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ABSTRACT 
 
 

Wireless Communications had radical growth because of the necessity of people 

being connected. However, interference, noise, and multiple fading have adverse effects 

to a reliable system. Bit Error Rate has its own importance in Quality of Service (QOS). 

This thesis performed an analysis and measurement of bit error rates over long term 

scales in both indoor as well as outdoor environments with the help of Software Defined 

Radio’s (SDR). Software Defined Radio technology provides cost effective approach 

and flexibility whereas the hardware approach of traditional systems has significant 

limitations. 

We used SDR that implements radio functionalities in software. The 

transmissions have been achieved using the Universal Software Radio Peripheral 

(USRP), with the time synchronization and signal processing occurring in the GNU 

Radio environment on the Linux platform. The GNU radio allows us to modify several 

channel parameters to test the behavior of the wireless channel in the real time 

environment. 
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In an indoor environment, radios were separated by 20 meters in the presence of 

an obstruction, which caused signal attenuation. And for outdoor environment, radios 

were separated by 50 meters, so noise played as major role. A series of packets have 

been transmitted between the two USRP radios with different channel properties in 

multiple scenario’s. Bit error rate was computed, visualized and compared across 

multiple scenarios using MATLAB for different modulation schemes like BPSK, QPSK 

and GMSK. Observed results show a series of time dynamics of BER which are not 

commonly studied in the literature.  
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CHAPTER 1 
 

INTRODUCTION 
  

1.1 Overview 

 

The capabilities of software radio architectures have caused an exponential 

growth in wireless communications. Software defined radio (SDR) technology brings 

flexibility, cost efficiency and power to drive communications forward, with benefits 

realized by product developers and service providers through end users. So SDR is used 

for high speed wireless communication systems with low hardware requirements and 

development costs. 

Software defined radio conducts all signal processing in software instead of 

hardware. Unlike conventional radios where the signal is processed in the analog 

domain, the SDR signal is processed in the digital domain. The digitization is carried out 

by an analog to digital converter. 

Multipath fading occurs when the transmitted signal is received at the receiver in 

various forms. This might be due to reflections, scattering, diffraction, or transmission 

through materials. Noise plays especially an important role in wireless communication 

systems.  

 

1.2 Objective 

The main objective of our thesis is to determine how the radios behave in 

different actual environments for different modulation techniques. For this, we have 

chosen USRP and GNU radio, which are the mostly used software defined radio 
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hardware and software platforms for researchers. Bit error rate is computed and analyzed 

using MATLAB. 

 

 

1.3 Related Work 

 

• A Bi-Directional Two-Hop Relay Network Using GNU Radio and USRP [2] 

 

This research was carried out by Johnny Le for his thesis which was submitted to 

the University of North Texas. The work is a bi-directional two-hop relay network which 

uses the decode and forward strategy and is implemented using the GNU Radio and 

USRP as the software and hardware interface. The relay communication system is 

implemented and tested. 

The relay communication system is comprised of 3 nodes: Base Station A, Base 

Station B and a Relay Station. These base stations and the relay station will access the 

channel using Frequency Division Multiple Access to transmit and receive packets. The 

Base Station A is operated at 400-500 MHz and the Base Station B is operated at 2250-

2900 MHz 

 

Figure 1: Relay Communication for the first-time slot 
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Figure 2: Relay Communication for the final time slot 

 

The modulation scheme used was DBPSK. Several results were produced for the 

BER vs SNR. Theoretical and Simulated values are plotted on the same graph. 

 

Figure 3: Plot at the relay station 
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• USRP-Based Indoor Channel Sounding for D2D and Multi-Hop 

Communications [3] 
 

This research focused on multi-hop communications. It discusses the importance 

of multi-hop communication over single-hop communications by using the Bit Error 

Rate as a yard stick. USRP was used as a hardware interface. 

 

Figure 4: System Set Up 

 

A series of results were proposed which are not discussed here as it is out of 

scope for this description. The results show that the BER for multi-hop communications 

are better than that for single-hop communications. 

• Co-Operative Relaying Using USRP and GNU Radio [4] 

This research also focusses on the relay network. The main objective of this 

research is to implement and test the performance of Co-operative Relaying in a lab 

environment. The signal performance between the TX and RX is verified in both LOS 

and obstruction environments. In the other case a Relay is introduced between the source 

and destination. The results focus on how the relay path was better than the direct path 

and vice versa. All the flow graphs were implemented using GNU Radio Companion 

often described as GRC. 
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Figure 5: GRC Flow Graph for the Transmitter 

A series of values are calculated like the Packet Success Rate, BER for the direct 

link and for the relay link. 

 

Figure 6: Result values 
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The results are computed by taking the gain at the receiver on X-axis and BER 

on Y-axis and computed for different scenarios as discussed above. 

 

 

Figure 7: Results for LOS 
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CHAPTER 2 
 

BACKGROUND 
 

2.1 Software Defined Radio 

 
 Software defined radio (SDR) is a term used to describe a radio 

communication system where a range of different hardware components (e.g., 

filters, modulators/demodulators, detectors, amplifiers, etc.) are implemented in 

software. When components are built as application-specific hardware, there is 

difficulty in modifying existing systems or prototyping new systems. This is due to 

the relatively more time and monetary costs required to change hardware, than it is 

to change code in software. 

Once the functionality of radio components are implemented on a software 

platform, by which additional advantages were gained, such as greater flexibility. 

For a radio communication system, flexibility means the ability to transmit and 

receive various radio protocols (or waveforms). Another benefit from using software 

is that the data processing may be performed with any regularly used computer, 

eliminating the need to buy expensive specialized hardware. Furthermore, software 

even allows a component to be reused [1]. 

