. The 

statistical analysis of this work has been conducted by Matlab. The goal of the post 

processing is to assess how closely the measurements made by the LTENetScan App 

agree with those obtained through the scanner. Two principal criteria are applied to 

observe RSRP, RSRQ and RSSI repeatability: 

 Compare the average measurement provided by the scanner and the smartphone 

to assess the measurement bias between different drives. 

 Probability of repeated readings falling within a stated interval. This condition 

checks readings distributed throughout multiple tests 

In order to get the best result, the sampling rate of the scanner data is needed to be 

matched with that of the App by down-sampling. 
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7.5.1. RSRP Comparison  

RSRP is an important LTE physical layer measurements performed by UE. Its main 

use is in the decision making process for handovers (intra-frequency and inter-

frequency). Since its power of the reference signal and parameters that influence the 

coverage. 

 Road DT 

Assessing whether a drive test tool demonstrates the required repeatability 

characteristics for measuring RSRP demands a minimum of three days of DT. 

Obviously, it is normal that any two geographical positions with the same latitude 

and longitude coordinates can have different instantaneous RSRP readings due to 

many reasons, among which are the atmospheric conditions and their effect on the 

propagation of electromagnetic waves in terrestrial channels. However, if these 

instantaneous measurements are averaged in each bin and only the averaged values 

are compared, then the general trend of the averaged RSRP values throughout the 

route should be maintained, and this is how repeatability of RSRP measurements is 

tested in LTE. 

Figs 46-48 present a representative sample of averaged RSRP readings recorded by 

the devices over three consecutive days. Readings taken by the scanner demonstrate 

a high degree of agreement because of balanced antenna. The readings from the 

smartphone are on average 10 dB lower relative to the scanner due to vehicle 

penetration losses. This variation is consistent with similar readings of vehicle 

penetration recorded in [22]. Table 11 presents the average Performance of the RSRP 

levels of each device over three consecutive days. 
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Figure 46: Comparison of RSRP levels for different Drive-Test Tools of 1st day 

(bin size 50 m) 

 
Figure 47: Comparison of RSRP levels for different Drive-Test Tools of 2nd day   

(bin size 50 m) 

 
Figure 48: Comparison of RSRP levels for different Drive-Test Tools of 3rd day  

(bin size 50 m) 
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Table 11: Average RSRP Statistics of each Device for Multiple Runs along the same route 

Drive –Test  

System 

  Parameter   

 Mean  

(dBm) 

Median 

(dBm) 

STD 

(dB) 

Min 

(dBm) 

Max 

(dBm) 

Scanner -82.491 -85.379 8.270 -96.576 -55.142 

Phone A -92.539 -95.499 8.897 -105.345 -66.121 

Phone B -92.277 -94.964 8.823 -104.941 -64.792 

Phone C -93.366 -94.786 8.971 -104.051 -75.090 

Phone D -93.784 -95.886 8.904 -104.869 -72.493 

As expected, each device shows slightly different received power levels. As they are 

made by different manufacturers, we may suspect that manufacturers utilize different 

methods for implementing received power measurement from the network modem 

to the Radio Interface Layer, as also observed by [9], [10]. The variance of the mean 

RSRP between the scanner and phones average approximately 10 dB. Phone B 

demonstrated higher received signal power than other three Phones. Also, all the 

phones had almost similar standard deviation which signifies that all phones have 

similar stability. Some sample plots of the average Performance of the RSRP 

measurement of each device over three consecutive days are presented in Figures 49-

53.  

 
Figure 49: RSRP Coverage of Scanner over three consecutive day 
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Figure 51: RSRP Coverage of Phone B over three consecutive day 

 
Figure 52: RSRP Coverage of Phone C over three consecutive day 

Figure 50: RSRP Coverage of Phone A over three consecutive day 
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Figure 53: RSRP Coverage of Phone D over three consecutive day 

Moreover, to identify which phone best matches the scanner, the Root Mean Squared 

Error (RMSE) and correlation coefficient (𝜌) are used, and they are defined as 

follows [50] [51]: 

𝑅𝑀𝑆𝐸(𝑥, 𝑦)[dB] = √
1

𝑁
∑ (𝑥𝑖 − 𝑦𝑖 )2𝑁

𝑖=1  (21) 

Where 𝑥 and 𝑦 are the signals of Scanner and Phone respectively, N is the length of 

the signals 

𝜌(𝑥, 𝑦)[−] =
𝑐𝑜𝑣(𝑥,𝑦)

√𝜎𝑥
2𝜎𝑦

2
    (22) 

𝜌(𝑥, 𝑦)[−] =
∑ (𝑥𝑖−�̅�)𝑖 (𝑦𝑖−�̅�)

(√∑ (𝑥𝑖−�̅�)2
𝑖 )(√∑ (𝑦𝑖−�̅�)2

𝑖 )
  (23) 

Where covariance of 𝑥 and 𝑦 is represented by 𝑐𝑜𝑣(𝑥, 𝑦), variance of 𝑥 and 𝑦 is 

represented by 𝜎2, 

�̅� =
1

𝑁
∑ 𝑥𝑖

𝑁
𝑖=1 , and  �̅� =

1

𝑁
∑ 𝑦𝑖

𝑁
𝑖=1  

Table 12 shows the results from applying those formulas to the data obtained by the 

scanner and phones. 



 

75 

 

Table 12: Comparisons of LTE Measurements obtained by Scanner and Phones for Road DT 

Device 

 

 

Drive  

Test day 

Scanner-

Phone A 

Scanner-Phone 

B 

Scanner-Phone 

C 

Scanner-Phone 

D 

RMSE 

[dB] 

𝝆 

[-] 

RMSE  

[dB] 

𝝆 

[-] 

RMSE  

[dB] 

𝝆 

[-] 

RMSE  

[dB] 

𝝆 

[-] 

Day One 9.797 0.889 9.235 0.846 10.485 0.660 11.627 0.626 

Day Two 9.414 0.862 9.482 0.843 11.631 0.642 11.148 0.676 

Day Three 11.167 0.872 11.260 0.849 13.507 0.639 13.497 0.647 

Average 10.304 0.875 10.146 0.850 12.061 0.646 12.262 0.649 

As it may be seen from Table 12, comparing it seems that Phone A provides the most 

accurate reading because the correlation coefficient with the scanner is higher, while 

Phone B appears to provide the best match with scanner as RMSE 10.146 dB.  

Moreover, comparing the Phone C and D indicates lower correlation coefficient with 

scanner, as well as higher RMSE and these differences due to their chipsets and 

processors which are low quality compare to Phone A and B which have higher 

quality. 

 Comparing of Average RSRP Measurements 

The average RSRP measurements taken from each bin are compared one by one for 

each drive test tool. Logarithmic averaging of the data set from each bin is used in 

processing.  

Pair differences are calculated between the individual readings to identify potential 

bias in the RSRP measurement. Any difference for a bin is calculated as [30]: 

∆𝑖𝑗= 𝑅𝑆𝑅𝑃𝑖
̅̅ ̅̅ ̅̅ ̅̅ − 𝑅𝑆𝑅𝑃𝑗

̅̅ ̅̅ ̅̅ ̅̅    (24) 

Where: 𝑹𝑺𝑹𝑷̅̅ ̅̅ ̅̅ ̅̅  is the average RSRP calculated using logarithmic averaging, I=1, 2,3; 

j=1 ,2,3; I ≠ j 
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Figures 54-58 shows the differences between pairs, which correspond with the 

measurements of devices over three consecutive days. The pair differences presented 

in (24) are considered to be random variables. The central tendency exhibited by 

these differences are assessed across all of the bins to identify any consistent bias 

between days. Where a zero mean of differences is the result, it indicates that, on 

average, the measurements are deemed to be repeatable. Any other significantly 

different result indicates a bias between drive tests. 

 
Figure 54: Pair-wise RSRP Differences for Scanner 

 
Figure 55: Pair-wise RSRP Differences for Phone A 
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Figure 56: Pair-wise RSRP Differences for Phone B 

 
Figure 57: Pair-wise RSRP Differences for Phone C 

 
Figure 58: Pair-wise RSRP Differences for Phone D 
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Distinct centering of biases is exhibited by these plots around 0 dB in the case of the 

scanner, Phone A and Phone B. That indicates that, on average, measurements are 

repeatable. By contrast, Phone C and Phone D exhibit significant bias between test 

drives. That is attributed due to balanced antenna systems of these phones. 

Analysis of variance (ANOVA) is how the differences are formally analyzed [52]. 

