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ABSTRACT 
 
 

Next-generation software-defined free-space optical (FSO) communication 
systems may substitute many conventional radio communication systems. The 
conventional single-purpose dedicated hardware resources in the telecommunication 
systems have significant limitations since they provide a single communication service 
using a specific standard at a time. It is also expensive to upgrade to the emerging new 
standards such as 5G New Radio (5GNR) by substituting the existing hardware resources. 
Reprogrammable FPGA-based Software Defined Radio (SDR) technology is deployed as 
a feasible solution to this problem since they can be reconfigured simultaneously realizing 
the user requirements. When integrated with the FSO system it opens a plethora of 
opportunities since the Visible Light Frequency Spectrum is barely occupied by the 
existing technologies and can be designed cost-effectively for the vast bandwidth it has to 
offer. In this thesis work, we implemented a real-time FSO communication system using 
an SDR platform. A fully-functional optical communication link has been accomplished 
using the Universal Software Radio Peripheral (USRP), MATLAB-Simulink 
communication toolbox and hardware support package, Laser diode, and a Photodetector. 
We demonstrate successful transmission and reception of baseband signals with very low 
bit error rate. Visually identical transmitted and received signals also validate the accuracy 
of the simulation results when compared to those obtained from the real-time FSO-SDR 
communication system. 
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CHAPTER ONE: INTRODUCTION 
 
 

1.1 Objectives of this Thesis Work 
 
 
 The main objective of this research work was to design and experimentally 

demonstrate a real-time software-defined transceiver prototype for free-space optical 

(FSO) communications. In an effort to do so, we have investigated the performance of an 

SDR-based real-time transceiver system that is FSO capable. This system uses subcarrier 

multiplexing, direct-modulation and direct-detection. Whilst endeavoring towards our 

goal, we experimentally evaluated the following objectives: 

I. The SDR based FSO system’s performance in terms of bit error rate (BER) using 

different types of digital modulation schemes such as QPSK, QAM and DPSK. 

II. The performance of our receiver system in terms of constellation diagrams using 

different modulation schemes. 

III. The performance of our decoding systems in terms of recovering originally sent 

message via FSO channel. 

 
1.2 Overview and Motivation 

 
 
 Global mobile data traffic has grown massively in recent years using the prevalent 

RF spectrum. According to the prediction of CISCO, the mobile backbone network will 

face enormous data congestion in the foreseeable future since mobile data traffic is 

increasing exponentially every year. The latest Cisco forecast reveals that the mobile data 

traffic is expected to reach 77 exabytes per month by 2022 having a compound annual 
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growth rate (CAGR) of 46% from 2017 to 2022 [1]. The ubiquitous use of electronic 

devices that are simultaneously accessing mobile networks is the dominant reason for the 

expected data congestion. Apart from the spectrum deficiency, RF spectrum also suffers 

interference issues since most wireless devices are electromagnetic. Also, the RF spectrum 

is not suitable to be used in the systems where low latency and full-security is a must such 

as Vehicular, Medical, and Safety Communication.  

Over the years, scientists and researchers are conducting continuous researches to 

overcome challenges associated with the existing RF links [2]. Optical-fiber-based 

networks were primarily thought to be the only viable solution to this issue and have been 

widely used worldwide. However, installation of optical fiber in the ground is costly and 

requires authorization from several agencies which costs a lot of time and energy. 

Furthermore, once an optical fiber system is buried, their re-deployment is severely critical 

as well [3]. 

 

Figure 1.1: Mobile Data Traffic 2017~2022 by Cisco [1]. 

 



3 
 

To achieve higher throughput by the efficient use of the spectrum, the scientists are 

looking for an alternative to the RF spectrum. The primary aim in this regard is to achieve 

interference free optical-fiber like speed which would not require many authorizations and 

can be installed and reconfigured easily. One feasible solution is the use of the visible part 

of the spectrum that occupies 430 THz to 790 THz. This spectrum includes infrared (IR), 

visible (VL) and ultraviolet (UV) frequency bands which are shown in Figure 1.2. This is 

an unregulated, unlicensed, and safe medium which is also a thousand times larger than the 

entire RF spectrum [2] [4]. While assuring extra capacity and higher modulation 

bandwidth, wireless VLC also operates in lower SWaP (Size, Weight, and Power) than its 

RF counterparts utilizing the Light Emitting Diode (LED) technology.  They are perfect 

for indoor use, and their illumination helps in saving energy that would have been used by 

the RF hardware.  

The only limitation in a massive deployment of this kind of technology is the 

divergence of the LED beams. Though they are eye safe, cheap, and can easily substitute 

Wi-Fi technology, on the darker side, they cannot cover larger distances such as Global 

Navigation Satellite System (GNSS), Satellite-to-Satellite (S2S) and Vehicle-to-Vehicle 

(V2V) communication. The solution to this issue is to design systems that use laser beams 

since they are highly-directional, inherently-immune to eavesdropping, and faster than 

LEDs [5]. This technology is referred to as the Free-Space Optical Communication in the 

literature and considered as the perfect replacement of the optical fibers and RF-based 

settings.  
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Figure 1.2: Electromagnetic (EM) spectrum. 

 

 

Figure 1.3: FSO communication between aircraft-to-aircraft, aircraft-to-High Altitude 
Platform (HAP), aircraft/satellite/HAP-to-ground. 

 

While optical fiber takes months to be available in some areas and creates problems 

due to trenching, deployment of this technology takes only a few hours even in a busy 

urban area. They can co-exist in tandem with optical fiber. Figure 1.4 shows how RF, FSO, 

and optical fiber-based networks can co-exist [6]. 
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Figure 1.4: Hybrid RF, FSO, and Optical fiber link. 

 
FSO networks will be primarily SDR-based that uses programmable transceivers 

capable of working with various wireless communication systems and optical fiber-based 

networks. Based on the reasons above, this work concentrates on the design and 

implementation of a low-cost FSO link using a commercially available SDR platform. 

Before implementing the real-time FSO using SDR, we have designed and 

optimized a low-cost VLC model and successfully transmitted and received signals using 

BPSK and DPSK modulation schemes with a zero bit error rate (BER). Figure 1.5-1.8 

shows the setup and some results of this experiment. For this system, we were storing the 

transmitted data in a USB and later compared it with the received data in a software 

program for this non-real time system.  Since the oscilloscope memory has limitation in 

storing big data, therefore, the throughput of this system was low as compared to our real-

time FSO system. The constraints of this off-the-shelf low-cost VLC system is one of the 

biggest motivations to start this real-time FSO system using a higher order modulation 

scheme such as QPSK and QAM.  
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Figure 1.7: Transmitted and Received 
BPSK signals. 

Figure 1.8: Transmitted and received 
square waves. 

 
 

1.2 Related Works 
 
 

The use of Optical Wireless Communication (OWC) has achieved tremendous 

attention recently. Rapid growth in the study and research of this promising technology can 

be observed in both the academia and industry. Some scientific work focuses on the 

theoretical modeling and simulation whereas many research groups presented experimental 

Figure 1.5: Transmitting signals from the 
PC audio card. 

Figure 1.6: Transceiver circuit. 
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investigation to validate the theoretical models. In this section, we review recent 

publications related to the learning scope of this thesis.  

Optical Wireless Communication (OWC) refers to any optical transmission by 

means of an unguided media. It can take advantage of the light emitting characteristics of 

both the LED and LASER diodes. The LEDs are mainly a good medium for indoor use. 

The Laser diodes are very useful when it comes to the terrestrial point-to-point OWC links. 

Both of them belongs to the Visible Light Communication (VLC) and can be switched on 

and off at very high speed without any notable effect on the output. The FSO links can 

resolve the existing ‘last-mile’ access network issues by bridging the gap between the end 

user and the prevalent fiber optic infrastructure. This topic is elaborately discussed in [6] 

with other potential applications such FSO-Optical Fiber bidirectional links, cellular 

backhaul networks, wireless metropolitan area network (WMAN) extensions, broadband 

access to the remote areas, and surveillance video cameras. Figure 1.9 shows how FSO can 

be used for hybrid Optical distribution networks.  