In summary, SDR minimizes hardware to provide faster modifications, lower 

costs, reusability, easier prototyping, and greater flexibility. In academia, a majority 

of learning and research in digital communications involves developing software 

using computers. Thus, SDR is very beneficial for educational institutions where 

computers are plenty, but the budget for supplementary hardware is modest. 
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Figure 8: Software Defined Radio Block Diagram 

 
2.2  Universal Software Radio Peripheral (USRP) 

 
The Universal Software Radio Peripheral (USRP) is a reconfigurable RF 

hardware designed by Matt Ettus, and distributed by Ettus Research LLC; a company 

founded by Mr. Ettus in 2004, and as of 2010, operates as a subsidiary of National 

Instruments Corporation. Pronounced ”usurp,” the USRP interfaces with a computer 

through Universal Serial Bus 2.0 (USB 2.0), with the goal of allowing personal 

computers to serve as high bandwidth software radios. GNU Radio and its signal 

processing libraries, a commercial computer, and the USRP provides the perfect solution 

for developing software radio systems with minimal and generic hardware on a modest 

budget. 

We used USRP 1 for our thesis project [6]. Figure 9 shows the USRP1. 

2.3 USRP Motherboard 

The main components of the USRP motherboard include four high-speed 64 

MS/s (64M samples/second ) 12-bit ADCs, four high-speed 128 MS/s (128M 

samples/second) 14-bit DACs, a million gate Altera Cyclone EP1C12 field 

programmable gate array (FPGA), and a Cypress FX2 chip; a programmable USB 

2.0 controller. Since the USB 2.0 interface has a theoretical data throughput of 480 

Mb/s, the FPGA has four digital downconverters (DDC) with programmable 
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decimation rates (for RX side), and two digital upconverters (DUCs) with 

programmable interpolation rates (for TX side). The USRP performance is limited 

by the speeds of USB 2.0 and the computer processing unit (CPU). Refer to for more 

information regarding the USRP. Figure 10 shows a block diagram for the USRP. 

 

Figure 9: USRP1 

2.4 Daughterboard 

The USRP may be paired with daughterboards, modular components for the 

USRP which serve as the RF front-ends. The USRP can accommodate with up to 

four basic daughterboards, or two RF transceiver daughterboards, for 4 (or 2 I-Q 

pairs) input channels and 4 (or 2 I-Q pairs) output channels. There are numerous 

daughterboards which each operating within a frequency range. Altogether, the 

daughter boards cover a wide frequency spectrum; 0 to 5.9 GHz. Table 1.1 lists the 

available daughterboards at the Ettus Research LLC homepage. 

 

 



 

10 

 

Figure 10: Block Diagram of USRP 

2.4.1 D/A Converter  

 The digital IF samples are converted into analog IF signal using a digital to 

analog converter. 

2.4.2 A/D Converter 

 The analog IF signal is converted into digital IF samples using an analog to 

digital converter. 

2.4.3 FPGA 

 The FPGA plays a key role in the USRP system. FPGA’s main function is 

to decrease the data rates to a value that can be sent over USB 2.0 and also to 

perform high bandwidth math. FPGA circuitry and a USB microcontroller are 

programmable over a USB 2.0 bus. 
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Table 1.1: List of Daughterboards 

Daughterboard Daughterboard Type Frequency Band 

BasicRX Receiver 0.1-300 MHz 

BasicTX Transmitter 0.1-200 MHz 

LFRX Receiver DC-30 MHz 

LFTX Transmitter DC-30 MHz 

TVRX Receiver 50-860 MHz 

DBSRX Receiver 800-2400 MHz 

WBX Transceiver 50-2200 MHz 

RFX400 Transceiver 400-500 MHz 

RFX900 Transceiver 750-1050 MHz 

RFX1200 Transceiver 1150-1450 MHz 

RFX1800 Transceiver 1500-2100 MHz 

RFX2400 Transceiver 2250-2900 MHz 

XCVR2450 Dual-Band Transceiver 2400-5000 MHz 

 
 

 The daughterboard used for our thesis is the RFX 900 [8], Figure 4 shows the 

USRP RFX 900 daughterboard. 
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Figure 11: RFX 900 Daughterboard 

 
2.5 VERT 900 Vertical Antenna  

The following shows an Omni directional antenna which has a 3 dBi Gain [7]. 

 

Figure 12: VERT900 Antenna 

2.6 SMA-Bulkhead Cable 

 

Figure 13:  SMA-Cable 
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            A 0.2M long SMA-M to SMA-F bulk head cable connects daughter board and 

the antenna. 

2.7  GNU Radio 

 GNU Radio is a cross-platform and open-source software toolkit aimed at 

providing a framework for learning and developing software defined radios. 

Essentially, GNU Radio is a software package that contains many signal processing 

libraries (or packages). The signal processing packages are coded in Python (for 

non-critical performance functions, with emphasis on high level organization) and 

C++ (for critical and optimized performance). This is done in order to maximize the 

inherent benefits of the coding architecture. 

GNU Radio first began in 2001 with Eric Blossom at the helm as project 

manager. In 2010, Tom Rondeau became the new project manager. Both individuals 

and many others contribute to the development of the GNU Radio project, and 

actively participate in feedback and solving issues pertaining to GNU Radio. The 

following is the GNU Radio homepage (for information and guides), and GNU 

Radio mailing lists (for discussion and troubleshooting) [5]. 

1. http://gnuradio.org/ 

2. http://www.gnu.org/software/gnuradio/mailinglists.html 
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CHAPTER 3 
 

MODULATION TECHNIQUES 
 
 
Modulation is a procedure by which audio, image, video or text information is 

added to an electrical or optical carrier signal which is transmitted over a 

telecommunication or electronic medium. Modulation enables an electrical signal to 

transfer the information to a receiving device which should demodulate the signal to 

extract the integrated information. Modulation is mainly used in telecommunication 

technologies where the transmission of data via electrical signals is essential. As it 

enables the use of optical and electrical signals as information carriers, it is considered as 

the backbone for the data communications. Modulation is achieved by changing the 

carrier or the periodic waveform. 