Its null hypothesis (H0) is configured to assume that all means are from the same 

population and are identical. Where all of the means are close to zero, it indicates 

that difference in averaged RSRP across each bin is unbiased. That implies that the 

specific drive test tool retains average repeatability. 

Figs 59-63 show the typical sort of ANOVA graphs that drive tools deliver. Note the 

three box-and-whiskers plots in in Fig. 59, which present the measurements recorded 

by the scanner system. Each of them correlates to a pair wise variation in (24). The 

plot shows a box stretching between the upper quartile and lower quartile of the 

measurement data. The horizontal line within the box represents the mean value. 

Variations between readings taken on Day 1 and Day 2 are shown in the first plot. 

The second plot shows variations between Day 1 and Day 3, while the final plot 

shows variations between Day 2 and Day 3. 

The plots below clearly show bias between the measurements collected by the phone 

systems.  The biases are not very large. On the other hand, the scanner demonstrates 

no significant biases because the scanner precision is ±1 dB as reported in [53]. That 

indicates that the scanner retains repeatability. The application shows a shift of a few 

dB compared with the scanner. This is mainly because of the antennae in the 

smartphones and RF front end gain combined with their chipsets and processors, 

which exhibit different sensitivity and behaviors. In addition, the phone precision is 

± 6 dB as reported in [53]. 
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Figure 59: ANOVA graph for Scanner 

 
Figure 60: ANOVA graph for Phone A 

 
Figure 61: ANOVA graph for Phone B 
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Figure 62: ANOVA graph for Phone C 

 
Figure 63: ANOVA graph for Phone D 

ANOVA test results are presented in Tables 13-17, configured with confidence 

interval level α = 0.05. 

Interpreting ANOVA results depends on the F statistic and the P value. As P 

approaches 1, F approaches 0; this denotes that every mean is identical.  

From Tables 13-17, using α level of 0.05 gives the critical value of 2.9957 (from F 

table) for each of device [54], because the F value is higher than the critical value 
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meaning that the null hypothesis (𝐻0) is rejected, implying that the mean of each tool 

is not identical. 

Tables 13-17   also enable us to find the confidence interval (CI). The CI denotes the 

accuracy range of a parameter and is calculated using this formula [50]: 

𝐶𝐼(95) = 𝜎. 𝑍𝛼
2⁄  (25) 

Table 13:ANOVA Table for Scanner 

 

 

 

 

For Scanner: 𝐶𝐼(95) = √
280.8

1290
𝑋1.96 = 0.91 (𝑑𝐵) 

Table 14:ANOVA Table for Phone A 

 

 

 

 

For Phone A: 𝐶𝐼(95) = √
1479.9

1290
𝑋1.96 = 2.1 (𝑑𝐵) 

Table 15: ANOVA Table for Phone B 

 

 

 

 

For Phone B: 𝐶𝐼(95) = √
1736.3

1290
𝑋1.96 = 2.27 (𝑑𝐵) 

 

 

 

 
 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F-

Value 

P 

Value 

Columns 280.8 2 140.405 3.71 0.0248 

Error 48850.4 1290 37.869 - - 

Source Sum of 

Squares 

Degree 

of 

Freedom 

Mean 

square 

F-

Value 

P 

Value 

Columns 1479.9 2 739.956 26.92 0 

Error 35455.6 1290 27.485 - - 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F 

Value 

P  

Value 

Columns 1736.3  2 868.169 27.67 0 

Error 40478 1290 31.378 - - 
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Table 16: ANOVA Table for Phone C 

 

 

 

 

For Phone C: 𝐶𝐼(95) = √
1814.8

1290
𝑋1.96 = 2.32 (𝑑𝐵) 

Table 17: ANOVA Table for Phone D 

 

 

 

 

For Phone D: 𝐶𝐼(95) = √
1872.6

1290
𝑋1.96 = 2.36 (𝑑𝐵) 

Since CI(95) was calculated for each device, a valid deduction that there are 

differences between the measurements recorded between different days by each 

device, which may be attributed to their antennae systems and front end gain for the 

phones. Under sampling happens in some of the bins, which partially explains the 

scanner’s lack of repeatability. Also, fading caused by the environment and 

structures is another contributory factor. 

 The Probability of RSRP Reading Falling in A Prescribed Interval 

The data is subjected to a second set of tests intended to identify the variability bound 

of the measurements for each of the devices.  

An estimated Probability Density Function (PDF) of the variations in (24) is 

calculated by means of the same technique of bins and averages as outlined in 7.4. 

Figure 64 presents typical probability density of the average difference of RSRP of 

three days for each device. These PDF estimates for each of the test tools enables us 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F 

Value 

P  

Value 

Columns 1814.8 2 857.386 28.44 0 

Error 48850.4 1290 37.869 - - 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F 

Value 

P  

Value 

Columns 1872.6 2 886.276 28.8 0 

Error 72137.8 1290 55.921 - - 
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to determine the probability of individual RSRP measurements occurring within a 

predetermined confidence interval surrounding the average RSRP value.   

 
Figure 64: Probability Density of the RSRP Differences between Scanner and Phones for Road 

DT 

 

As shown in Figure 64, It is immediately apparent that the scanner exhibits the lowest 

scattering and it is populated around ±1 dB which confirms the precision of the 

scanner as reported in [53]. The phones have different scattering due to the chipsets 

and processors of these phones which lead to different distribution. The distribution 

of Phone B is populated around ±1 dB and the distribution of Phone A is populated 

around ±2 dB. Phone C and D exhibiting the highest level of scattering and are 

populated around ±5 dB which confirm again the precision of the phone is ±6 as 

reported in [53]. Table 18 presents the RSRP value obtained for interval size of ±2 

dB and ±3 dB.  
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Table 18: Confidence Interval Data 

Parameter Drive-test system   

Scanner Phone A Phone B Phone C Phone D 

RSRP < 2 dB 58.5% 52.9% 48.5% 34.34% 27.61% 

RSRP < 3 dB 77.2% 71.93% 63.11% 53.59% 45.48% 

Std. Deviation 2.151 2.981 3.493 3.865 5.186 

 
Figure 65: Comparison of Cumulative Distribution Function of RSRP levels for Road DT 

Figure 65 is a comparison of Cumulative Distribution Function (CDF) of RSRP 

levels of different DT tools. It shows that RSRP level is better for the Scanner 

throughout the time. Relating Table 11 with Figure 65, the median value of Phone is 

10 dB below to that of Scanner due to vehicle penetration losses. This value divides 

the sample distribution into half. This means half of the data for Phones are below -

95 dBm, while only below -85 dBm for Scanner indicating better RF levels at 

Scanner’s antenna. 

 Indoor DT 

Testing took place inside a building in order to demonstrate the received power 

performance of the network in close space. A part of the collected measurements is 

shown in Figure 66. The measurements show RSRP measurements taken by devices 

RSRP [dBm] 
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connected to the LTE cell with the Physical Cell Identifier 307. The main purpose of 

RSRP is to help determining the serving cell for LTE handover or initial random 

access, and its values range from -44 dBm (Excellent) to -140 dBm (Cell Edge) [12]. 

 
Figure 66: Comparison of RSRP levels of Scanner and Various Phones for Indoor DT 

Basically, RF signals are deterministic signals at the transmitter side, but due to real 

world environments, they become random signals at the receiver side.  

As expected, each device shows slightly different received power levels. As they are 

made by different manufacturers, as also observed by [9], [10]. Table 19 shows a 

summary of the results from this scenario. 

Table 19: RSRP Statistics of each Device for Indoor DT 

Devices Mean (dBm) Median (dBm) STD (dB) Min (dBm) Max(dBm) 

Scanner -83.712 -83.632 0.723     -87.166 -81.001 

Phone A -84.387 -84.313 0.771     -88.219 -81.301 

Phone B -84.647 -84.622 0.791     -88.286 -82.895 

Phone C -85.051 -84.835 0.869     -89.210 -83.351  

Phone D -85.334 -85.363 0.896 -89.726 -83.464 

As seen in Figure 66, the Scanner has stronger RSRP measurements compared to 

phones due to balanced antenna systems. The variance of the mean RSRP between 

the devices averages approximately 1.142 dB. Phone A demonstrated higher received 
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signal power than Phone B. Also, Phone A had lower standard deviation than Phone 

B, but both phones perform similar stability. While Phone C and D had lower 

received power as well as lower standard deviation due to lower speed processors 

and balanced antenna systems. 