Figure 1.9: FSO link between Optical Distribution Networks (ODN). 
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A comprehensive study of VLC with the applications, potential modulation 

techniques, and research challenges have been discussed in [7]. The challenges in the 

implementation of VLC has been summarized as 1) interference with the surrounding light 

sources, 2) interference between several VLC modules, 3) VLC integration with existing 

technologies of the telecom industry.  

A detailed study of the FSO networks has been presented in [8]. Potential global 

FSO networks have been classified into three subnetworks: Optical Wireless Terrestrial, 

Optical Wireless Satellite, and Optical Wireless Home networks. Important design factor 

in FSO networks has also been discussed broadly with their existing solutions. The state-

of-the-art SDRs and the challenges associated with them have been presented in [9]. In this 

paper, a thorough examination of the architecture and design approaches of different types 

of SDR hardware platforms have also been presented with their pros and cons. For 

example, it is easier to program GPPs than FPGAs. However, they are inefficient in terms 

of power use, which is the main trade-off. DSP based processors are power efficient and 

best choice for the signal processing applications. However, they are expensive than GPPs 

and FPGAs.  

Reference [10]  presents the implementation of an IEEE standard based VLC-SDR 

prototype using two USRP 2920 devices and Labview. This setup can successfully transmit 

and receive audio signals up to 2 meters. The BER results of all PHY I modes of IEEE 

802.15.7 within 1-meter distance has also been presented.   

One of the current demands of the telecommunication and space communication 

industry is to address existing issues related to the use of the already crowded RF spectrum. 
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In [11], how the integration of VLC with SDRs can be used as a valid tool that can 

efficiently adapt to the novel applications and new standards has been elaborately 

discussed. The simplicity of the integration process of the SDRs, cost-efficiency and 

flexible installation architecture can broadly benefit the next generation communication 

systems. 5GPP has approved VLC, and several research groups have accomplished several 

experimental procedures. 

 

Figure 1.10: 5G NR block diagram [12]. 

One remarkable work is the experimental framework shown in Figure 1.10. The 5G 

New Radio (NR) standard is soon to be in the market and integration of 5G NR with VLC 

architecture is carried out in this work. The upcoming 5G NR frame with VLC integration 

will offer a great improvement in the user data use experience. The indoor Li-Fi networks 

will enhance the possibility of wireless hybrid networking and assure a higher data rate. 

This experiment was able to achieve a data rate of 14.4 Mb/s and an Error Vector 

Magnitude (EVM) of 4.78% for a 55 cm FSO link. One of the shortcomings of this 
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experimental setup is that it can only be utilized indoors. To achieve long-distance satellite 

communication systems, testbed setup needs Laser instead of LED. 

 In [13], a new ns3-based VLC module was developed to study the VLC-RF 

heterogeneous networks using network simulation. While they use the existing models for 

VLC, they also extensively investigated the design of the network protocols can best 

exploit the characteristics of each medium. Their experimental setup utilizes a VLC testbed 

setup using LED emitters and Photodiodes and USRP device. Furthermore, the 

performance of a hybrid Wifi-Lifi network has been evaluated using the ns3 environment. 

 
1.3 Thesis Organization 

 
The remaining of this thesis is organized as follows. In chapter 2, we explain the 

theoretical background for establishing the Simulink model. In chapter 3, we review SDR 

architecture. In chapter 4, we present an overview of different hardware components we 

used in this experiment. In chapter 5, we present our test results and discussions. We 

conclude the thesis work in chapter 6. 
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CHAPTER TWO: THEORETICAL MODEL 

 
 

2.1 Quadrature Phase Shift Keying (QPSK) 
 
 
 Wireless and satellite communication requires higher frequencies to transmit and 

receive data efficiently. These applications demand the design of the transceiver systems 

that enable higher data rate transmission within a limited channel bandwidth. Therefore, 

multiple bits of data should be encoded into each symbol to achieve the desired spectrum 

efficiency.  

 In QPSK, as like BPSK, the transmitted signal's carried information is hidden in 

the phase of the sinusoidal carrier. The carrier sinusoid undergoes four possible phase shifts 

(four symbols) while the amplitude and frequency of the baseband signal remain constant. 

Four equally spaced phase values, such as π/4, 3π/4, 5π/4, and 7π/4 can be chosen as the 

phase of the carrier sinusoid. Each symbol represents two binary bits. Thus this modulation 

scheme doubles the bandwidth efficiency as compared to BPSK while keeping the overall 

channel bandwidth constant.  The transmitted signal can be represented as: 

               ( )
2 cos 2 (2 -1) ,        04

 0,                                             ( ) 1                                         n

c
E f t n t TT

elsewhereS t
ππ 

 
  

+ ≤ ≤





=                   

Where, n = 1-4. E represents the energy per symbol of the transmitted signal and symbol 

duration is represented with T. A unique pair of bits in this scheme is called dibit. Each 

dibit can take on one of the phase values from the preceding equally spaced phase set to 

represent the Gray encoded pair of dibits: 10, 00, 01, and 11. If we notice, we can observe 
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that only a single bit is changed between adjacent dibits. The symbol duration T is twice 

the bit duration bT .  

 Utilizing the trigonometric identity cos (A + B) = cos A cos B − sin A sin B, (1)  

can be expanded as follows: 

 2 2( ) cos (2 1) cos(2 ) sin (2 1) sin(2 ),
4 4n c c

E ES t n f t n f t
T T

π ππ π   = − − −      
     (2) 

where n = 1-4. From (2), we can observe that the QPSK signal can be considered as the 

sum of two BPSK signals. The first term 

2 cos (2 -1) cos(2 )
4 c

E n f t
T

π π 
  

 

defines the product of a binary waveform by the sinusoidal carrier 

2 cos(2 )cf t
T

π  

having unit energy over T. It can also be observed that  

                        { ( )  /2   for n = 1,4
/2  for n = 2,3 3cos (2 1) .                                            

4
E
EE n π

−
 − =  

                           

We also see that this binary signal has an amplitude of / 2E± . The second term 

2 sin (2 -1) sin(2 )
4 c

E n f t
T

π π 
  

 

defines the product of a binary wave by the sinusoidal carrier 

2 sin(2 )cf t
T

π  

having unit energy over T.  
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We also notice that   

                        ( )
 

- /2      1, 2
/2      3, 4 4- sin (2 -1) .                                             

4
E for n
E for nE n π =

=
  =    

                       

We see that this binary signal also has an amplitude of / 2E±  depending on the value of 

index n. These two binary waves have identical symbol duration T. They are in quadrature 

with each other and have the same symbol energy. We can state that this pair forms an 

orthonormal pair of basis functions.  

Table 2.1: QPSK phase and amplitude [14] [15]: 
Value of 
index n 

Phase of 
QPSK signals 

(rad) 

In-Phase 
Amplitude 

Quadrature 
Amplitude 

Input dibit 

1 π/4 / 2E+  / 2E−  10 
2 3π/4 / 2E−  / 2E−  00 
3 5π/4 / 2E−  / 2E+  01 
4 7π/4 / 2E+  / 2E+  11 

 

2.1.1 QPSK Transmitter 
 
 
 To generate a QPSK waveform, first, the input binary data  is changed into a polar 

non-return-to-zero waveform. This waveform is denoted by b(t) in Figure 2.1 below. In 

b(t), symbols 1 and 0 are represented by the amplitude levels bE = / 2E+ and - bE =

- / 2E . The binary signal is then divided using a demultiplexer (serial to parallel 

converter) into two distinct binary waveforms made of the odd and even numbered bits of 

the input b(t). For example, for an input bit sequence 11000110, the odd bits are 1001 and 

the even bits are 1010. These two binary waveforms which are the demultiplexed 
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components of the input binary waveform are represented by 1( )a t  and 2 ( )a t in Figure 2.1. 

They are called In-phase and Quadrature components.  

 
 Figure 2.1: Schematic of QPSK Transmitter [31]. 

 
 

        
      Figure 2.2: QPSK waveform [32]. 

 
Figure 2.3: QPSK constellation 
diagram [16] 

. 

 
 These binary waveforms are then separately modulated through the quadrature 

carriers,  

2 cos(2 )cf t
T

π and
2 sin(2 )cf t
T

π . 
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After this, we obtain two separate orthogonal basis functions which are then superimposed. 

The resulting signal is the desired QPSK-TX signal [31].           