4.1 Types of Modulations: 

One can modulate the information signal into two types, which are as follows 

1. Analog Modulation 

2. Digital Modulation 

4.1.1 Analog Modulation 

Carrier signal is differentiated with three properties: amplitude, frequency and 

phase thus there are three types of basic analog modulations. 

1. Amplitude Modulation (AM) 

2. Frequency Modulation (FM) 

3. Phase Modulation (PM) 
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4.1.1.1  Amplitude Modulation 

 
Amplitude modulation is the process where the instantaneous amplitude of 

carrier signal is varied accordingly with instantaneous amplitude of message signal. 

If m(t) is the message signal and ���� � �����	
�� is the carrier signal, then the 

AM signal F(t) is written as 

F(t)= �����	
�� � ���� cos�	
�� � �� � �����cos	�	
t� 

 

Figure 14: Amplitude Modulation 

4.1.1.2  Frequency Modulation 

 Frequency modulation is the process where the instantaneous frequency of 

carrier signal is varied accordingly with instantaneous amplitude of message signal.  

If m(t) is the message signal and 	���� � �����	
�� is the carrier signal,  then 

the FM signal will be  ���� � �����	
� � ���m�α�dα� 
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Figure 15: Frequency Modulation 

3.1.1.3  Phase Modulation 

 
 Phase modulation is the process where the instantaneous phase of carrier signal is 

varied accordingly with instantaneous amplitude of message signal. 

If m(t) is the message signal and ���� � �����	
�� is the carrier signal,  then the 

PM signal will be ���� � �����	
� � ������� 

 

Figure 16: Phase Modulation 
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3.1.2 Digital Modulation 

Digital modulation the baseband signal is of discrete amplitude levels. For a 

binary signal it can be differentiated by two levels, either low (logic 0) or high (logic 1). 

The digital modulation is mainly of three types, as follows  

1. Amplitude Shift Keying (ASK) 

2. Frequency Shift Keying (FSK) 

3. Phase Shift Keying (PSK) 

3.1.2.1  Amplitude Shift Keying 

 
When the carrier amplitude is varied accordingly to message signal m(t). Let us 

consider the modulated carrier as  ����cos	�	
�� where cos	�	
��  is the carrier signal. 

When the carrier is present the information is determined by 1 and carrier is absent the 

information is determined by 0, as the input information is an on-off signal even the 

output information is also an on-off signal. Therefore, this modulation technique is also 

known as on-off keying (OOK). 

 

Figure 17: Amplitude Shift Key 
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3.1.2.2  Frequency Shift Keying 

When one varies the frequency of transmitted carrier data, we have the frequency 

shift keying. For this modulation, we have 2 predefined frequencies, which are 	
� 

and	
�. We transmit  	
� i.e.  cos	�	
��, when information bit o is carried, and we 

transmit 	
�i.e.cos	�	
��, when information bit 1 is carried. 

 

Figure 18: Frequency Shift Key 

3.1.2.3  Phase Shift Keying 

For this modulation, the phase of the carrier is varied. When carrier is in phase, 

the base band signal m(t) = 1 is transmitted and when carrier is out of phase, the base 

band signal m(t) = 0 is transmitted. Two bits of information can be sent at a time, when 

phase shift is done in four different quadrants. This special case of PSK modulation is 

known as QPSK or Quadrature Phase Shift Keying. 
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Figure 19: Phase Shift Keying 

 

We concentrated mainly on PSK modulation techniques, because of the following 

reasons: 

1. Phase shift keying is more resilient to AWGN than amplitude shift keying. So 

we can get away with transmitting less power for same bit error rate 

2. Phase shift keying has a smaller bandwidth footprint than frequency shift 

keying at the same capacity and bit error rate 

3. SNR is great for PSK, which allows communication under adverse conditions 

such as fading, noise and interference 

4. In PSK, information of the transmitted signal is stored in phase variations and 

in FSK information of transmitted signal is stored in frequency variations. 

Noise can effect frequency but not the phase easily. So, PSK is better in 

combatting noise 
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5. BPSK is antipodal and BFSK is orthogonal signal. Thus BPSK has a 3 dB over 

BFSK. Additionally, FSK is detected incoherently 

 So, we tested the radios in different environments using Binary Phase Shift 

Keying, Quadrature Phase Shift Keying, and Gaussian Minimum Shift Keying (a 

variation of frequency shift keying). 

 
3.2 Binary Phase Shift Keying 

  
 Binary phase shift keying is considered as our first modulation scheme in this 

thesis. One of the two phases is transmitted by the carrier for every bit duration, which is 

denoted by T. These two waveforms are antipodal in nature, as they are separated by 180 

degrees apart. Any two antipodal signals which has binary modulation over any other set 

of binary signals will have the minimum error probability (for fixed energy). The error 

probability (for fixed energy per bit) with two waveforms for transmitting information is 

smallest. 

 
 

 

 
Figure 20: Constellation Diagram for BPSK 
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3.2.1 Bit Error Probability of BPSK: 

  

 

 
Figure 21: Bit Error Probability Curve for BPSK 

 
 
 

3.3 Quadrature Phase Shift Keying 

 
We consider QPSK as our next modulation scheme. In this modulation scheme 

for a symbol duration denoted by � , one of the four phases is transmitted by the carrier 

signal. As one of four waveforms is transmitted. There will be two bits of information 
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for each symbol duration while transmitting. Another way of explaining QPSK is that 

phase differs by 90 degrees for two carriers. Then BPSK is used to modulate these 

carriers. These two carriers are known as the quadrature carriers and in-phase carriers. 