Table 20 shows the results from applying RMSE and correlation coefficient formulas 

to the data obtained by the scanner and phones. 

Table 20: Comparisons of LTE Measurements obtained by Scanner and Phones for Indoor 

DT 

Device 

 

 

 

Scenario 

Scanner-Phone  

A 

Scanner-Phone                    

B 

Scanner-Phone  

C 

Scanner-Phone                    

D 

RMSE 

[dB] 

𝝆 

[-] 

RMSE  

[dB] 

𝝆 

[-] 

RMSE 

[dB] 

𝝆 

[-] 

RMSE  

[dB] 

𝝆 

[-] 

Indoor 0.871 0.746 1.084 0.718 1.562 0.593 1.755 0.587 

As it may be seen from Table 20, comparing it seems that from Phone A provides 

the most accurate reading because the correlation coefficient with the scanner is 

higher. Comparing Phone A with the scanner appears to provide the best match with 

RMSE 0.871 dB. Follow by Phone B, then Phone C. Phone D had the lowest 

correlation coefficient with scanner which is 0.587 dB. These results confirm the 

results obtained from the table of the indoor performance. As the standard deviation 

of the phone get close to the standard deviation of the scanner, the correlation of both 

devices gets higher and RMSE gets lower. 

To draw a conclusion, ANOVA method is used to establish whether a significant 

difference exists between the respective RSRP readings of the phones and the 

Scanner. The box-and-whiskers chart in Figure 67 has four boxes and whisker plots, 

each of which denotes the difference between the scanner and one of the phones. 
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Figure 67: ANOVA graph for Indoor DT 

From Tables III-V, using α level of 0.05 gives the critical value of 3.8415 (from F 

table) for each of device [54], because the F value is higher than the critical value 

meaning that the null hypothesis (𝐻0) is rejected, implying that the mean of each tool 

is not identical. 

Tables 21-24   also enables us to find the confidence interval (CI). The CI denotes 

the accuracy range of a parameter. 

Table 21: ANOVA Table for Scanner and Phone A 
 
 
 
 
 
 
 
 
 

Scanner-Phone A : 𝐶𝐼(95) = √
127.123

1114
𝑋1.96 = 0.662 (𝑑𝐵) 

 

Table 22: ANOVA Table for Scanner and Phone B 
 
 
 
 
 
 
 
 
 

Scanner-Phone B : 𝐶𝐼(95) = √
243.935

1114
𝑋1.96 = 0.917 (𝑑𝐵) 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F-

Value 

P 

Value 

Columns 127.123 1 127.123 213.64 0 

Error 662.858 1114 0.595 - - 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F-

Value 

P 

Value 

Columns 243.935 1 243.935 466.06 0 

Error 583.067 1114 0.523 - - 
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Table 23: ANOVA Table for Scanner and Phone C 
 
 
 
 
 
 
 
 
 

Scanner-Phone C : 𝐶𝐼(95) = √
500.38

1114
𝑋1.96 = 1.314 (𝑑𝐵) 

Table 24: ANOVA Table for Scanner and Phone D 

 

 

 

 

Scanner-Phone D : 𝐶𝐼(95) = √
734.12

1114
𝑋1.96 = 1.591 (𝑑𝐵) 

Since CI(95) was calculated for the scanner and each phone, it can be concluded that 

a difference exists between the measurements of these devices. This variation can be 

attributed to the devices’ antennae and RF front end gain in addition to the building 

penetration loses, especially when inside them, which reduce the received power’s 

strength. 

 The Probability of RSRP Reading Falling in A Prescribed Interval 

Figure 68 presents typical probability density of the difference of RSRP between the 

scanner and the phones. As shown in Figure 68, It is immediately apparent that the 

scanner and Phone A exhibits the lowest scattering and it is populated around ±1 dB. 

The distribution of the scanner and Phone B is populated around ±2 dB and the 

distribution of the scanner and Phone C is populated around ±4 dB. The distribution 

of the scanner and D exhibiting the highest level of scattering and are populated 

around ±5 dB which confirm again the precision of the phone is ±6 as reported in 

[53].  

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F-

Value 

P 

Value 

Columns 500.38 1 500.377 651.93 0 

Error 855.03 1114 0.768 - - 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F-

Value 

P 

Value 

Columns 734.12 1 734.125 1358.24 0 

Error 602.11 1114 0.54 - - 
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Figure 68: Probability Density of the RSRP differences between Scanner and Phones for 

Indoor DT 

 

Figure 69: Comparison of Cumulative Distribution Function of RSRP levels for Indoor DT 

Figure 69 is a comparison between Cumulative Distribution Function (CDF) of 

RSRP levels of different DT tools inside a building. Statistically, the scanner is 

offering a good received power signal with a mean RSRP of -83.712 dBm while the 

worst has been seen with Phone D with -85.334 dBm mean RSRP. The average 

median value of Phone is 1.5 dB below to that of Scanner due to the devices’ 

antennae and RF front end gain in addition to the building penetration loses.  

RSRP [dBm] 
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7.5.2. RSRQ Comparison  

Reference Signal Received Quality (RSRQ) is a measurement of signal quality for a 

specific cell. It is used in a similar manner to RSRP metrics to rank a number of 

candidate cells according to signal quality. 

 Road DT 

To establish if RSRQ measurements by each device are repeatable, multiple test 

drives were performed over the same routes using the same measurement approach 

as for RSRP. Obviously, it is normal that any two geographical positions with the 

same latitude and longitude coordinates can have different instantaneous RSRQ 

readings due to many reasons, among which are the atmospheric conditions and their 

effect on the propagation of electromagnetic waves in terrestrial channels.  

Figs 70-72 display a representative sample of averaged RSRQ readings taken over 

three consecutive days using different devices. The better quality of signal exhibited 

by the scanner measurements are attributed to balanced antenna systems. 

Smartphone readings are 2 dB lower on average than scanner readings. This is 

attributed to vehicle penetration losses and to RSRQ being proportional to the RSRP 

level. Table 25 presents the brief statistics of RSRQ levels of each device over three 

consecutive days. 
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Figure 70: Comparison of RSRQ levels for different Drive-Test Tools of 1st day 

(bin size 50 m) 

 
Figure 71: Comparison of RSRQ levels for different Drive-Test Tools of 2nd day 

(bin size 50 m) 

 
Figure 72: Comparison of RSRQ levels for different Drive-Test Tools of 3rd day 

(bin size 50 m) 
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Table 25: Average RSRQ Statistics of each Device for Multiple Runs along the same route 

Drive –Test 

System 

  Parameter   

 Mean 

(dB) 

Median 

(dB) 

STD 

(dB) 

Min 

(dB) 

Max 

(dB) 

Scanner -10.956 -11.017 1.865 -15.609 -5.737 

Phone A -12.227 -12.317 1.915 -16.719 -7.392 

Phone B -12.664 -12.772 1.596 -16.296 -8.576 

Phone C -12.986 -13.075 1.243 -15.697 -9.049 

Phone D -13.459 -13.636 1.338 -16.559 -8.939 

In RSRQ measurements, the noise effect and operating band interferences are taken 

into account. Mean RSRQ (refer to Table 25) varies among the measurements by 

around 2 dB. The scanner has better RSRQ statistics than the phones. Phone A 

demonstrated better statistics than other three Phones. Also, all the devices had 

almost similar standard deviation which signifies that all devices have similar 

stability. Some sample plots of the average performance of the RSRQ measurement 

of each device over three consecutive days are presented in Figures 73-77. 

 

Figure 73: RSRQ levels of Scanner over three consecutive day 
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Figure 74: RSRQ levels of Phone A over three consecutive day 

 
Figure 75: RSRQ levels of Phone B over three consecutive day 

 
Figure 76: RSRQ levels of Phone C over three consecutive day 
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Figure 77: RSRQ levels of Phone D over three consecutive day 

Moreover, to identify which phone best matches to the scanner, the Root Mean 

Squared Error (RMSE) and correlation coefficient (𝜌) are used. 

Table 26 shows the results from applying those formulas to the data obtained by the 

scanner and phones. 