 
2.1.2 QPSK Receiver 
 
 
 The QPSK receiver uses coherent detection. It has two channels: in-phase(I)-

channel and quadrature (Q)-channel. Each channel consists of a product modulator, a low-

pass filter (LPF), a sampler, and a decision-making module. These components retrieve the 

odd and even sequence of bits in terms of the 1a (t) and 2a (t) demultiplexed signals.  

 
Figure 2.4: Schematic of QPSK Receiver [31]. 

 
 The in-phase signal is generated by multiplying the received QPSK signal with the 

locally generated cosine carrier. The quadrature signal is generated by multiplying the 

received QPSK signal with the locally generated orthogonal sinusoid carrier. The signal 

coming along the in-phase channel produces the odd bits and the signal coming along the 

quadrature channel produces the even bits. These two signals are then fetched to the input 
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of a multiplexer consisting of a parallel to serial converter. The transmitted bit sequence is 

recovered after this step [14] [15].  

 
2.1.3 Error Probability of QPSK 
  
 
 Error probability is used as a metric of the performance of any digital 

communication system. Its experimental counterpart, the bit error rate (BER) is the ratio 

of the number of erroneous bits (e.g noise, interference, distortion, or bit synchronization 

errors) to the total number of transmitted bits.  

 As shown before, the QPSK modulation consists of two independent BPSK 

modulations. The constellation diagram of the QPSK modulation scheme is provided in 

Figure 2.3. The even bits of the input data stream modulates the in-phase component of the 

carrier. The odd bits modulate the quadrature component of the carrier signal. Since BPSK 

is implemented on both quadratures, each quadrature can be demodulated separately and 

thus QPSK results in the same bit error probability as BPSK: 

                           2                 ,                                                                  (5)b
b

o

EP Q
N

 
=   

 
                                         

where bP  is the bit error probability, bE  is the signal energy/bit, and oN is the noise energy. 

In telecommunication networks, the transmission channel can often be represented by an 

Additive White Gaussian Noise channel. For linear modulation formats as PSK and 

coherent detection, the overall system performance can be expressed in terms of the  Q-

function. The ‘Q-function’ is defined as the integral of a Gaussian probability density 
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function with zero mean and unit variance. The general expression of this integral is 

expressed as: 

                     
2
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 The only penalty in using the QPSK instead of BPSK is the higher required power 

at the receiver. To achieve the same bit-error probability like BPSK, the QPSK receiver 

needs to use twice the power. The symbol error rate for QPSK is denoted as: 
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where sP  is the Probability of the symbol error,  E  is the signal energy per symbol, and 

oN is the noise energy. In case of a high SNR, such as real-time QPSK systems, the 

probability of symbol error can be approximated as [15]: 
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2.2 M-ary Quadrature Amplitude Modulation (QAM) 

 
 

 The Quadrature Amplitude Modulation (QAM) is a very popular modulation 

scheme that has widespread use in conventional optical and telecommunication systems. It 

offers high spectral efficiency (bits/s/Hz) by allowing more bit transmission in less time. 

In this method, two DSB-SC modulated signals of orthogonal carriers are first generated 

from two independent message signals. These two signals are multiplexed within the same 
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channel to conserve the overall channel bandwidth. Therefore, this scheme is equivalently 

called Quadrature Carrier Multiplexing in the literature.  

 QAM applies Amplitude Shift Keying (ASK) and Phase Shift Keying (PSK) to the 

orthogonal sinusoids of the same frequency. This means that both the phase and amplitude 

of the carrier sinusoid is changed when the data is modulated onto the carrier signal. One 

of these waves is called the in-phase component (I) and the other one, which is 90° phase 

apart is called the Quadrature component (Q). One important aspect is, this is an M-ary 

modulation scheme since two or more bits are grouped to represent a symbol and only one 

signal gets transmitted in each symbol period. M is the modulation order and the total 

number of possible symbols is determined by the relationship, 

                                       𝑀𝑀 = 2𝑚𝑚 ,                                                                           (9) 

where m is the number of bits per symbol, which must be an integer. 

 

Figure 2.5: Constellation diagram of 16-QAM. 
 The constellation diagram of 16-QAM is shown in Figure 2.5 with gray coded bit 

mapping that minimizes BER in the receiver. In gray coding, any two adjacent symbols 
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differ only by a bit which assures minimum humming distance. Each symbol is represented 

by the black ‘dot’ and transmitted in each symbol period. A unique combination of the 

phase and amplitude of I and Q components is represented by each symbol. There are 16 

symbols in total for 16-QAM where each symbol represents four bits.  In Figure 2.5, the 

bit combination of 0010 has an in-phase amplitude of -3 and quadrature amplitude of 3. 

Transmission of more data bits per symbol is possible by increasing the number of symbols. 

For example, a 64-QAM transmits 64 symbols with 6 bits per symbol (2^6=64) and a 256-

QAM transmits 256 symbols with 8 bits per symbol (2^8=256). If we compare 16-QAM 

and 256-QAM for the same symbol rate, we observe that 256-QAM achieves twice the 

data rate of 16-QAM.  

 

Figure 2.6: 8-QAM waveform. 

 
2.2.1 QAM Transmitter 

 In the QAM transmitter side, two orthogonal carriers of the same frequency are 

supplied to the input of two separate product modulators. These two carrier signals are 
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multiplied with the corresponding input message signals using the product modulator. The 

sum of the product modulator outputs is the QAM modulated transmitted signal. The 

transmitted signal is represented as: 

                1 2( ) ( ) cos(2 ) ( )sin(2 ),                                            (10)c c c cs t A m t f t A m t f tπ π= +  

Where 1( )m t and 2 ( )m t  are two unique input message signals of the common bandwidth 

W. The multiplexed signal has an overall bandwidth of 2W and centered at the carrier 

frequency.  The in-phase component of the multiplexed band-pass signal ( )s t is 1( )cA m t

and the quadrature component is 2 ( )cA m t− .  

 

Figure 2.7: Schematic of QAM transmitter [31]. 
 

2.2.2 QAM Receiver 

 The receiver circuit consists of two different coherent detectors. After receiving he 

multiplexed transmitted signal s(t), it is simultaneously multiplied with two local 
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orthogonal carriers of the same frequency. It is vital to match the phase and frequency of 

the carrier signals of the local oscillator of the transmitter and the receiver. Otherwise, the 

signal will not be detected correctly. In the receiver side, the in-phase channel (top detector) 

output is 1 ' ( )12
A A m tc c and the quadrature channel (bottom detector) output is 

1 ' ( )22
A A m tc c [31]. 

 

Figure 2.8: Schematic of QAM Receiver [31]. 
 

2.2.3 Probability of Bit Error of QAM 
 
 Probability of bit error of QAM scheme depends on the mapping of bits to symbols. 

The most common type of bit mapping used for QAM is gray mapping where one bit error 

happens due to one symbol error. This is because M-ary QAM modulation schemes have 

2log M bits per symbol which leads to 2log M bit errors for a symbol error. With Gray 

coding, BER≈SER for this scheme.  
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Table 2.2: Probability of bit error of M-QAM (erfc is the complementary error function). 

M m Probability of bit error: bP  

16 4 
20.375
5

EbP erfcb No

 
 ≅
 
 

 

32 5 
150.33
62

EbP erfcb No

 
 ≅
 
 

 

64 6 
10.292
7

EbP erfcb No

 
 ≅
 
 

 

128 7 
210.26

254

EbP erfcb No

 
 ≅
 
 

 

 
 

 
2.3 Differential Phase Shift Keying (DPSK) 

 
  
 Differential Phase Shift Keying (DPSK) is a special type of binary phase 

modulation scheme with memory which lets us utilize non-coherent detection in the 

receiver. In BPSK modulation, the phase of the carrier carries the transmitted information. 