At the output of the correlation receiver these carriers do not interfere with each other as 

they are 90 degrees offset. The advantage of QPSK over BPSK is for the same 

bandwidth and bit error rate we can achieve the data rate as twice.  

The constellation diagram of QPSK is shown in below figure. The phase of the 

overall carrier can be one of four values. At any symbol transition, transitions between 

any of these four values may occur. Due to this, there is a possibility that the transition is 

to be 180 degree opposite phase, then amplitude of the signal goes through zero. This is 

known as instantaneous transition. In practice, the out-of-band components can be 

removed when the signal is filtered, this transition is slowed down and amplitude of the 

carrier goes through zero. For various reasons this is undesirable. One of the reason is 

that non-constant envelope signal with a nonlinear amplifiers will regenerate spectral 

components which are out-of-band. We also need certain synchronization circuits at the 

receiver, and also constant envelopes in order to maintain their tracking capability. One 

can mitigate these problems to some extent by using offset QPSK (OQPSK). 

3.3.1 Bit Error Probability of QPSK: 
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Figure 22: Constellation Diagram for QPSK 

 

3.4 Minimum Shift Keying 

Minimum shift keying has several significant advantages over the previously 

considered modulation schemes. MSK can be seen as a variant of OQPSK, where in 

order to allow smooth transition in between the phases, we need to shape the data pulse 

waveforms. It is also considered as a kind of frequency shift keying, in order to maintain 

orthogonality the two frequencies are separated by the minimum amount. When 

switching from one frequency to another it has continuous phase. One of the main 

advantage of MSK is better spectral efficiency. In fact the spectrum of MSK falls off at a 

faster rate than BPSK, QPSK and OQPSK. MSK may be a good choice, where low cost 

receivers can be used.  

3.5 Gaussian Minimum Shift Keying 

 GMSK is a kind of modulation technique used in different forms of digital radio 

communications systems. It uses spectrum efficiently while carrying data in digital 

format. One of the major problem with other kind of phase shift keying is, the 
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sidebands were extend outwards from the main carrier which leads to interference to 

the nearby channels  of other radio communications systems. GMSK uses spectrum 

efficientlt and reduces the sideband emissions. Thus, this modulation is mostly used 

in the radio communication applications. One of the  most widely used modulation 

technique in GSM cellular technology and has over 3 billion subcribers worldwide. 

           GMSK is derived from MSK, which is a continous-phase frequency-shift 

keying. As PSK standard forms has a problem with sideband extension which causes 

interference, to overcome this MSK derivative we use GMSK. As frequency changes 

occurs at zero crossing points , we don’t have any phase discontinuities. Thus, for 

MSK, we have a unique factor that the logical one and logical zero has a frequency 

difference which is always equal to half the data rate. This is defined as the 

modulation index, which is equal to 0.5. 
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CHAPTER 4 
 

EXPERIMENTAL SETUP 
 

This chapter discusses the setup that was used for this thesis work. My work is to 

test the radios in a hallway environment and outdoor environment. 

To conduct this experiment we used two USRP radios (Model – USRP 1) and 

two laptops in which GNU radio was installed. Let us consider that USRP A and PC1 

acts as the transmitter and USRP 2 and PC2 acts as the receiver.  

We made several changes to the default Python codes benchmark_tx.py and 

benchmark_rx.py which are located in the path /gnuradio/gr-

digital/examples/narrowband.  

Before explaining the transmission and reception procedure, we need to know 

more in detail about the packet structure before data packets are transmitted over the air. 

4.1 Packet Structure 

 In the terminal window of the transmitter side when we change the default 

parameters to our needs, the data is passed through a GNU radio function called 

‘make_packet’ where a complete packet is formed. 

The Packet structure consists of the following, is also seen in Figure 23. 

1. Preamble – Used for maintaining synchronization in between transmitter and 

receiver which is 2 bytes in length 

2. Access Code – This is positioned at the start of the packet. At the receiver both 

Preamble and Access code are correlated for better synchronization. This is 8 

bytes in length 
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3. Header – 4 Bytes in length and has the information about the length of the 

payload 

4. CRC 32 – Used for error detection for the payload and it is 4 bytes in length 

5. Whitener Offset – This determines where to begin the whitening. Ranges from 0 

to 15 bytes in length 

6. Payload – The payload length ranges from 1 to 4092 Bytes  

7. End Byte –This tells that the transmission is completed at the receiver which is 1 

byte in length 

 

 

Figure 23: Packet Structure 

 

4.2 Parameters to be changed 

 The following are the parameters the needed to be changed at transmitter and 

also receiver according to our needs for the hallway environment as well as the outdoor 

environment in the terminal window. 

1. Operating Frequency: The frequency which we used at the transmitter and the 

receiver for the data transmission and reception is 945 MHz. It can be changed 

by using “–f  945MHz” at the command line. 
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2. Modulation type: We used 3 different type of modulations which are BSPK, 

QPSK and GMSK. If we are sending by using GMSK modulation, then it can be 

represented as “–m gmsk”. 

3. Tx-gain: According the environment like hallway and outdoor we varied 

transmitter gain. This gain specifies how well the antenna converts the input 

power into the radio waves. 

4. Rx-gain: We need more rx-gain as we are working in the outdoor and hallway 

environments. This gain specifies how well the antenna converts radio waves 

into the electrical power.  

4.3 At Transmitter 

 In the terminal window we need to follow the path in order to select the 

benchmark_tx.py where it is located. Then we need to change the parameters like 

frequency, modulation technique, and transmitter gain according to our requirement. The 

following figure shows the terminal window settings for the transmitter. 