Table 26: Comparisons of LTE Measurements obtained by Scanner and Phones for Road DT  

Device 

 

Drive  

Test day 

Scanner-Phone 

A 

Scanner-Phone 

B 

Scanner-Phone 

C 

Scanner-Phone 

D 

RMSE 

[dB] 

𝝆 

[-] 

RMSE  

[dB] 

𝝆 

[-] 

RMSE  

[dB] 

𝝆 

[-] 

RMSE  

[dB] 

𝝆 

[-] 

Day One 1.690 0.828 2.047 0.786 2.600 0.667 2.353 0.682 

Day Two 2.981 0.788 3.092 0.756 3.436 0.659 4.149 0.643 

Day Three 1.424 0.853 2.090 0.799 2.698 0.569 3.383 0.552 

Average 2.032 0.823 2.409 0.780 2.911 0.632 3.295 0.626 

As it may be seen from Table 26, comparing it seems that Phone A and B provide 

the most accurate reading because the correlation coefficient with the scanner is 

higher, as well as Phone A and B appear to provide the best match with scanner as 

RMSE is lower in both of the phones.  
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Moreover, comparing the Phone C and D indicates lower correlation coefficient with 

scanner, as well as higher RMSE and these differences due to their chipsets and 

processors which are low quality compare to Phone A and B which have higher 

quality. 

 Comparing of Average RSRQ Measurements 

It is easier to understand how the comparison is done by imagining each bin having 

three averaged RSRQ readings with every value being bonded to one of the days. 

Thus, to determine repeatability the pairwise differences are calculated. In other 

words, three biases between RSRQ measurements from different days are evaluated 

for each bin using the equation shown in (26). 

∆𝑖𝑗= 𝑅𝑆𝑅𝑄𝑖
̅̅ ̅̅ ̅̅ ̅̅ − 𝑅𝑆𝑅𝑄𝑗

̅̅ ̅̅ ̅̅ ̅̅ ̅  (26) 

Where: 𝑹𝑺𝑹𝑸̅̅ ̅̅ ̅̅ ̅̅  is the average RSRQ calculated using logarithmic averaging, I=1, 2,3; 

J=1 ,2,3; I ≠ J 

Figures 78-82 shows the differences between pairs, which corresponds with the 

measurements of devices over three consecutive days. A zero mean of differences 

indicates that measurements are repeatable on average.  

 

Figure 78: Pair-wise RSRQ Differences for Scanner 



 

96 

 

 
Figure 79: Pair-wise RSRQ Differences for Phone A 

 
Figure 80: Pair-wise RSRQ Differences for Phone B 

 
Figure 81: Pair-wise RSRQ Differences for Phone C 
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Figure 82: Pair-wise RSRQ Differences for Phone D 

These plots show clear centering of biases around 0 dB for the scanner and Phone A 

and B which indicate that measurements are repeatable on average, whereas Phone 

C and D have a significant bias between different drives and this is due to balanced 

antenna systems of these phones. 

Analysis of variance (ANOVA) is how the differences are formally analyzed [52]. 

Its null hypothesis (H0) is configured to assume that all means are from the same 

population and are identical. Where all of the means are close to zero, it indicates 

that difference in averaged RSRQ across each bin is unbiased. That implies that the 

specific drive test tool retains average repeatability. 

Figs 83-87 show the typical sort of ANOVA graphs resulting from drive tools. Note 

the three box-and-whiskers plots in in Fig. 59, which presents the measurements 

recorded by the scanner system. Each of them correlates to a pair wise variation in 

(26). The plot shows a box extending between the upper quartile and lower quartile 

of the data. The horizontal line inside the box denotes the mean value. Disparities 

between readings obtained on Day 1 and Day 2 are presented in the first plot. The 
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second plot presents disparities between Day 1 and Day 3, while the final plot shows 

disparities between Day 2 and Day 3. 

The plots below clearly show bias between the measurements collected by the 

scanner and the phone systems.  The biases are not very large. On the other hand, the 

scanner demonstrates small significant biases because the scanner precision is ±1 dB 

as reported in [53]. The application shows a shift of a few dB compared with the 

scanner. This is mainly because of the antennae in the smartphones and RF front end 

gain combined with their chipsets and processors, which exhibit different sensitivity 

and behaviors. In addition, the phone precision is ± 6 dB as reported in [53]. 

 
Figure 83: ANOVA graph for the scanner 

 
Figure 84: ANOVA graph for Phone A 
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Figure 85: ANOVA graph for Phone B 

 
Figure 86: ANOVA graph for Phone C  

 
Figure 87: Typical ANOVA graph for Phone D 
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ANOVA test results are presented in Tables 27-31, configured with confidence 

interval level α = 0.05. 

Interpreting ANOVA results depends on the F statistic and the P value. As P 

approaches 1, F approaches 0; this denotes that every mean is identical. The opposite 

is true if the values are inverted. 

From Tables 27-31, using α level of 0.05 gives the critical value of 2.9957 (from F 

table) for each of device [54], because the F value is higher than the critical value 

meaning that the null hypothesis (𝐻0) is rejected, implying that the mean of each tool 

is not identical. 

Tables 27-31   also enable us to find the confidence interval (CI). The CI denotes the 

accuracy range of a parameter. 

Table 27: ANOVA Table for Scanner 

 

 

 

 

For Scanner: 𝐶𝐼(95) = √
2049.3

1290
𝑋1.96 = 2.470 (𝑑𝐵) 

Table 28: ANOVA Table for Phone A 

 

 

 

 

For Phone A: 𝐶𝐼(95) = √
3292.7

1290
𝑋1.96 = 3.131(𝑑𝐵) 

 

 

 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F-

Value 

P 

Value 

Columns 2049.3 2 1024.66 84.46 0 

Error 15649.2 1290 12.13 - - 

Source Sum of 

Squares 

Degree 

of 

Freedom 

Mean 

square 

F-

Value 

P 

Value 

Columns 3292.7 2 2746.36 215.69 0 

Error 8522.7 1290 6.61 - - 
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Table 29: ANOVA Table for Phone B 

 

 

 

 

For Phone B: 𝐶𝐼(95) = √
3061.5

1290
𝑋1.96 = 3.019 (𝑑𝐵) 

 

Table 30: ANOVA Table for Phone C 

 

 

 

 

For Phone C: 𝐶𝐼(95) = √
2017.33

1290
𝑋1.96 = 3.327 (𝑑𝐵) 

Table 31: ANOVA Table for Phone D 

 

 

 

 

For Phone D: 𝐶𝐼(95) = √
4824.1

1290
𝑋1.96 = 3.790 (𝑑𝐵) 

Since CI(95) was calculated for each device, a valid deduction that there are 

differences between the measurements recorded between different days by each 

device, which may be attributed to their antennae systems and front end gain for the 

phones as well as . Under sampling is experienced in some of the bins, which goes 

some way to explaining the scanner’s apparent lack of repeatability. An additional 

factor contributing to this is fading caused by buildings and the general environment. 

 

 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F 

Value 

P  

Value 

Columns 3061.5 2 1530.73 180.51 0 

Error 10939.4 1290 8.48 - - 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F 

Value 

P  

Value 

Columns 3717.33 2 1008.66 295.7 0 

Error 6648.7 1290 5.15 - - 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F 

Value 

P  

Value 

Columns 4824.1 2 2412.04 371.84 0 

Error 8368 1290 6.49 - - 
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 The Probability of RSRQ Reading Falling in A Prescribed Interval 

The data undergoes a second set of tests that are designed to identify the variability 

bound of the data for each device.  

An estimated Probability Density Function (PDF) of the variations in (26) is derived 

by means of the same technique of bins and averages as outlined in 7.4. 

Figure 88 presents typical probability density of the average difference of RSRQ of 

three days for each device.  

 
Figure 88: Probability Density of the RSRQ Differences between Scanner and Phones 

for Road DT   

As shown in Figure 88, It is immediately apparent that the scanner exhibits the lower 

scattering and it is populated around 0 dB. The phones have different scattering due 

to the chipsets and processors of these phones which lead to different distribution. 

The distribution of Phone A and B is populated around 0 dB. Phone C and D 

exhibiting the highest level of scattering and are populated around ±2 dB which 

confirm again the precision of the phone is ±6 as reported in [53]. Table 32 presents 

the RSRQ value obtained for interval size of ±2 dB and ±3 dB. 
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Table 32: Confidence Interval Data 

Parameter Drive-test system   

Scanner Phone A Phone B Phone C Phone D 

RSRQ < 2 dB 93.2% 91.6% 91.5% 90.0% 72.2% 

RSRQ < 3 dB 97.2% 99.8% 99.3% 99.5% 91.4% 

Std. Deviation  1.086     1.103      1.096     1.174     1.609 

 

 
Figure 89: Comparison of Cumulative Distribution Function of RSRQ levels for Road DT 

Figure 89 is a comparison of Cumulative Distribution Function (CDF) of RSRQ 

levels of different DT tools. Relating Table 25 with Figure 89, it shows that RSRQ 

level is offering a better quality signal for the Scanner throughout the time. According 

to graph 50% of time Scanner has average RSRQ of -11 dB whereas Phone A and B 

have -12.5 dB average RSRQ and Phone C and D have -12.5 dB average RSRQ.  