Therefore, we are limited to use coherent detection which makes the detection process 

complex. This limitation is solved by the use of DPSK where we modulate the data onto 

the change of the phase of the carrier signal. Instead of transmitting the messages 

themselves, we transmit the difference between the adjacent messages. Suppose, the 

mathematical expression of the transmitted PSK signal is: 

                                      ( ) ( ) cos(2 ( ) ),                                       (11)cs t A t f t tπ θ θ= + +  

Where A(t) is the amplitude of the transmitted signal. ( )tθ is the information of the phase. 

cf  is the frequency of the carrier signal and θ  is the phase shift that happens by the channel. 
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In BPSK, we need to do phase estimation in the receiver side. That means we make θ  

known to the receiver in order to detect data coherently. A carrier synchronization loop is 

used to recover the phase and frequency of the transmitted signal in this mode. The phase 

ambiguity ∅ = 𝜃𝜃′ − 𝜃𝜃 is determined from the estimated phase 𝜃𝜃′ generated by the carrier 

synchronizer loop. In contrast, in DPSK, θ  remains unknown to the receiver employing a 

‘pseudo PSK’ technique. We assume that θ  is distributed uniformly over (−𝜋𝜋,𝜋𝜋) and thus 

we no more need to use the carrier synchronizer in the receiver end. The DPSK receiver 

ignores the phase ambiguity and recovers the data comparing the phase between two 

successive received symbols. This makes the non-coherent detection process much easier 

without the carrier recovery. 

 
2.3.1 DPSK Transmitter 

 In the transmitter side of the DPSK, the input binary signal is first differentially 

encoded utilizing XOR or XNOR operation. After that the signal is modulated using Binary 

Phase Shift Keying technique. An arbitrary reference bit is used to begin the differential 

encoding process. Suppose, we are given with a data sequence{ }km . This data sequence 

consists of 1’s and 0’s. Using DPSK, the differentially encoded sequence { }kd is obtained 

using the following expression:  

                                                    ,                                                  (12)1d m dk k k= ⊕ −
 

Where 
1dk −

 is denoted as the previous symbol and ‘⊕ ’ represents binary modulo-2 

addition (XOR operation). If the input binary symbol is 0, then the symbol dk
 is unchanged 
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with respect to the previous symbol, 

1dk −
.If the input binary symbol is 1, the symbol dk

is changed with respect to the previous symbol, 
1dk −

.Thus, { }kd obtains a differentially 

encoded bit sequence of symbols 1 and 0 which is represented by a sinusoidal carrier wave 

of phase angles 0 and 𝜋𝜋.  

 

Figure 2.9: DPSK waveform. 

 

Figure 2.9: Constellation diagram of DPSK. 

 Figure 2.9 above shows the DPSK waveform obtained by the logic described above. 

We can observe that there is no phase shift if the input bit is 0. There is a 180° phase shift 

if the input bit is 1. The constellation diagram of the DPSK signal is shown in Figure 2.10, 
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which is identical to the BPSK constellation diagram. An example of DPSK operation is 

shown in table 2.3 below. 

Table 2.3: DPSK modulation 
k 0 1 2 3 4 5 6 7 8 9 

Information bit  mk
  0 0 1 1 1 0 1 1 0 

Encoded bit dk-1 
0 0 0 1 0 1 1 0 1 1 

Encoded bit dk  0 0 1 0 1 1 0 1 1 

DPSK Symbols ak +1 +1 +1 -1 +1 -1 -1 +1 -1 -1 

kθ  0 0 0 π  0 π  π  0 π  π  
 

Figure 2.11: Schematic of DPSK transmitter. 

 Figure 2.11 depicts a DPSK modulator block diagram using the XOR operation. 

The differential encoding is done by XOR-ing the input bit sequence 𝑚𝑚𝑘𝑘with the delayed 

bit sequence 𝑑𝑑𝑘𝑘−1. The non-return-to-zero (NRZ) level encoder is used to get the polarized 

output sequence of 1 and -1 denoted by ak in Figure 2.11. When the output of the XOR 

operation is 1, it will shift the level to -1 and vice versa. This sequence of -1 and +1 is then 
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multiplied with the carrier wave which eventually provides the DPSK modulated signal 

s(t). 

2.3.2 DPSK Receiver 

 In coherent detection, the receivers are much complicated than the transmitters. In 

contrast, the DPSK receiver side is inherently simple in accordance with the DPSK 

transmitter because of the non-coherent nature. Table 2.4 shows an example of DPSK 

demodulation of the received signal. 

Figure 2.12: Schematic of DPSK receiver. 

Table 2.4: DPSK demodulation 

k 0 1 2 3 4 5 6 7 8 9 

Received DPSK Symbols +1 +1 +1 -1 +1 -1 -1 +1 -1 -1 

1k kθ θ −−   0 0 π  π  π  0 π  π  0 

Received bits   0 0 1 1 1 0 1 1 0 

 
  

 After receiving the DPSK signal, it is multiplied with the 1 bit delayed version of 

the originally received signal. It is then passed through a low pass filter to get rid of the 

carrier signal. Finally, a bit slicer is used to determine binary 1 or 0 comparing the received 
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signal’s amplitude level to the pre-specified threshold level in each bit period. This process 

is depicted in Figure 2.12. 

2.3.3 Probability of Bit Error of DPSK 
 
 The probability of bit error of DPSK is expressed as follows: 

                                                 1 ,                                                          (13)
2

o

Eb
N

P eb

 
−  
 =  

Where bE is the energy per bit and oN is the noise energy. 
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CHAPTER THREE: SOFTWARE DEFINED RADIO OVERVIEW 

 
 

The communication industry has a widespread trend to replace hardware-based 

systems by software-based one. The software-based systems offer an array of convenience 

and flexibility to the user. Therefore, the conventional bulky and inefficient bulk electronic 

component based radio transmitters and receivers are getting obsolete nowadays. The SDR 

is defined as a programmable radio transceiver which can be used by any communication 

system without the requirement of replacing or updating the existing hardware. The 

functionalities of the analog hardware parts (e.g., mixers, filters, amplifiers, modulators-

demodulators, and detectors) are done in a PC using a higher-level software framework 

such as MATLAB, Simulink, Labview, GNU-Radio, etc. The hardware dominated 

conventional radio systems are rigid in their functionality and incompatible to the new 

standards. In contrast, SDRs offer interoperability between different types of networks and 

readily adapt to future updates. It has solved the incompatibility to the new standards by 

achieving global mobility. This critical aspect can be met just by downloading the required 

air interface instead of reloading the entire software set.   

 
SDRs are highly compatible with new protocols while they come at lower hardware 

and development expense since the software programs are modifiable. Several types of the 

hardware module can be utilized for the SDR implementation. For example, General 

Purpose Processors (GPPs), Graphics Processing Units (GPUs), Digital Signal Processors 

(DSPs), ASICs (application-specific integrated circuits), and Field-Programmable Gate 

Array (FPGAs).  
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The signal processing in the digital domain such as channel-selection, modulation-

demodulation are performed in the processors in which the software runs, such as GPPs, 

DSPs, and FPGAs. These programmable processors let us change the modulation-

demodulation schemes and the sophistication related to the digital signal processing using 

a software platform in the PC. A detailed comparison between different hardware and 

software platforms for the SDRs is presented in [9]. Applications of SDRs can be found in 

military sectors, global communication systems, public safety, and disaster management 

systems, virtual base stations, and space communication systems. Some popular choices of 

SDRs are Wireless Open Access Research Platform (WARP), USRP, Sora, Atomix, and 

Airblue. A recent study in [9] says that the SDR market is projected to reach a worth more 

than $29 billion by 2021.  

3.1 Promising Aspects of SDRs 

 
 In an SDR, all of the physical layer operations are defined by the software. 

Traditional radio devices confine the cross-functionality to a certain limit. 

Whenever a modification is needed, there is no way other than physical intervention. 

In today’s modern world, we have radios in almost every single smart devices, such 

as mobile phones, laptops, vehicles, surveillance devices, and TVs. The hardware 

functionality dependent radios are no more compliant with the current modern 

technologies. SDRs offer a number of new aspects when compared to conventional 

radios. However, these aspects vary from type to type. Most SDRs takes advantage 

of any of these aspects: bandwidth of the channel, data transmission rate, 
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modulation type and order, and gain-conversion. Some promising aspects of SDRs 

are described below: 

3.1.1 Multi-Band 

 The traditional radios can only operate at a single or a small band of 

frequencies. The cellular and space communications, government intelligence 

division in military and navy require applications where multiple bands of 

frequencies are needed. Use of hardware dependent radios to comply with the 

multiple bands of frequencies results in higher production cost and limited 

flexibility. SDRs solve this issue by offering multi-band functionality where a single 

SDR is capable of operating on multiple bands simultaneously. Utilizing the multi-

band aspect, SDRs can connect multiple handsets from different frequency bands 

from the same base station. 