 

Figure 24: Transmitter Terminal Window 
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4.4 At Receiver 

  We need to follow the same path, but this time we need to select the 

benchmark_rx.py file for the receiver. Instead of transmitter gain we need to set receiver 

gain along with frequency and the type of modulation technique which we are using. 

And also we need to save the results in a file which is shown in the following figure 

 

Figure 25: Receiver Terminal Window 

 

4.5 Testing Environments 

 As discussed earlier, we are testing the radios in two environments, which are 

hallway and outdoor environments. 

 

4.5.1 Hallway Environment 

 The radios are placed in a hallway which were separated by a distance of 20 

meters. And also, we have a wall in between the radios as an obstruction. The reason to 

test in this environment is to test the behavior of the signals when their strength gets 

reduced because of the obstruction. In this environment we tested three different 

modulation techniques like BPSK, QPSK and GMSK and respective results are 
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explained in the following section. The transmitter gain and receiver gain used for this 

test were 40 dB and 50 dB. We have sent 2000 packets of the same data, each packet 

comprising of 11,960 bits. We have used a long string of the letter‘t’ in the data packet. 

The following figure shows the experimental setup of the radios in the Hallway 

environment. 

 

 

Figure 26: Hallway Environment Setup 

 

4.5.2 Quadrangle Environment 

 The most interesting part of our work is working in the outdoor environment. 

The environment which we tested was a quadrangle environment surrounded by 

buildings on four sides where the radios were placed. Radios were placed 50 meters 

apart. Even in this environment, we tested with three different modulation techniques 

like BPSK, QPSK and GMSK and respective results are explained in the following 
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section. The transmitter gain and receiver gain used for this test were 40 dB and 50 dB. 

We have sent 2000 packets of same data, each packet comprising of 11,960 bits. We 

have used letter ‘t’ in the data packet. 

The following figure shows the experimental setup of the quadrangle 

environment setup 

 

Figure 27: Quadrangle Environment Setup 

Now, let us see how the terminal window looks when we are sending the data packets 

from the transmitter and also while simultaneously receiving data packets by the 

receiver. 
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Figure 28: Transmitter Terminal Window while Sending Data Packets 

 

Figure 29: Receiver Terminal Window while Receiving Data Packets 
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CHAPTER 5 

RESULTS AND ANALYSIS 

 We have worked on 3 modulation schemes in each of the environments as 

discussed earlier. To smooth the plots, we have applied a moving average window of 

size 50 (50 data packets), which helped us to determine the nature of each curve in a 

better way. Every plot is displayed for BER for around 2000 packets; many cases 

showed slow variations of the BER.  

5.1 Hallway Environment Results 

 

Figure 30: BPSK in Hallway Environment 

 Figure 30 shows the BPSK in the hallway environment with Rx gain and Tx gain 

set to 50 dB and 40 dB respectively. We can clearly observe few large bursts of around 

60 packets which caused BER to be more. Also, we can observe that we have lost almost 

half of the sent packets, due to the presence of a wall which caused signal attenuation. 
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Figure 31: QPSK in Hallway Environment 

 QPSK in a hallway environment with Rx gain and Tx gain of 50 dB and 40 dB 

respectively is shown in the Figure 31. We can see the number of packets has increased 

when compared with BPSK. We received almost all the packets which we have sent. 

The averaged BER for this case is 0.0007023 

 

Figure 32 shows the GMSK in the hallway environment with Rx gain 50 dB and 

Tx gain 40 dB. Values for BER are much higher than the previous two figures. We can 

see longer term trends, especially for the entire plot. 



 

34 

 

Figure 32: GMSK in Hallway Environment 

 

Figure 33: Hallway Environment 
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 Figure 33 shows the previous 3 plots together for the hallway environment. Here, 

we can clearly observe that BER for GMSK was markedly worse. The BER for BPSK 

and QPSK was pretty low. But for QPSK we were able to receive almost all the packets. 

So, we can clearly state that QPSK was less susceptible to bursts of errors when 

compared to BPSK and GMSK in the hallway environment. 

The BER values were computed for those packets that were actually received. The 

averaged BER values are as follows: 

BPSK – 0.0009275 

QPSK – 0.0007023 

GMSK – 0.06125 

5.2 Quadrangle Environment Results 

 

Figure 34: BPSK in Quadrangle Environment 
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 Figure 34 shows BPSK in the quadrangle environment with Rx gain and Tx gain 

of 50 dB and 40 dB respectively. As we know noise and multipath fading plays a crucial 

role for the outdoor environment, we can clearly observe that we have received more 

than half of the packets. A couple of large bursts for around 100 packets has increased 

the BER. The averaged BER in this case is 0.002105. 

 

 

Figure 35: QPSK in Quadrangle Environment 

 The above Figure 35 shows QPSK in the quadrangle environment with Rx gain 

50 dB and Tx gain 40 dB. We can see a couple of bursts in the beginning and we can 

also see the long term trend of increased BER after 600 packets which caused BER to be 

more. For QPSK in outdoor environment, we have received around 1500 packets which 

are quite more than the previous case. The averaged BER in this case is 0.01482. 
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Figure 36: GMSK in Quadrangle Environment 

 Figure 36 shows GMSK in the quadrangle environment with Rx and Tx gains of 

50 dB and 40 dB respectively. We can clearly see the effects of longer bursts of errors 

for the entire plot. In this case we received around 700 packets, which are very less when 

compared with previous two cases. The averaged BER in this case is 0.1873. 
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Figure 37: Quadrangle Environment 

 Figure 37 shows previous 3 plots for the quadrangle environment. We can 

observe BPSK has a very low BER when compared to QPSK and GMSK. We received 

more packets for QPSK with moderate BER. For GMSK we lost more than half of the 

packets and we can observe longer bursts of errors which increased the BER. 