This variation can be attributed to the devices’ antennae and RF front end gain. 

 Indoor DT 

The devices compared in term of RSRQ levels and the similar results with RSRP 

comparison have been taken in order to demonstrate the quality of received signal in 

close space. A part of the collected measurements is shown in Figure 90. The 

measurements show RSRQ measurements taken by devices connected to the LTE 



 

104 

 

cell with the Physical Cell Identifier 307. RSRQ parameter gives the measure of the 

quality of the signal for which the RSRP is measured. Table 33 shows the brief 

statistical values for the RSRQ measurements for Indoor DT. 

 
Figure 90: Comparison of RSRQ levels of Scanner and Various Phones for Indoor DT  

Table 33: RSRQ Statistics of each Device for Indoor DT 

Devices Mean 

(dB) 

Median 

(dB) 

STD 

(dB) 

Min 

(dB) 

Max 

(dB) 

Scanner -12.935 -13.290 1.035 -15.070 -9.770 

Phone A -13.319 -13.370 1.029 -15.870 -10.505 

Phone B -13.373 -13.399 0.902 -15.337 -11.611 

Phone C -13.501 -13.497 0.769 -15.784 -11.507 

Phone D -13.518 -13.529 0.681 -15.623 -11.747 

Basically, RF signals are deterministic signals at transmitter side, but due to real 

world environments, they become random signals at receiver side. In RSRQ 

measurements, the noise effect and operating band interferences are taken into 

account. 

As expected, each device shows slightly different quality of the signal levels. Mean 

RSRQ (refer to Table 33) varies among the measurements by around 0.5 dB. Scanner 

has better RSRQ statistics than the phones due to balanced antenna systems. Phone 

R
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A demonstrated better statistics than other three Phones. While Phone C and D had 

lower quality of the signal levels as well as lower standard deviation due to lower 

speed processors and balanced antenna systems. 

Table 34 shows the results from applying RMSE and correlation coefficient formulas 

to the data obtained by the scanner and phones. 

Table 34: Comparisons of LTE Measurements obtained by Scanner and Phones for Indoor 

DT 

Device 

 

 

 

Scenario 

Scanner-Phone 

A 

Scanner-Phone                    

B 

Scanner-Phone  

C 

Scanner-Phone                    

D 

RMSE 

[dB] 

𝝆 

[-] 

RMSE  

[dB] 

𝝆 

[-] 

RMSE 

[dB] 

𝝆 

[-] 

RMSE  

[dB] 

𝝆 

[-] 

Indoor 0.922 0.739 0.963 0.731 1.141 0.597 1.161 0.583 

As it may be seen from Table 34, it seems that Phone A and B provide the most 

accurate reading because the correlation coefficient with the scanner is higher. 

Comparing Phone A with the scanner appears to provide the best match with RMSE 

0.922 dB. Followed by Phone B, then Phone C. Phone D had the lowest correlation 

coefficient with scanner which is 0.583 dB.  

In conclusion, ANOVA method is used to establish whether a significant difference 

exists between the respective RSRQ readings of the phones and the Scanner. The 

box-and-whiskers chart in Figure 91 has four boxes and whisker plots, each of which 

denotes the difference between the scanner and one of the phones. 
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Figure 91: ANOVA graph for Indoor DT 

From Tables 35-38, using α level of 0.05 gives the critical value of 3.8415 (from F 

table) for each of device [54], because the F value is higher than the critical value 

meaning that the null hypothesis (𝐻0) is rejected, implying that the mean of each tool 

is not identical. 

Tables 35-38   also enable us to find the confidence interval (CI). The CI denotes the 

accuracy range of a parameter. 

Table 35: ANOVA Table for Scanner and Phone A 
  
 
 
 
 
 

 

 

Scanner-Phone A : 𝐶𝐼(95) = √
41.04

1112
𝑋1.96 =  0.377  (𝑑𝐵) 

Table 36: ANOVA Table for Scanner and Phone B 
 
 
 
 
 

 

 

Scanner-Phone B : 𝐶𝐼(95) = √
53.4

1112
𝑋1.96 = 0.429  (𝑑𝐵) 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F-

Value 

P 

Value 

Columns 41.04  1  41.0385  31.77  0 

Error 1436.59  1112  1.2919  - - 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F-

Value 

P 

Value 

Columns 53.4  1  53.4038  52.96  0 

Error 1121.23  1112  1.0083  - - 
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Table 37: ANOVA Table for Scanner and Phone C 
 
 
 
 
 
 

 

 

Scanner-Phone C : 𝐶𝐼(95) = √
89.2

1112
𝑋1.96 = 0.555  (𝑑𝐵) 

Table 38: ANOVA Table for Scanner and Phone D 

 

 

 

 

 

Scanner-Phone D : 𝐶𝐼(95) = √
94.8

1112
𝑋1.96 = 0.572  (𝑑𝐵) 

Since CI(95) was calculated for the scanner and each phone, it can be concluded that 

a difference exists between the measurements of these devices. This variation can be 

attributed to the devices’ antennae and RF front end gain in addition to the building 

penetration loses, which reduces the received power’s strength. 

 The Probability of RSRQ Reading Falling in A Prescribed Interval 

Figure 92 presents typical probability density of the difference of RSRQ between the 

scanner and the phones.  

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F-

Value 

P 

Value 

Columns 89.2  1  89.1976  84.27 0 

Error 1177.08  1112  1.0585  - - 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F-

Value 

P 

Value 

Columns 94.8  1  94.7996  95.37  0 

Error 1105.36  1112  0.994  - - 
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Figure 92: Probability Density of the RSRQ differences between Scanner and Phones for 

Indoor DT 

As shown in Figure 92, it is immediately apparent that the scanner and Phone A 

exhibits the lowest scattering, then followed by phone B and phone C. The 

distribution of scanner and D exhibiting the highest level of scattering which 

confirms again the precision of the phone is ±6 as reported in [53]. 

 
Figure 93:Comparison of Cumulative Distribution Function of RSRQ levels for Indoor DT 



 

109 

 

Figure 93 is a comparison of Cumulative Distribution Function (CDF) of RSRQ 

levels of different DT tools. Relating Table 33 with Figure 93, it shows that RSRQ 

level is offering a better quality signal for the Scanner over time. According to the 

graph, 50% of the time the scanner has average RSRQ of -13.3 dB, whereas Phone 

A and B have -13.4 dB average RSRQ and Phone C and D have -13.5 dB average 

RSRQ’s. The distributions that are obtained from these measurements show almost 

Gaussian distribution characteristics and these variations can be attributed to the 

devices’ antennae and RF front end gain. 

7.5.3. RSSI Comparison  

Received Signal Strength Indicator is a measure of the linear average of total received 

power by a device based on received OFDM symbols (only those containing 

Reference Symbols) from all sources. Sources may consist of both serving and non-

serving co-channel cells, interference from adjacent channels and thermal noise 

within the considered bandwidth across N RBs. 

 Road DT 

Multiple drive tests were conducted on the same measurement route with the similar 

RSRP measurement scenario. Figs 94-92 display a representative sample of averaged 

RSSI readings taken over three days by different devices. Readings taken by the 

scanner system exhibit excellent agreement because of balanced antenna systems. 

Smartphone measurements are 9 dB lower on average than the scanner because of 

vehicle penetration losses. Table 39 presents the brief statistics of RSSI levels of each 

device over three consecutive days.  
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Figure 94: Comparison of RSSI levels for different Drive-Test Tools of 1st day 

(bin size 50 m) 

 
Figure 95: Comparison of RSSI levels for different Drive-Test Tools of 2nd day 

 (bin size 50 m) 

 
Figure 96: Comparison of RSSI levels for different Drive-Test Tools of 3rd day 

 (bin size 50 m) 
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Table 39: Average RSSI Statistics of each Device for Multiple Runs along the same route 

Drive –Test  

System 

  Parameter   

 Mean (dBm) Median (dBm) STD (dB) Min (dBm) Max (dBm) 

Scanner -54.559 -57.081 7.917 -67.183 -27.976 

Phone A -63.296 -65.689 7.912 -74.771 -38.187 

Phone B -63.102 -65.063 7.390 -73.882 -37.677 

Phone C -63.394 -64.437 5.304 -72.242 -45.545 

Phone D -63.452 -65.263 5.586 -73.100 -42.782 

As expected, each device shows a slightly different Received Signal Strength. As 

they are made by different manufacturers. Mean RSSI (refer to Table 39) varies 

among the measurements by around 9 dB between the scanner and Phones. The 

scanner has better RSSI statistics than the phones. Phone B demonstrated better 

statistics than other three Phones. Also, the scanner and phone A and B had almost 

similar standard deviation which signifies that the devices have similar stability. 