3.1.2 Multi-Carrier 

 The multi-carrier functionality refers to the ability of simultaneously taking 

care of more than one frequency at a time in the same frequency band or between 

multiple bands. In case of a base station, this property helps in serving many users 

simultaneously. 

3.1.3 Multi-Mode 

 Multi-mode operation refers to the ability to process several kinds of signals 

which belong to different standards. For instance, AM, FM, QPSK, QAM, GSM, 

CDMA, 3G, 4G, and 5G, etc. An SDR is reprogrammable and capable of working 
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with many different standards as stated above. In case of a multi-carrier SDR, these 

modes can be sequentially or simultaneously adjusted.  

3.1.4 Multi-Rate 

 SDRs provide Multi-Rate functionality. Practically, different parts of the 

signal processing chain require different sampling rate. Therefore, multi-rate filters 

are used in SDRs to provide this service while it is also able to process multiple 

modes of different data rates.  

3.1.5 Variable-Bandwidth 

 The bandwidth of an SDR can be altered, unlike traditional radios where a 

fixed bandwidth analog filter is used. Though a series of sequentially switched 

analog filters can alter the bandwidth of conventional radio, their application is not 

always practical. Digital filters are a more convenient choice in this regard and can 

compensate difference types of distortions such as interference, transmission path 

loss and so on. These are hard to accomplish with their analog counterparts. 

 
3.2 General Architecture of Software Defined Radio 

 
 

In this section, we explain the general architecture of a conventional SDR platform 

by describing its basic components. The SDRs have two different sets of equipment for the 

transmitter and receiver modules. The digital signal processing unit comes first for the 

transmitter while it is opposite for the receiver unit. Both of them has antennas in the front 
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ends to transmit and receive signals. Figure 3.1 depicts the general architecture of an SDR 

[9]. 

 

Figure 3.1: General architecture of an SDR: (a) Transmitter, (b) Receiver. 

 
3.2.1 SDR Transmitter: 

 
In the transmitter side, the SDR first receives the input modulated baseband signal 

from the PC. The signal is then sent to the digital up-converter (DUC) where the 

interpolation operation is done. The interpolation filter increases the baseband signal’s 

sample rate in order to match the operating frequency of the next component. Then signal 

mixing using the digital mixer takes place. This step converts the baseband signal into an 

Intermediate Frequency (IF) signal using the digital mixer and digital local oscillator.  After 
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this, digital to analog converter (DAC) upsamples the waveform to the analog domain. 

Then an RF up-conversion step shifts the generated RF signal into higher frequencies. 

Finally, the amplifier amplifies and directs the signal toward the transmitter front end. 

Usually, an antenna is used to transmit signal wirelessly from the transmitter front end to 

the receiver front end. The SDR transmitter components are shown in Figure 3.1 (a). 

 
3.2.2 SDR Receiver: 

 
The Receiver circuitry does opposite operations of the transmitter circuit. After 

receiving the signal by the receiver antenna, the signal is first amplified to maintain a finite 

gain. Then an RF tuner is used to convert the received analog signal to IF. After this, the 

IF signal is transferred to the Analog to Digital Converter (ADC) through which we obtain 

the digital samples of the analog signal. In the digital front end, the sampled signal is first 

down-converted using a Digital Down Converter (DDC). The DDC operation is done by 

using a digital mixer, a digital local oscillator, and a low pass filter. The digital mixer and 

the local oscillator converts the IF digital samples back to the baseband. The low pass filter 

then filters out the higher frequencies and passes only the baseband frequency. The signal 

is then sent to the computer where demodulation and decoding take place. The SDR 

transmitter components are shown in Figure 3.1 (b) [9]. 

 

 
 
 
 
 
 
 



34 
 

 
CHAPTER FOUR: HARDWARE OVERVIEW 

 
 

In this chapter, we discuss the hardware components necessary for implementing 

an SDR-based FSO system. Familiarization with the hardware equipment helps in every 

step of the experimental procedures. 

4.1 USRP 
 
 

The USRPs are low cost, a high-speed range of SDRs produced by Ettus Research 

and its parent company, National Instruments (NI). General purpose computers can serve 

as high bandwidth SDRs when properly interfaced with USRP. A high-speed link such as 

the Gigabit Ethernet cable or USB interface connects the USRP to the host computer. Then 

the host computer transmits and receives data in frames using the Gigabit Ethernet cable 

or the USB interface. USRP products are controlled using the open source device driver 

named as Universal Hardware Driver (UHD) which is provided by Ettus Research and 

available online for free. The motherboard of the USRP device consists of the basic 

components required for the processing of the baseband signals. Those components are 

clock generation and synchronization, an FPGA, AD/DA converters, some form of RF 

front end, host-processor interfacing, and power regulation. The daughterboard does the 

analog operations such as up/down-conversion, filtering, and other signal conditioning. All 

waveform related processing, such as modulation, demodulation are done on the host CPU 

[17]. The FPGA card performs the DSP operations. The high-speed processing, for 

instance, digital up-down conversion, decimation, and interpolation are done on the FPGA. 

The open-source FPGA codes are modifiable. Improving them for high-speed, low-latency 
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operations is quite possible. Linux, MacOS and Windows systems are all supported by the 

UHD driver. UHD API can also be used in place of the built-in UHD driver and can provide 

native support for C++. Other languages that can import C++ functions are also compatible 

to work with UHD, for example, Python. The usual USRP devices have one motherboard 

and up to 4 daughterboards. The general architecture of a USRP having four daughter 

boards is depicted in Figure 4.1. 

 
Figure 4.1: General architecture of the USRP device. 

 
All USRP devices use the same general architecture. Translation of a signal from 

the RF domain and the complex baseband or IF signals is usually done by the RF frontend, 

the mixers, filters, oscillators, and amplifiers. ADCs are used to sample the baseband of 

the IF signals. The digital samples obtained in this step is clocked into an FPGA. The digital 

down-conversion, which includes fine frequency tuning and several filters for decimation 

gets done by the stock FPGA image. The host interface is then used to stream the raw 
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samples or other data to a host PC after decimation takes place. The transmitter chain uses 

the reverse procedure [18]. 

In this project, we used USRP N210. A short overview of this SDR is given in the 
next section. 

 
4.2 USRP N210 Device Overview 

 
USRP N210 belongs to the highest performing class of hardware of the USRP 

family of products. It enables high RF performance and enormous bandwidth. Numerous 

application of this device is available such as physical layer prototyping, dynamic spectrum 

access, and cognitive radio, spectrum monitoring, record and playback, and networked 

sensor deployment [19]. USRP N210 motherboard provides 50 MHz of RF bandwidth with 

8-bit samples and 25 MHz of RF bandwidth with 16-bit samples. Data transmission 

happens through the Gigabit Ethernet connectivity and offers Full-Duplex capability at 25 

MS/s at 16 bit I/Q [18]. The motherboard has one transceiver card slot: 1 RX and 1 TX 

daughterboards. To be able to work in the MIMO mode, it needs two or more USRP N210 

devices.  

The onboard FPGA processing takes place in a Xilinx® Spartan® 3A-DSP 

XC3SD3400A FPGA card. It is capable of dual channel 14-bits 100 MS/s ADC 

(ADS62P4X) and dual channel 16-bits 400 MS/s DAC (AD9777) operations. It is capable 

of locking external 5 or 10 MHz clock reference using the AD9510 clock distribution IC. 

It has a fixed 100 MHz clock rate and GPSDO option [20]. When installed with suitable 

daughterboard it can cover DC-6 GHz of bandwidth. Ettus Research recommends the use 

http://www.ti.com/lit/ds/symlink/ads62p45.pdf
http://www.analog.com/media/en/technical-documentation/data-sheets/AD9777.pdf
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of the current version of the UHD driver, which is 3.8.0. The current hardware revision is 

4. N210 schematic is provided in [21].  

 

         
Figure 4.2: USRP device’s TX, RX terminals and LEDs [22]. 

 

         
Figure 4.3: Internal Circuitry of USRP Device. 