The averaged BER values are as follows: 

BPSK – 0.002105 

QPSK – 0.01482 

GMSK – 0.1873 
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5.3 Explanations for Results 

There are many possible explanations for the results that were seen in Section 5.1 

and 5.2.  For sure we have seen that BER and long term BER effects are dependent on 

the choice of modulation. 

These could be issues such as motion of surrounding objects, time-of-day, USRP 

hardware, choice of which device was transmitter or receiver, etc. We conducted several 

measurement studies to investigate explanations but were not able to find consistent 

results. We did not see a clear answer as to whether a certain issue for sure affected or 

did not affect these long term BER effects. 

5.4 Additional Results 

The following are the results which are for the hallway environment for further 

reference. We tested radios with three different modulation techniques with 4 iterations 

i.e. tested the same environment with same modulation scheme for 4 times to observe 

the behavior. 
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Figure 38: BPSK in Hallway Environment (Iteration-1) 

 

Figure 39: BPSK in Hallway Environment (Iteration-2) 
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Figure 40: BPSK in Hallway Environment (Iteration-3)  

 

 

 

Figure 41: BPSK in Hallway Environment (Iteration-4) 
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Figure 42: QPSK in Hallway Environment (Iteration-1)  

 

 

 

Figure 43: QPSK in Hallway Environment (Iteration-2)  
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Figure 44: QPSK in Hallway Environment (Iteration-3)  

 

Figure 45: QPSK in Hallway Environment (Iteration-4)  
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Figure 46: GMSK in Hallway Environment (Iteration-1)  

 

 

Figure 47: GMSK in Hallway Environment (Iteration-2)  
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Figure 48: GMSK in Hallway Environment (Iteration-3)  

 

 

 

Figure 49: GMSK in Hallway Environment (Iteration-4)  
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The below table shows the number of packets received in each iteration for 

different kind of modulation scheme and averaged bit error rate for each case. 

 

Table 1.2: Additional Results 

Modulation Scheme 
- Iteration Received Packets BER (%) 
BPSK 1 1946 0.0004209 
BPSK 2 1856 0.0001436 
BPSK 3 1962 0.0000803 
BPSK 4 1966 0.0001204 
QPSK 1 1918 0.002433 
QPSK 2 1870 0.007829 
QPSK 3 1398 0.007341 
QPSK 4 1961 0.0003073 
GMSK 1 1374 0.0946 
GMSK 2 1911 0.01382 
GMSK 3 1932 0.01516 
GMSK 4 1391 0.08477 

 

Here, even from additional results we can clearly observe that for BPSK the 

averaged BER(%) is low when compared with other two modulation schemes. 
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CHAPTER 6 

CONCLUSION AND FUTURE SCOPE 

6.1 Conclusion 

 We tested the Software defined USRP radios in real world environments, which 

includes both hallway and quadrangle environment. BER measurements were 

successfully obtained and computed using MATLAB. We observed long term slow 

variations in the BER in different environments that were relatively close in distance and 

were stationary. Such results are not described by commonly used channel models for 

small scale and large scale fading.  

From our observations, there are several factors effecting the BER which 

includes multipath fading, noise, motion of surrounding objects, time of day, choice of 

which device was transmitter or receiver, and also there is a chance of hardware issues 

of the USRP. Apart from these effects we have seen BPSK to have less variations than 

QPSK and GMSK. And also QPSK was able to receive more data packets when 

compared to BPSK and GMSK in both the environments. 

 

6.2 Future Scope 

 In the future, we can add another USRP radio as a transmitter or as a receiver, so 

that we can analyze the transmitting capacity or we can increase the reception capability 

depending on the environment and the use case. Therefore, we can decrease the BER 

value and also we can observe the increase in the number of packets received. 

 SDR plays an important role in the near future for researchers. Researchers have 

been developing the narrowband Internet of Things (NB-IoT) system with software-
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defined radio system. This implementation is for the physical layer of the GSM carrier 

version of NB-IoT [9]. 

 We tested the radios in stationary environments until now. In the future, we can 

implement by mounting the radios on vehicles. So, we might observe some behavioral 

changes in the long term trends of BER. In this thesis we have tried with basic 

modulation techniques like BPSK, QPSK, and GMSK. We can test higher modulation 

techniques like 16 QAM and 64 QAM. 
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Appendix 

We made several changes to benchmark_tx.py, benchmark_rx.py according to our 

needs.  

################################################################### 

Transmitter Code (benchmark_tx.py) 

################################################################### 

#!/usr/bin/env python 

# 

# Copyright 2010,2011,2013 Free Software Foundation, Inc. 

#  

# This file is part of GNU Radio 

#  

# GNU Radio is free software; you can redistribute it and/or modify 

# it under the terms of the GNU General Public License as published by 

# the Free Software Foundation; either version 3, or (at your option) 

# any later version. 

#  

# GNU Radio is distributed in the hope that it will be useful, 

# but WITHOUT ANY WARRANTY; without even the implied warranty of 

# MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See 

the 

# GNU General Public License for more details. 

#  
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# You should have received a copy of the GNU General Public License 

# along with GNU Radio; see the file COPYING.  If not, write to 

# the Free Software Foundation, Inc., 51 Franklin Street, 

# Boston, MA 02110-1301, USA. 

#  

 

from gnuradio import gr 

from gnuradio import blocks 

from gnuradio import eng_notation 

from gnuradio.eng_option import eng_option 

from optparse import OptionParser 

 

# From gr-digital 

from gnuradio import digital 

 

# from current dir 

from transmit_path import transmit_path 

from uhd_interface import uhd_transmitter 

 

import time, struct, sys 

 

#import os  

#print os.getpid() 
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#raw_input('Attach and press enter') 

 

class my_top_block(gr.top_block): 

    def __init__(self, modulator, options): 

        gr.top_block.__init__(self) 