RSSI is normally always higher than RSRP. Hence, a lesser difference between 

RSRP and RSSI means the interference is leaser and ultimately results in better 

received signal quality. Some sample plots of the average Performance of the RSSI 

measurement of each device over three consecutive days are presented in Figs 97-

101. 

 
Figure 97: RSSI levels of Scanner over three consecutive day 
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Figure 98: RSSI levels of Phone A over three consecutive day 

 
Figure 99: RSSI levels of Phone B over three consecutive day 

 

Figure 100: RSSI levels of Phone C over three consecutive day 

-75 -- - 66 [218] 
-66 -- - 56 [121] 
-56 -- - 47 [67] 
-47 -- - 38 [20] 
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Figure 101: RSSI levels of Phone D over three consecutive day 

Moreover, to identify which phone best matches to the scanner, the Root Mean 

Squared Error (RMSE) and correlation coefficient (𝜌) are used. 

Table 40 shows the results from applying those formulas to the data obtained by the 

scanner and phones. 

Table 40: Comparisons of LTE Measurements obtained by Scanner and Phones for Road DT  

Device 

 

 

 

Test day 

Scanner-Phone 

A 

Scanner-Phone 

B 

Scanner-Phone 

C 

Scanner-Phone 

D 

RMSE 

[dB] 

𝝆 

[-] 

RMSE  

[dB] 

𝝆 

[-] 

RMSE  

[dB] 

𝝆 

[-] 

RMSE  

[dB] 

𝝆 

[-] 

Day One 9.797 0.889 9.235 0.846 10.485 0.660 11.627 0.626 

Day Two 9.414 0.862 9.482 0.843 11.631 0.642 11.148 0.676 

Day Three 10.309 0.850 9.569 0.832 11.379 0.591 10.746 0.617 

Average 9.840 0.867 9.429 0.840 11.165 0.631 11.174 0.639 

As it may be seen from Table 40, it seems that Phone A and B provide the most 

accurate reading because the correlation coefficient with the scanner is higher, as 

well as Phone A and B appear to provide the best match with scanner as RMSE is 

lower in both of the phones.  
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Moreover, comparing the Phone C and D indicates lower correlation coefficient with 

scanner, as well as higher RMSE and these differences due to their chipsets and 

processors which are low quality compare to Phone A and B which have higher 

quality. 

 Comparing of Average RSSI Measurements 

The average RSSI measurements taken by each drive test tool are compared for each 

bin. Logarithmic averaging and bin size are used in the calculations. Pair differences 

between the distinct readings are calculated to establish any RSSI measurement bias.  

Therefore, the differences for each bin are calculated as [30]: 

∆𝑖𝑗= 𝑅𝑆𝑆𝐼𝑖
̅̅ ̅̅ ̅̅ ̅ − 𝑅𝑆𝑆𝐼𝑗̅̅ ̅̅ ̅̅ ̅  (27) 

Where: 𝑹𝑺𝑺𝑰̅̅ ̅̅ ̅̅ ̅ is the average RSSI calculated using logarithmic averaging, 

 I=1, 2,3; J=1 ,2,3; I ≠ J 

Figures 102-106 shows the differences between pairs, which correspond with the 

measurements of devices over three consecutive days. The pair differences presented 

in (27) are considered to be random variables. A zero mean of differences indicates 

that measurements are indeed repeatable on average.  

 
Figure 102: Pair-wise RSSI Differences for Scanner 
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Figure 103: Pair-wise RSSI Differences for Phone A 

 
Figure 104: Pair-wise RSSI Differences for Phone B 

 
Figure 105: Pair-wise RSSI Differences for Phone C 
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Figure 106: Pair-wise RSSI Differences for Phone D 

These plots show clear centering of biases around 0 dB for the Scanner and Phone A 

and B which indicates that measurements are repeatable on average, whereas Phone 

C and D have a significant bias between different drives due to lower speed 

processors and balanced antenna systems. 

Analysis of variance (ANOVA) is how the differences are formally analyzed [52]. 

Its null hypothesis (H0) is configured to assume that all means are from the same 

population and are identical. Where all of the means are close to zero, it indicates 

that difference in averaged RSSI across each bin is unbiased. That implies that the 

specific drive test tool retains average repeatability. 

Figs 107-111 display ANOVA graphs of drive tools. Note the scanner system 

ANOVA results in Fig. 107 and the 3 box-and-whisker plots. Each plot correlates to 

a pair difference in (27) and shows a box that extends between the upper and lower 

quartiles of the measurement data. The mean value is represented by the horizontal 

line. The first plot represents variations in measurements taken on Days 1 and 2. The 

second plot shows the differences between Days 1 and 3, and the third plot represents 

differences between Days 2 and 3. 
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Figure 107: ANOVA graph for scanner 

 
Figure 108: ANOVA graph for Phone A 

 
Figure 109: ANOVA graph for Phone B 
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Figure 110: ANOVA graph for Phone C 

 
Figure 111: ANOVA graph for Phone D 

The plots clearly show bias between the measurements collected by the scanner and 

the phone systems.  The biases are very small. The scanner demonstrates small 

significant biases because the scanner precision is ±1 dB as reported in [53]. That 

indicates that the scanner retains repeatability. The Phones show a shift of a few dB 

compared with the scanner. This is mainly because of the antennae in the 

smartphones and RF front end gain combined with their chipsets and processors, 

which exhibit different sensitivity and behaviors. In addition, the phone precision is 

± 6 dB as reported in [53]. 



 

119 

 

ANOVA test results are presented in Tables 41-45, configured with confidence 

interval level α = 0.05. 

Interpreting ANOVA results depends on the F statistic and the P value. As P 

approaches 1, F approaches 0; this denotes that every mean is identical.  

From Tables 41-45, using α level of 0.05 gives the critical value of 2.9957 (from F 

Table) for each of device [54], because the F value is higher than the critical value 

meaning that the null hypothesis (𝐻0) is rejected, implying that the mean of each 

phone is not identical. 

Tables 41-45, also enable us to find the confidence interval (CI). The CI denotes the 

accuracy range of a parameter. 

Table 41: ANOVA Table for Scanner 

 

 

 

 

For Scanner: 𝐶𝐼(95) = √
17.5

1290
𝑋1.96 = 0.228   (𝑑𝐵) 

Table 42: ANOVA Table for Phone A 

 

 

 

 

For Phone A: 𝐶𝐼(95) = √
295

1290
𝑋1.96 = 0.937  (𝑑𝐵) 

 

 

 

 

 

 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F-

Value 

P 

Value 

Columns 17.5  2  8.7415  0.22 0.7995  

Error 50373.1 1290  39.0489  - - 

Source Sum of 

Squares 

Degree 

of 

Freedom 

Mean 

square 

F-

Value 

P 

Value 

Columns 295  2 647.487  3.52 0 

Error 30707.6  1290 23.804  - - 
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Table 43: ANOVA Table for Phone B 

 

 

 
 

For Phone B: 𝐶𝐼(95) = √
210

1290
𝑋1.96 = 0.791  (𝑑𝐵) 

Table 44: ANOVA Table for Phone C 

 

 

 

 

For Phone C: 𝐶𝐼(95) = √
341.5

1290
𝑋1.96 = 1.008  (𝑑𝐵) 

Table 45: ANOVA Table for Phone D 

 

 

 
 

For Phone D: 𝐶𝐼(95) = √
1040.1

1290
𝑋1.96 = 1.759  (𝑑𝐵) 

Since CI(95) was calculated for each device, a valid deduction is that there are 

differences between the measurements recorded between different days by each 

device, which may be attributed to their antennae systems and front end gain for the 

phones. The scanner shows no repeatability, which is due in part to under sampling 

that takes place in some of the bins. Fading, too, is a contributory factor, caused by 

buildings or other structures and also by the environment. 