 
 The hardware and software related issues can be debugged watching the front panel 

LEDs. LED A shows the device is transmitting. LED B is used for the indication of MIMO 

mode. LED C tells that the device is receiving. LED D assures the firmware is loaded 

properly. LED E is the reference clock indication. LED F depicts that Complex 

Programmable Logic Device (CPLD) is loaded properly [23] [24]. Figure 4.2 shows the 



38 
 
front panel of a USRP N210 device and Figure 4.3 shows the internal circuitry of the same 

device. 

 
4.2.1 Daughterboards 

 
USRP daughterboards send and receive data via bulkhead SMA cables to and from 

the RF front ends. During hardware designing, we have to make sure that our selected 

daughter boards cover the required bandwidth and frequency range. Some daughter boards 

support full duplex computation, while some needs dedicated TX and RX daughter boards. 

Several daughter boards provide different frequency coverage. We can select our required 

daughter boards from a list of Ettus Research daughterboard products which covers DC-6 

GHz. Table 4.1 provides a list of available daughter boards offered by Ettus Research. 

Table 4.1: List of Daughterboards [18] 
Daughterboard Model Daughterboard Type Frequency coverage 

BasicRX Receiver 1 – 250 MHz 
BasicTX Transmitter 1 – 250 MHz 

LFRX Receiver DC-30 MHz 
LFTX Transmitter DC-30 MHz 

TVRX2 Receiver 50 MHz - 860 MHz 
DBSRX2 Receiver 800 MHz – 2.3 GHz 

WBX Transceiver 50 MHz - 2.2 GHz 
SBX Transceiver 400 MHz - 4.4 GHz 

UBX Transceiver 10 MHz - 6 GHz 
CBX Transceiver 1.2 GHz - 6 GHz 

 

In this project, we have used LFTX and LFRX daughter boards which are depicted 

in Figure 4.4 and 4.5.  
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Figure 4.4: LFTX daughterboard [25]. 

 

 Figure 4.5: LFRX daughterboard [25]. 

 
4.2.2 D/A Converter 

The digital to analog converter (DAC) converts the digital IF samples to analog IF 

signal. 

 
4.2.3 A/D Converter 

The analog to digital converter (ADC) does the opposite task of D/A converter. It 

converts the analog IF signals to digital IF samples. 

 
4.2.4 FPGA  
 

The FPGA has paramount importance in the real-time operation of a USRP device. 

The ADC and DAC parts are connected to the FPGA. It is a programmable unit that 

decreases the data rate using high bandwidth math so that the data can be routed over the 

Ethernet cable or the USB bus in real-time [26]. The FPGA has a specific processing 

bandwidth which is the sample rate provided by the ADCs and DACs. FPGA processing 
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bandwidth determines the bandwidth at which the DSP chains will operate [18]. Figure 4.6  

below shows how the FPGA card connects to other parts of the motherboard. 

 

 
 

Figure 4.6: FPGA, Motherboard and Daughterboard connections [19]. 

 
4.3 Laser Diode Module 

 
There are numerous types of laser diodes or LED modules that could be used for 

this project. For this thesis, we selected an HL6358 AlGaInP laser diode which has three 

pins (style A) and low operating current, typically 40 mA and a maximum operating current 

of 50 mA. It has visible red light output at 639 nm. It outputs a single longitudinal mode at 

an operating temperature of +50℃. It provides an optical output power of 10 mW and 3.5 

V maximum operating voltage. It is an eye-safe (Class II) laser which has the following PI 

and Threshold current vs. Case Temperature characteristics: 
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Figure 4.8: Laser Diode Threshold Current 
vs. Case Temperature [27]. 
 

The internal pin configuration and the picture of our laser diode are given below: 
 

 
Figure 4.9: Laser diode pin diagram [28]. 

. 

                
Figure 4.10: Laser Diode that we have 
used in the experiment. 

 
4.3.1 Electro Static Discharge (ESD)  and Strain Relief Cable 
 
 

We need to design our system with the strain relief protection for the diode module. 

For the voltage drops of less than 3.3 V, SR9A strain relief cable could be used with the 

laser diode. This cable is compatible with Style A and E type Laser diode. It has a 3.3 V 

Zener diode and a Schottky diode to protect against extra ESD. The white cable that comes 

out of it should be connected to the Laser Diode Anode (LDA) and the green wire should 

Figure 4.7: Laser diode output power vs. 
Forward current characteristics [27]. 
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be connected to the Laser Diode Cathode (LDC). The red wire connects to the Photo Diode 

Anode (PDA) which is Pin 4 of our LD1100 Laser driver. SR9A should not be operated 

without a Laser diode to avoid protection diodes damage. Picture of the ESD cable and its 

connection diagram is depicted in Figure 4.11 and 4.12: 

 

Figure 4.11: SR9A ESD cable [28]. 
. 

 

Figure 4.12: ESD SR9A cable connections 
[28]. 
. 

3.4.2 Laser Driver 
 
 

The laser diode driver serves the purpose of a constant current source, resulting in 

a continuous-wave (CW) operation of the laser. It drives a constant electrical drive current 

to the laser diode that it requires to operate for a particular system.  It assures that the laser 

outputs approximately constant optical output power and light of a specific wavelength 

[29] [30]. 

In this thesis, we used an LD1100 constant-power Laser driver Circuit which is 

depicted in Figure 4.13 below. It comes with an onboard 12-turn trim potentiometer to 

adjust the continuous laser output. It also has the following features: pin-programmable 

feedback gain, On/Off control input and a current monitor output point for observing the 

laser drive current. Lasers can be driven up to 250 mA in a constant-power mode. A 

feedback loop could be utilized to obtain feedback gain by jumpering any combination of 
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the five gain setting resistor pins to the common ground. We have to determine the monitor 

photodiode feedback current of our laser diode module which is usually provided in the 

laser diode data sheet.  

      

Figure 4.13: LD1100 laser driver [31]. 
 

Figure 4.14: LD1100 pin diagram [31]. 

After looking up the monitor current, we have to find what combination of the gain 

resistors do we need to yield the highest feedback current. A table of the gain resistor 

combinations is provided in the datasheet of the LD1100 laser driver which can be found 

in [31].  We have to connect the gain resistors with ‘On’ to common ground pin J1, which 

is the power supply common ground. Other resistors should remain open. The maximum 

feedback current occurs when the pot is turned up to the full 12 turns and vice versa. If we 

try to adjust the pot above this, the laser will face a premature failure. 

 
3.5 Bias Tee 

 
Linear circuits require specific DC voltages and currents to operate correctly which 

is accomplished by using a biasing circuit. In this project, we use the T1G Laser Diode 

Bias Tee to superimpose a modulation current (AC) onto the laser diode DC-supply current 

and thus modulation is achieved in the output power of the laser.  
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Figure 4.15: Bias Tee circuit [32]. 

. 

 

    Figure 4.16: T1G Bias Tee [32]. 

Figure 4.17: Connection of the LD1100 and T1G 
Bias-T with a function generator [32]. 

 

 

Figure 4.18: Photodetector that we 
have used. Photo courtesy: 
THORLABS. 

 

When the laser diode driver reaches the operating current as indicated in the 

datasheet, an AC voltage can be applied to the RF input from a signal generator via OSMT 

coaxial connector. This OSMT connector has a characteristic impedance of 50 Ω. The Bias 

Tee is then connected to the laser diode anode and cathode terminals. This procedure helps 

in achieving the desired modulation amplitude. This specific model of Bias Tee provides 

modulation frequencies up to 10 KHz to 1 GHz, given that the actual frequency range is 
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determined by the impedance network surrounding the laser diode module. The maximum 

DC current that can be supplied is 110 mA, and the maximum AC supply current is 50 mA 

(RMS).  

3.6 Photodetector 

 
 We used a Silicon (Si) Amplified Photodetector (PDA8A) for our experiment. It is 

capable of providing Free-Space Optical Coupling. The detectable wavelength range of 

this photodetector is 320-1000 nm and offers a bandwidth of DC-50 MHz. It has a built-in 

ultra-low noise design that includes an active low-pass filter to protect against aliasing 

effects and effectively suppresses out of band noise. It operates at 

100VAC/120VAC/230VAC local main voltage. The maximum output that it can offer is 

3.6 V for high impedance loads and 1.8 V for 50 Ω loads.  

  

 All amplifier circuits have common finite gain-bandwidth characteristics. 