 

        if(options.tx_freq is not None): 

            # Work-around to get the modulation's bits_per_symbol 

            args = modulator.extract_kwargs_from_options(options) 

            symbol_rate = options.bitrate / modulator(**args).bits_per_symbol() 

 

            self.sink = uhd_transmitter(options.args, symbol_rate, 

                                        options.samples_per_symbol, options.tx_freq, 

                                        options.lo_offset, options.tx_gain, 

                                        options.spec, options.antenna, 

                                        options.clock_source, options.verbose) 

            options.samples_per_symbol = self.sink._sps 

             

        elif(options.to_file is not None): 

            sys.stderr.write(("Saving samples to '%s'.\n\n" % (options.to_file))) 

            self.sink = blocks.file_sink(gr.sizeof_gr_complex, options.to_file) 

        else: 

            sys.stderr.write("No sink defined, dumping samples to null sink.\n\n") 
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            self.sink = blocks.null_sink(gr.sizeof_gr_complex) 

 

        # do this after for any adjustments to the options that may 

        # occur in the sinks (specifically the UHD sink) 

        self.txpath = transmit_path(modulator, options) 

 

        self.connect(self.txpath, self.sink) 

 

# ///////////////////////////////////////////////////////////////////////////// 

#                                   main 

# ///////////////////////////////////////////////////////////////////////////// 

 

def main(): 

 

    def send_pkt(payload='', eof=False): 

        return tb.txpath.send_pkt(payload, eof) 

 

    mods = digital.modulation_utils.type_1_mods() 

 

    parser = OptionParser(option_class=eng_option, conflict_handler="resolve") 

    expert_grp = parser.add_option_group("Expert") 

 

    parser.add_option("-m", "--modulation", type="choice", choices=mods.keys(), 
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                      default='psk', 

                      help="Select modulation from: %s [default=%%default]" 

                            % (', '.join(mods.keys()),)) 

 

    parser.add_option("-s", "--size", type="eng_float", default=1500, 

                      help="set packet size [default=%default]") 

    parser.add_option("-M", "--megabytes", type="eng_float", default=1.0, 

                      help="set megabytes to transmit [default=%default]") 

    parser.add_option("","--discontinuous", action="store_true", default=False, 

                      help="enable discontinous transmission (bursts of 5 packets)") 

    parser.add_option("","--from-file", default=None, 

                      help="use intput file for packet contents") 

    parser.add_option("","--to-file", default=None, 

                      help="Output file for modulated samples") 

 

    transmit_path.add_options(parser, expert_grp) 

    uhd_transmitter.add_options(parser) 

 

    for mod in mods.values(): 

        mod.add_options(expert_grp) 

 

    (options, args) = parser.parse_args () 

 



 

54 

    if len(args) != 0: 

        parser.print_help() 

        sys.exit(1) 

            

    if options.from_file is not None: 

        source_file = open(options.from_file, 'r') 

 

    # build the graph 

    tb = my_top_block(mods[options.modulation], options) 

 

    r = gr.enable_realtime_scheduling() 

    if r != gr.RT_OK: 

        print "Warning: failed to enable realtime scheduling" 

 

    tb.start()                       # start flow graph 

         

    # generate and send packets 

    nbytes = int(1e6 * options.megabytes) 

    n = 0 

    pktno = 0 

    pkt_size = int(options.size) 

 

    while n < nbytes: 
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        if options.from_file is None: 

#            data = (pkt_size - 2) * chr(pktno & 0xff)  

            data = (pkt_size - 2) * 't'  

        else: 

            data = source_file.read(pkt_size - 2) 

            if data == '': 

                break; 

 

        payload = struct.pack('!H', pktno & 0xffff) + data 

        send_pkt(payload) 

        n += len(payload) 

        sys.stderr.write('.') 

        if options.discontinuous and pktno % 5 == 4: 

            time.sleep(1) 

        pktno += 1 

         

    send_pkt(eof=True) 

 

    tb.wait()                       # wait for it to finish 

 

if __name__ == '__main__': 

    try: 

        main() 
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    except KeyboardInterrupt: 

        pass 

 

##################################################################### 

Receiver Code (benchmark_rx.py) 

#################################################################### 

#!/usr/bin/env python 

# 

# Copyright 2010,2011,2013 Free Software Foundation, Inc. 

#  

# This file is part of GNU Radio 

#  

# GNU Radio is free software; you can redistribute it and/or modify 

# it under the terms of the GNU General Public License as published by 

# the Free Software Foundation; either version 3, or (at your option) 

# any later version. 

#  

# GNU Radio is distributed in the hope that it will be useful, 

# but WITHOUT ANY WARRANTY; without even the implied warranty of 

# MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See 

the 

# GNU General Public License for more details. 

#  
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# You should have received a copy of the GNU General Public License 

# along with GNU Radio; see the file COPYING.  If not, write to 

# the Free Software Foundation, Inc., 51 Franklin Street, 

# Boston, MA 02110-1301, USA. 

#  

 

from gnuradio import gr, gru 

from gnuradio import blocks 

from gnuradio import eng_notation 

from gnuradio.eng_option import eng_option 

from optparse import OptionParser 

 

# From gr-digital 

from gnuradio import digital 

 

# from current dir 

from receive_path import receive_path 

from uhd_interface import uhd_receiver 

 

import struct 

import sys 

 

#import os 
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#print os.getpid() 

#raw_input('Attach and press enter: ') 

 

class my_top_block(gr.top_block): 

    def __init__(self, demodulator, rx_callback, options): 

        gr.top_block.__init__(self) 

 

        if(options.rx_freq is not None): 