 The Probability of RSSI Reading Falling in A Prescribed Interval 

The variability bound of each test device’s measurements is determined by a second 

set of tests executed on the readings.  

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F 

Value 

P  

Value 

Columns 210  2  104.989  3.39  0.0338  

Error 39895.1  1290  30.926  - - 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F 

Value 

P  

Value 

Columns 341.5 2  170.767  3.91  0.0203  

Error 56364.3 1290  43.693  - - 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F 

Value 

P  

Value 

Columns 1040.1  2  520.034  10.69 0 

Error 62763.8  1290  48.654  - - 
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The estimated Probability Density Function (PDF) is calculated using the same bin 

and averages technique already described in 7.4. 

Figure 112 presents typical probability density of the average difference of RSSI of 

three days for each device.  

 
Figure 112: Probability Density of the RSSI Differences between Scanner and Phones for 

Road DT 

As shown in Figure 112, It is immediately apparent that the scanner exhibits lower 

scattering and is populated around ±1 dB which confirms the precision as reported 

in [53]. The phones have different scattering due to the chipsets and processors, 

which leads to different distribution. The distribution of Phone B is populated around 

± 1 dB and the distribution of Phone A is populated around ±2 dB. Phone C and D 

exhibit the highest level of scattering and are populated around ±3 dB, which confirm 

again the precision of ± 6 as reported in [53]. Table 46 presents the RSSI value 

obtained for interval size of ±2 dB and ±3 dB. 
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Table 46 : Confidence Interval Data 

Parameter Drive-test system   

Scanner Phone A Phone B Phone C Phone D 

RSSI < 2 dB 56.84% 61.25% 50.81% 40.60% 33.87% 

RSSI < 3 dB 73.09% 77.96% 69.61% 59.16% 50.58% 

Std. Deviation 2.887 2.932  3.354  3.519  4.347 

 
Figure 113: Comparison of Cumulative Distribution Function of RSSI levels for Road DT 

Figure 113 is a comparison of Cumulative Distribution Function (CDF) of RSSI 

levels of different DT tools. Relating Table 39 with Figure 113, the median value of 

Phone is 8 dB below to that of Scanner due to vehicle penetration losses. This value 

divides the sample distribution into half. This means half of the data for Phones are 

below -65 dBm while only below -57 dBm for Scanner indicating better RF levels at 

Scanner’s antenna. 

 Indoor DT 

The devices compared in term of RSSI levels and the similar results with RSRP 

comparison have been taken in order to demonstrate the received signal strength of 

the network in close space. A part of the collected measurements is shown in Figure 

114. The measurements show RSSI measurements taken by devices connected to the 
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LTE cell with the Physical Cell Identifier 307. Table 47 shows the brief statistical 

values for the RSSI measurements for Indoor DT. 

 
Figure 114: Comparison of RSSI levels of Scanner and Various Phones for Indoor DT 

Table 47: RSSI Statistics of each Device for Indoor DT 

Devices Mean 

(dBm) 

Median 

(dBm) 

STD 

(dB) 

Min 

(dBm) 

Max 

(dBm) 

Scanner -53.786 -53.458 1.724 -58.160 -49.691 

Phone A -54.078 -54.022 1.390 -57.988 -50.883 

Phone B -54.284 -54.269 0.880 -57.372 -51.798 

Phone C -54.559 -54.504 0.980 -58.554 -51.959 

Phone D -54.826 -54.807 0.891 -57.819 -52.116 

Basically, RF signals are deterministic signals at the transmitter, but due to real world 

environments, they become random signals at the receiver.  

As seen in Figure 114, each device shows slightly different received signal strength. 

Mean RSSI (refer to Table 47) varies among the measurements by around 0.7 dB. 

Scanner has better RSSI statistics than the phones due to balanced antenna systems. 

Phone A demonstrated better statistics than other three Phones. While Phone C and 

D had lower quality of the signal levels as well as lower standard deviation due to 

lower speed processors and balanced antenna systems. 



 

124 

 

Table 48 shows the results from applying RMSE and correlation coefficient formulas 

to the data obtained by the scanner and phones. 

Table 48: Comparisons of LTE Measurements obtained by Scanner and Phones for Indoor 

DT 

Device 

 

 

 

Scenario 

Scanner-Phone  

A 

Scanner-Phone                    

B 

Scanner-Phone  

C 

Scanner-Phone                    

D 

RMSE 

[dB] 

𝝆 

[-] 

RMSE  

[dB] 

𝝆 

[-] 

RMSE 

[dB] 

𝝆 

[-] 

RMSE  

[dB] 

𝝆 

[-] 

Indoor 1.197 0.743 1.316 0.745 1.646 0.538 1.723 0.612 

 

As it may be seen from Table 48, it seems that from Phone A and B provide the most 

accurate reading because the correlation coefficient with the scanner is higher. 

Comparing Phone A with the scanner appears to provide the best match with RMSE 

1.197 dB. Follow by Phone B, then Phone C and D. Phone C had the lowest 

correlation coefficient with scanner which is 0.538 dB.  

In conclusion, ANOVA method is used to establish whether a significant difference 

exists between the respective RSSI readings of the phones and the Scanner. The box-

and-whiskers chart in Figure 115 has four boxes and whisker plots, each of which 

denotes the difference between the scanner and one of the phones. 
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Figure 115: ANOVA graph for Indoor DT 

The plot clearly show bias between the measurements collected by the scanner and 

the phone systems.  The biases are very small. The scanner demonstrates small 

significant biases because the scanner precision is ±1 dB as reported in [53]. That 

indicates that the scanner retains repeatability. The Phones shows a shift of a few dB 

compared with the scanner. This is mainly because of the antennae in the 

smartphones and RF front end gain combined with their chipsets and processors, 

which exhibit different sensitivity and behaviors. In addition, the phone precision is 

± 6 dB as reported in [53]. 

From Tables 49-52, using α level of 0.05 gives the critical value of 3.8415 (from F 

table) for each of device [54], because the F value is higher than the critical value 

meaning that the null hypothesis (𝐻0) is rejected, implying that the mean of each tool 

is not identical. 

Tables 49-52 also enable us to find the confidence interval (CI). The CI denotes the 

accuracy range of a parameter. 
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Table 49: ANOVA Table for Scanner and Phone A 
  
 
 
 
 
 

 

 

Scanner-Phone A : 𝐶𝐼(95) = √
23.86

1112
𝑋1.96 =  0.287  (𝑑𝐵) 

Table 50: ANOVA Table for Scanner and Phone B 
 
 
 
 
 

 

 

Scanner-Phone B : 𝐶𝐼(95) = √
69.27

1112
𝑋1.96 = 0.489  (𝑑𝐵) 

Table 51: ANOVA Table for Scanner and Phone C 
 
 
 
 
 
 
 
 
 

Scanner-Phone C : 𝐶𝐼(95) = √
166.51

1112
𝑋1.96 = 0.758  (𝑑𝐵) 

Table 52: ANOVA Table for Scanner and Phone D 

 

 

 

 

Scanner-Phone D : 𝐶𝐼(95) = √
301.75

1112
𝑋1.96 =  1.021 (𝑑𝐵) 

Since CI(95) was calculated for the scanner and each phone, it can be concluded that 

a difference exists between the measurements of these devices. This variation can be 

attributed to the devices’ antennae and RF front end gain in addition to the building 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F-

Value 

P 

Value 

Columns 23.86  1  23.859 9.73 0 

Error 2727.55  1112 2.453  - - 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F-

Value 

P 

Value 

Columns 69.27  1  69.266  36.96  0 

Error 2083.96  1112  1.874  - - 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F-

Value 

P 

Value 

Columns 166.51  1  166.506  84.65  0 

Error 2187.28  1112  1.967  - - 

Source Sum of 

Squares  

Degree 

of 

Freedom  

Mean 

square 

F-

Value 

P 

Value 

Columns 301.75  1  301.748  160.19  0 

Error 2094.6  1112  1.884  - - 
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penetration loses, especially when inside them, which cause reduce the received 

power’s strength. 

 The probability of RSSI Reading Falling in A Prescribed Interval 

Figure 116 presents a typical probability density of the difference of RSSI between 

the scanner and the phones.  