Therefore, when the output signal level increases, the bandwidth of the PDA8A decreases 

Figure 4.19: Frequency response of the 
PDA8A photodiode. 

Figure 4.20: Responsivity of the 
PDA8A Photodiode. 
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accordingly. The frequency response of this photodetector is shown in Figure 4.19. Figure 

4.20 shows the Responsivity characteristics of this photodiode. More details about this 

photodetector are available in [33]. 
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CHAPTER FIVE: RESULTS AND DISCUSSION 

 
  
 Within this chapter, we sequentially describe different steps that were taken to reach 

our objectives by experimentally evaluating the BER performance, constellation diagrams, 

and decoding systems of our SDR-based FSO system.  

 
5.1 USRP Loop-back Configuration Testing with a Sine Wave 

 
 

 In this step, we connected the TX and RX ports of our USRP device with a loopback 

cable. A 30 dB attenuator was used in between the TX and RX terminals to avoid physical 

damage of the received chain by the transmitted power. It is essential to set the USRP 

transmitter and the receiver gains according to the daughterboard specifications. If the gain 

is set higher than the supported range, there will be significant crosstalk between the two 

signal paths.  

 During the experiment, we observed that setting a gain of 25 dB in the transmitter 

and 31 dB in the receiver, causes significant crosstalk. In this case, the receiver chain picks 

up the transmitted signal with no antenna or loop-back cable. Since we used the 30 dB 

attenuator between the TX and RX terminals, we were able to avoid damaging the hardware 

during this test. In a situation like this, a message saying ‘gain is out of range’ appears in 

the command prompt in MATLAB. Therefore, we set our gains in between 0 and +6 dB 

for the LFTX and LFRX daughterboards following the instructions of Ettus Research, 

LLC.  
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Figure 5.3: USRP open-loop sine wave test. Figure 5.4: USRP loop-back sine wave test. 

  

 Following all of the cautions and specifications described above, we were able to 

transmit and receive an FM modulated sinusoid of 500 Hz through the loop-back 

configuration, successfully. We sent 8000 samples/second with a frame of 160 

samples/frame, for this experiment. Figure 5.1 depicts the schematic of this setup. The 

 
Figure 5.1: USRP loop-back connection 
Schematic. 

 

 
  Figure 5.2: USRP loop-back connection. 
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actual picture of our setup is depicted in Figure 5.2. Figure 5.3 shows that when the TX, 

RX ports weren’t connected, no signal was received.  

 In Figure 5.4, we demonstrate that when the TX and RX ports were connected, the 

same sinusoid was received through our loop-back setup. This test validates that we can 

successfully transmit and receive signals using the USRP device in a loop-back 

configuration. We can also observe a little delay between the sent and received sinusoids 

in Figure 5.4. We have verified our USRP loop-back connection for an audio signal and 

chirp signal as well. We successfully received the transmitted ‘speech’ and ‘chirp’ signals 

in a real-time transceiver setting using the USRP and loop back connection. 

   
  5.2 Loop-back Configuration Testing for the Hardware Setup 

 
 

 In this experiment, we investigated whether our hardware setup works properly or 

not. To accomplish this, we connected the laser driver and bias-T circuits. The bias-T along 

with the laser driver circuit created the DC bias needed for our laser to drive within the 

linear range of operation. The bias-T was connected to the laser diode using an ESD cable.  

The photodetector was connected to the oscilloscope to observe the received signal’s peak-

to-peak voltage. The laser diode and the photodetector were placed face-to-face. This 

created a complete loop-back connection between the TX and RX ports using a, small 

distance, free space channel. Figure 5.5 shows our full-experimental setup of this 

experiment. 
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Figure 5.5: Hardware Testing Complete 
setup. 

 
Figure 5.6: Received Sinusoid from the 
hardware testing part. 

  

 The monitor photodiode feedback current for this laser diode is 1mA (typically) as 

stated in the datasheet of HL6358MG. Following the feedback gain resistor table included 

in the manual of LD1100 laser power driver, we grounded the RC resistor by tying the Pin-

9 of the laser driver to the ground. This puts a 10kΩ in parallel with 249 kΩ internal gain 

resistor. We turned our potentiometer adjustment screw 12 full turns to the left 

(counterclockwise) to make sure that the potentiometer is at its minimum value. Then we 

gradually increased the DC supply voltage from 0 V. After reaching 8 V DC, we got a 

monitor current of 1mA approximately. This is the lower limit of the laser driver circuit 

power. We kept this DC supply voltage constant to stay below the maximum operating 

current and above the lasing threshold. After this, we started turning our potentiometer of 

the driver circuit to the right (clockwise) until our laser started lasing. We slowly kept 

turning the adjustment screw of the potentiometer clockwise until we observed a bright 

beam with sufficient optical power. 
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Figure 5.7: Received signal with an 
obstruction between the laser and 
photodiode. 

 

Figure 5.8: Received Sinusoid after moving 
the photodetector 25cm away from the 
laser. 

 
 Finally, we generated a 1 KHz, 2 Vp-p sine wave from the function generator. The 

signal was then modulated with the help of the laser diode driver and bias-T circuit. The 

monitor current was recorded to be 41.6 mA, after supplying the AC sinusoidal wave 

through the circuit. Figure 5.6 shows the received sine wave which exactly matches our 

transmitted signal. An obstruction between the transmitter and the receiver was then 

placed, as depicted in Figure 5.7, and no signal is received. Next, the distance between the 

laser and photodiodes was increased, as shown in Figure 5.8. After increasing the distance 

to 25 cm, the signal was completely distorted. Although the distance between the TX and 

RX was small considering various other long-haul communication channels, it still 

validates that our current experimental hardware setup is functioning. We didn’t achieve a 

longer distance because the laser we used in this experiment is substantially low powered 

and the beam wasn’t collimated. As we went far from the laser diode, the beam became 

divergent. As a result the performance of the receiver degraded. With proper beam 
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collimation and using a higher power laser, a long-haul communication link can be 

achieved. 

5.2 Testbed Implementation 
 
 
 After testing the software and hardware parts of the experiment separately, we 

created an FSO connection between the transmitter and the receiver of USRP N210. To 

achieve this, we connected our USRP transmitter with the T1G Bias-T which was driven 

by the LD1100 Laser driver. The Laser driver was powered by a constant DC bias voltage 

between 8 V~12 V. We then connected our laser driver Bias-T to the anode and cathode of 

the HL6358MG Laser diode (Pin A, 10 mW, 639 nm). An LMF56R mounting and SR9A 

Electrostatic Discharge (ESD) Protection and Strain Relief Cable were used to protect our 

laser from getting damaged. 

 
Figure 5.9: Schematic of the testbed setup. 
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 The modulated signal was then transmitted via the FSO channel between the laser 

and the photodetector. A PDA8A photodetector (320~1000 nm) was used to detect the 

intensity modulated transmitted signal. The photodetector was connected to the receiver of 

the USRP and it was properly aligned with the laser to detect the optical signal. The USRP 

ADC converted the detected analog signal into digital form. Then the PC receiver 

algorithm demodulated the received signal and retrieved the initially transmitted signal. A 

block diagram of our testbed setup is shown in Figure 5.9. 

 

5.4 FSO Channel with Real-Time QPSK 

 
 In this part of the experiment, we created the FSO link to transmit and receive 

signals using QPSK modulation and demodulation. We utilized the QPSK-Simulink model 

provided by the MATLAB-USRP Toolbox [34]. Using this program, we were able to send 

and receive ‘Hello World’ messages simultaneously in real-time.  

 
Figure 5.10: Bit generation sub-system of the real-time QPSK USRP Transmitter. 
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5.4.1 Real-Time QPSK FSO Transmitter Results 

 The real-time systems differ a lot from the simulation models and require a 

significant amount of synchronization procedures. In real time internet-based systems, a 

message header (i.e., Barker Code) needs to be placed in front of the message bits for the 

synchronization purpose in the receiver.  

 The header contains information of the source and destination of the ‘packet’. The 

actual data is called the ‘Payload’. Each data frame consists of the header and the payload. 