            # Work-around to get the modulation's bits_per_symbol 

            args = demodulator.extract_kwargs_from_options(options) 

            symbol_rate = options.bitrate / demodulator(**args).bits_per_symbol() 

 

            self.source = uhd_receiver(options.args, symbol_rate, 

                                       options.samples_per_symbol, options.rx_freq,  

                                       options.lo_offset, options.rx_gain, 

                                       options.spec, options.antenna, 

                                       options.clock_source, options.verbose) 

            options.samples_per_symbol = self.source._sps 

 

        elif(options.from_file is not None): 

            sys.stderr.write(("Reading samples from '%s'.\n\n" % 

(options.from_file))) 

            self.source = blocks.file_source(gr.sizeof_gr_complex, options.from_file) 
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        else: 

            sys.stderr.write("No source defined, pulling samples from null 

source.\n\n") 

            self.source = blocks.null_source(gr.sizeof_gr_complex) 

 

        # Set up receive path 

        # do this after for any adjustments to the options that may 

        # occur in the sinks (specifically the UHD sink) 

        self.rxpath = receive_path(demodulator, rx_callback, options)  

 

        self.connect(self.source, self.rxpath) 

 

 

# ///////////////////////////////////////////////////////////////////////////// 

#                                   main 

# ///////////////////////////////////////////////////////////////////////////// 

 

global n_rcvd, n_right 

 

def main(): 

    global n_rcvd, n_right, bits_rcvd, bits_error 

 

    n_rcvd = 0 
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    n_right = 0 

    bits_rcvd = 0 

    bits_error = 0 

    per_packet_error = 0 

     

    def rx_callback(ok, payload): 

        global n_rcvd, n_right, bits_rcvd, bits_error, per_packet_error 

        (pktno,) = struct.unpack('!H', payload[0:2]) 

 thislen=len(payload)  

        n_rcvd += 1 

        if ok: 

            n_right += 1 

 

 per_packet_error = 0  

 for ii in range(5,thislen): 

     bits_rcvd += 8 

     c=payload[ii] 

            bitdiff = (ord(c)^ord('h')) 

     bitdiff_string = bin(bitdiff) 

            # print "%s %s" % (bitdiff, bitdiff_string) 

            for charindex in range(1,len(bitdiff_string)): 

  if bitdiff_string[charindex]=='1': 

                    bits_error += 1 
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             per_packet_error += 1  

  

 per_packet_BER = float(per_packet_error/float(thislen-5+1))*100                     

        print "ok= %5s  pktno= %4d  n_rcvd= %4d  n_right= %4d success_rate= %f 

bits_rcvd= %d bits_error= %d BER= %10.10f per_packet_BER= %f"% ( 

            ok, pktno, n_rcvd, n_right, float(float(n_right)/float(n_rcvd)*100), 

bits_rcvd, bits_error, float(float(bits_error)/float(bits_rcvd)*100), 

per_packet_BER) 

 

 

    demods = digital.modulation_utils.type_1_demods() 

 

    # Create Options Parser: 

    parser = OptionParser (option_class=eng_option, conflict_handler="resolve") 

    expert_grp = parser.add_option_group("Expert") 

 

    parser.add_option("-m", "--modulation", type="choice", 

choices=demods.keys(),  

                      default='psk', 

                      help="Select modulation from: %s [default=%%default]" 

                            % (', '.join(demods.keys()),)) 

    parser.add_option("","--from-file", default=None, 

                      help="input file of samples to demod") 
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    receive_path.add_options(parser, expert_grp) 

    uhd_receiver.add_options(parser) 

 

    for mod in demods.values(): 

        mod.add_options(expert_grp) 

 

    (options, args) = parser.parse_args () 

 

    if len(args) != 0: 

        parser.print_help(sys.stderr) 

        sys.exit(1) 

 

    if options.from_file is None: 

        if options.rx_freq is None: 

            sys.stderr.write("You must specify -f FREQ or --freq FREQ\n") 

            parser.print_help(sys.stderr) 

            sys.exit(1) 

 

 

    # build the graph 

    tb = my_top_block(demods[options.modulation], rx_callback, options) 
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    r = gr.enable_realtime_scheduling() 

    if r != gr.RT_OK: 

        print "Warning: Failed to enable realtime scheduling." 

 

    tb.start()        # start flow graph 

    tb.wait()         # wait for it to finish 

 

if __name__ == '__main__': 

    try: 

        main() 

    except KeyboardInterrupt: 

        pass 

 

#######################################################################

### 

MATLAB Code 

#######################################################################

### 

fileID = fopen('filename.txt'); 

C = textscan(fileID, '%s %s %s %d %s %f32 %s %d %s %f %s %f %s %f %s 

%f32 %s %f'); 

celldisp(C); 

datasize1= C{6}; 
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RP1=C{12}; 

EP1=C{14}; 

CumBER1 = EP1./RP1; 

 

% Only are given CumBER, R, E 

BERwindow1=50; 

BERvect1=[]; 

for i=BERwindow1+1:1517; 

    thisR1=0; 

    thisE1=0; 

    for j=i-BERwindow1+1:i 

        thisR1=thisR1+RP1(j)-RP1(j-1); 

        thisE1=thisE1+EP1(j)-EP1(j-1); 

    end 

    thisR1 

    thisE1 

    thisBER1=thisE1/thisR1 

    BERvect1(i)=thisBER1; 

     

end 

 

figure; 
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 h1=line_fewer_markers(C{6},BERvect1,10,'-^k','MarkerSize', 

5,'MarkerFaceColor', 'k'); 

 xlabel('Number of Packets','fontweight','bold','fontsize',10); 

 ylabel('BER(%)','fontweight','bold','fontsize',10); 

 set(gca,'FontWeight','bold'); 

 title('BPSK with Rx-gain = 10 dB','fontweight','bold','fontsize',10); 
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