 
Figure 116: Probability Density of the RSSI differences between Scanner and Phones for 

Indoor DT 

As shown in Figure 116, it is immediately apparent that the scanner and Phone A 

exhibits the lowest scattering and it is populated around ±1 dB. Then followed by 

phone B, which is populated around ±1 dB. The distributions of scanner and Phone 

C and D are populated around ±2 dB which confirm again the precision of the phone 

is ±6 as reported in [53]. 
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Figure 117: Comparison of Cumulative Distribution Function of RSSI levels for Indoor DT 

Figure 117 is a comparison of Cumulative Distribution Function (CDF) of RSSI 

levels of different DT tools. According to graph 50% of time Scanner has average 

RSSI of -53.5 dBm whereas Phone A -54 dBm average RSSI and Phone B, C and D 

have -54.4 dB average RSSI. This variation can be attributed to the devices’ antennae 

and RF front end gain in addition to the building penetration loses, especially when 

inside them, which cause reduce the received power’s strength. 

7.6. Observations and Summary 

This work documents statistical analysis and comparison of the equipment used for 

evaluating the performance of LTE network. The equipment used in this testing was 

a Scanner and four Android smartphones running the LTENetScan App. The drive 

test was performed in west Melbourne, Florida which is a suburban area. US carrier 

(AT&T) is statistically compared in this study in terms of RSRP, RSRQ and RSSI 

with their PCI and coordination.  
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7.6.1. Outdoor DT Observation 

 RSRP Comparison 

Table 53: RSRP Statistics of Road DT 

Drive –Test  

System 

 Parameter  

 Mean (dBm) Median (dBm) STD (dB) 

Scanner -82.491 -85.379 8.270 

Phone -92.992 -95.284 8.899 

Table 54: Summary of RMSE and Correlation Coefficient for RSRP Road DT 

Device 

 

 

Drive Test 

Scanner-Phone 

RMSE [dB] 𝝆[-] 

Average 11.193 0.755 

 RSRQ Comparison 

Table 55: RSRQ Statistics of Road DT 

Drive –Test  

System 

 Parameter  

 Mean (dB) Median (dB) STD (dB) 

Scanner -10.956 -11.017 1.523 

Phone -12.834 -12.950 1.865 

Table 56: Summary of RMSE and Correlation Coefficient for RSRQ Road DT 

Device 

 

 

Drive Test 

Scanner-Phone 

RMSE [dB] 𝝆[-] 

Average 2.662 0.715 
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 RSSI Comparison 

Table 57: RSSI Statistics of Road DT 

Drive –Test  

System 

 Parameter  

 Mean (dBm) Median (dBm) STD (dB) 

Scanner -54.559 -57.081 6.548 

Phone -63.211 -65.113 7.917 

Table 58: Summary of RMSE and Correlation Coefficient for RSSI Road DT 

Device 

 

 

Drive Test 

Scanner-Phone 

RMSE [dB] 𝝆[-] 

Average 10.402 0.744 

Scanner readings demonstrate a high degree of agreement, which is attributed to 

balanced antenna systems. Smartphone RSRP measurements are 10 dB lower on 

average than the scanner readings because of vehicle penetration losses, which is 

consistent with vehicle penetration readings mentioned in [22]. Compared with the 

scanner system readings, smartphone RSRQ measurements are 1.878 dB lower on 

average and smartphone RSSI measurements are 8.652 dB lower on average. It may 

be observed that the RSRQ improves as differences between RSRP and RSSI 

diminish. Because RSRP is always lower than RSSI, smaller differences between 

them mean less interference. This results in a better quality of signal. 

Comparing the correlation coefficient seems that Phone provide accurate 

measurements because the correlation coefficient with the scanner is on average 

0.738. Also, the scanner and the phone had similar standard deviation which signifies 

that the devices have similar stability. 
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7.6.2. Indoor DT Observation 

 RSRP Comparison 

Table 59: RSRP Statistics of Indoor DT 

Drive –Test  

System 

 Parameter  

 Mean (dBm) Median (dBm) STD(dB) 

Scanner -83.712 -83.632 0.723 

Phone -84.855 -84.783 0.832 

Table 60: Summary of RMSE and Correlation Coefficient for RSRP Indoor DT 

Device 

 

Drive Test 

Scanner-Phone  

RMSE [dB] 𝝆[-] 

Average 1.318 0.661 

 RSRQ Comparison 

Table 61: RSRQ Statistics of Indoor DT 

Drive –Test  

System 

 Parameter  

 Mean (dB) Median (dB) STD(dB) 

Scanner -12.935 -13.290 0.795 

Phone -13.428 -13.449 1.235 

 

Table 62: Summary of RMSE and Correlation Coefficient for RSRQ Indoor DT 

Device 

 

 

Drive Test 

Scanner-Phone  

RMSE [dB] 𝝆[-] 

Average 1.047 0.663 
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 RSSI Comparison 

Table 63: RSSI Statistics of Indoor DT 

Drive –Test  

System 

 Parameter  

 Mean (dBm) Median (dBm) STD(dB) 

Scanner -53.786 -53.458 1.035 

Phone -54.437 -54.401 1.724 

Table 64: Summary of RMSE and Correlation Coefficient for RSSI Indoor DT 

Device 

 

 

Drive Test 

Scanner-Phone  

RMSE [dB] 𝝆[-] 

Average 1.471 0.659 

As expected, each device shows slightly different received signal levels, this 

variation can be attributed to the devices’ antennae and RF front end gain in addition 

to the building penetration loses, which cause reduce the received signal levels. 

The RSRP readings from the smartphone are on average 1 dB lower relative to the 

scanner for indoor DT. While the RSRQ readings from the smartphone are on 

average 0.5 dB lower relative to the scanner. The RSSI readings from the smartphone 

are on average 0.7 dB lower relative to the scanner. 

Comparing the correlation coefficient for indoor DT seems that Phone provide 

accurate measurements because the correlation coefficient with the scanner is on 

average 0.66. Also, the scanner and the phone had similar standard deviation which 

signifies that the devices have similar stability. 
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CHAPTER 8: CONCLUSION AND FUTURE WORK 

This dissertation has established a UE system that been developed for smartphone to 

evaluate the performance of LTE network. The goal of the proposed system is to 

demonstrate the accuracy of KPIs (key performance indicators) for LTE network, 

when evaluated by the Android application on smartphones. It implies that the 

smartphone/application combination is a suitable tool and fit for purpose in place of 

a scanner for professional purposes such as reflecting the real end-users experience. 

Conclusion 

The LTENetScan App introduced a novel method for evaluating the performance of 

LTE network. The LTENetScan App divided into two phases. 

The following steps are the main structures of LTENetScan App in phase 1. 

 Create the android Application  

 Display the serving and neighbor cells data such as RSRP, RSRQ, RSSI and PCI 

 Classify the LTE parameters based in their typical range as good and bad for the 

signal strength values 

 Evaluate and analyze the data of the serving cells 

 Record the radio frequency measurements during DT in excel sheet 

 Display the result to the end user in the form of a coverage map 

In phase 2, the tool was implemented and tested by the following steps. 

 Evaluate the accuracy level by comparing measurements taken by LTENetScan 

App with the comparable results from a radio network scanner 

 Evaluate the stability of the app 

The LTENetScan App achieved high correlations with the radio network scanner. 

This analysis aims to help RF engineers to evaluate the cellular network and to adjust 
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them to provide a better service to their clients as well as to represent a simple and 

low cost alternative to expensive professional drive-test tools and may help to make 

the data collection process even more productive and easier to accomplish. 

In conclusion, the present dissertation attained the proposed objective of defining the 

key performance indicators for LTE network that reflecting the real end-user 

experience. This application can also change the way of normal drive test by using 

drone instead of a car to get the required data and such this DT can avoid what is 

called vehicle penetration loss. 

Confirming the capability of the LTENetScan App to measure KPIs accurately is a 

critical accomplishment. It provides a valid rationale for examining other KPIs such 

as latency and throughput in further detail through this App. 

Future Work 

Based on our research results in this dissertation, more opportunities for future 

research in this field can be done to extend this work. First, Researchers and mobile 

network operators may use these accurate and validated application’s measurements 

to drill down into other relevant KPIs, such as throughput and latency which will 

help to improve the cellular network. 

Second, it is possible to display the serving cell in the map and find the distance 

between the phone and the cell by using timing advance value. 

Finally, the application can be extended to add the Channel Quality Indicator (CQI). 

This metric is expressed as Signal to Interference plus Noise Ratio (SINR) and is 

utilized in link adaptation.  
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 Key Performance Page Design Elements and User-Interface 
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 Network Status Page Design Elements and User-Interface 
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 Measurement Recording Page Design Elements and User-Interface 
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 Map Tracking Page Design Elements and User-Interface 
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