The header is stripped off in the receiver and only the actual data is delivered to the end 

user. Figure 5.10 shows the Bit generation subsystem blocks for a real-time system, which 

we have utilized in our model. The scrambler is required to improve data transition density 

and frequency offset estimation.  

 

 
Figure 5.11: USRP-QPSK transmitter. 
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 After bit generation subsystem, the data is passed through the QPSK baseband 

modulation block and then up-sampled by a square root raised cosine filter. The square 

root raised cosine filter provides matched filtering, pulse shaping, and minimizes inter-

symbol interference. We then set the carrier frequency and gain of the transmitter module 

within the specifications of our daughterboards. The center frequency was set to 15 MHz 

and gain was set to 0 dB. Next, we transmitted the data through the USRP transmitter chain. 

The spectrum of our transmitted signal is shown in Figure 5.12. The constellation diagram 

of the transmitter is shown in Figure 5.13. Figure 5.11 shows the overall real-time TX 

system. 

 
5.4.2 Real-Time QPSK FSO Receiver Results 
 
 The receiver model handles more issues than the transmitter part. For example, the 

carrier frequency and phase offset, timing offset, and frame synchronization. The center 

frequency of the USRP receiver was set to the same as the transmitter center frequency (15 

MHz) and the gain to the acceptable range of our daughterboards (0 dB). The simulation 

 

 
Figure 5.12: Spectrum of the transmitted 
signal. 

 
Figure 5.13: Constellation Diagram of the 
transmitted signal. 
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model of the receiver system is depicted in Figure 5.14. After receiving the signal, the data 

goes through the signal regeneration processes in the QPSK Receiver subsystem. Apart 

from the USRP receiver block, the receiver also includes an Automatic Gain Control 

(AGC) unit, A Raised Cosine Receive Filter, Coarse Frequency Compensation, Carrier 

Synchronizer, Preamble detector, and the frame synchronizer.  

 

 

Figure 5.14: USRP QPSK Receiver Model. 

 
 After running through these aforementioned blocks, the receiver is prepared and 

goes through the data decoding subsystem. The received signal’s amplitude plays a vital 

role in the efficiency of the carrier and symbol synchronizer. Therefore, the AGC helps to 

stabilize the received signal’s amplitude. In addition, the AGC assures an optimum design 

of the loop by keeping the gain of phase and timing error detectors constant over time. The 

effect of using the AGC is depicted in Figure 5.16. The actual received signal had low 

energy and after using the AGC, the signal is amplified. The blue spectrum in Figure 5.16 



57 
 
is the one before using AGC. The yellow spectrum in Figure 5.16 shows the effect of using 

AGC.  

 The Raised Cosine Receive Filter is placed next to the AGC in order to provide 

match filtering for the received signal. A roll-off factor of 0.5 has been used in the receiver. 

A coarse frequency compensator is used after the Raised Cosine Receive Filter in order to 

roughly estimate the frequency offset and correct the received signal. The subsystem of the 

coarse frequency compensation block has a Phase/Frequency offset compensation in it. 

After doing the coarse frequency compensation, the signal still carries the residual 

frequency offset, which persists till carrier synchronization is applied. This is visible in 

Figure 5.17 and Figure 5.18 in which we observe a slight rotation of the constellation 

diagram of the receiver. 

 

Figure 5.15: QPSK Receiver subsystem. 
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Figure 5.16: Spectrum of the received 
signal. 

 

Figure 5.17: Constellation diagram after 
using Raised Cosine Receive Filter. 

 

 

Figure 5.18: Constellation Diagram after 
using Symbol Synchronizer. 

 

Figure 5.19: Constellation Diagram after 
using Carrier Synchronizer. 

   
 There are always some delays in the received signal. Therefore, symbol 

synchronization is required which utilizes a Phase Locked Loop (PLL) and provides timing 

synchronization by correcting the timing error in the received signal. Rotationally invariant 
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Gardner algorithm and a variable-size signal were used in this step. After this, the residual 

frequency offset was corrected using the carrier synchronizer block. After applying the 

carrier synchronization, we obtained the expected constellation diagram as shown in Figure 

5.19 of the receiver which exactly matches our transmitter constellation diagram as shown 

in Figure 5.13.   

 
 The last three steps are Preamble Detection, Frame Synchronization, and Data 

Decoding. Preamble detector is used to find the location of the frame header utilizing the 

Barker Code. It correlates the QPSK-modulated Barker code with the received QPSK 

signal and detects the location of the frame header. This information is utilized in the Frame 

Synchronizer step in aligning the frame boundaries. It also converts the variable-size output 

of the Symbol Synchronizer into the fixed size frame and enables downstream processing.  

 
 The Data Decoding subsystem only runs when the second output of the frame 

synchronization block indicates whether the first output is a valid frame with the expected 

header information or not. This is done by a Boolean scalar output. The last step is the data 

decoding with the aid of Phase Ambiguity resolution and demodulation. The Carrier 

Synchronizer block locks the carrier signal with a phase shift of 0, 90, 180, or 270 degrees 

causing a phase ambiguity. The Phase Offset Estimator subsystem finds an estimation of 

the phase shift. The phase ambiguity resolution then resolves this issue via the rotation of 

the input signal by the estimated phase offset. After this, demodulation is performed by the 

QPSK demodulator block. After demodulating the received signal, descrambling is done 

and correct data is recovered.  
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Figure 5.20: Received 'Hello world’ message in the diagnostic viewer. 

 

 
 

Figure 5.21: Received Garbage values with an obstruction between the transmitter and 
receiver. 

 The retrieved ‘Hello World###’ message is then printed on the Simulink Diagnostic 

Viewer as shown in Figure 5.20. The BER rate and the total sent bits can be seen in the 
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Receiver Simulink Model as depicted in Figure 5.14. The experimental real-time FSO 

QPSK receiver results matched with the QPSK transmitter results validated by clean 

constellation diagram, and nearly zero BER. When we increased the distance between the 

transmitter and the receiver, the BER increased and invalid values were printed in the 

Simulink Diagnostic Viewer as shown in Figure 5.21 [35].  

 
5.5 FSO Channel with Real-Time 16-QAM 

  
 In this part of the experiment, we evaluated the BER performance of a real-time 

16-QAM transceiver. The simulink model of the 16-QAM transmitter is shown in Figure 

5.22. We modulated the input signal using the rectangular 16-QAM function. Each symbol 

of 16-QAM consists of 4 bits. Therefore, the size of the input signal is reduced by a factor 

of 4 after modulating the signal with 16-QAM. The bit generation subsystem is shown in 

Figure 5.23.   

 

Figure 5.22: USRP 16-QAM transmitter Model. 
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 As compared to the Simulink model of the QPSK transmitter, we can see that we 

need to adjust the gain in the QAM transmitter. After adding a gain of 0.7 dB in the 

transmitter side, we were able to achieve the expected receiver constellation diagram. 

 

Figure 5.23: Bit generation subsystem of the 16-QAM transmitter. 

 

Figure 5.24: USRP 16-QAM Receiver Model. 
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 In the receiver subsystem of 16-QAM, the Unipolar Barker Code is repeated 4 times 

in order to achieve a 16-QAM modulated Barker sequence of size 13x1. We saved this 

Barker code as ‘BarkerQam’ in the MATLAB workspace in order to utilize in the receiver 

preamble detection. 

  

Figure 5.25: Constellation diagram of the 16-
QAM transmitter. 

 

Figure 5.26: Constellation diagram of 
the 16-QAM receiver. 

 
 The 16-QAM receiver model is depicted in Figure 5.24. The BER of the 16-QAM 

was calculated comparing the total transmitted bits to the number of erroneous bits as 

shown in Figure 5.24. The BER of this experiment was very small validating the correct 

transmission and reception through our 16-QAM FSO link. The constellation diagrams of 

the transmitter and the receiver are shown in Figure 5.25 and 5.26. The constellation 

diagram of the 16-QAM receiver matched with the constellation diagram of the 16-QAM 

transmitter ensuring the correct decoding of the received data. We also simultaneously 
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received the expected ‘Hello World###’ messages in the diagnostic viewer without any 

error. 

5.6 FSO Channel with Real-Time DPSK 

 In this part of the experiment, we evaluated the BER performance of a real-time 

DPSK transceiver. The receiver part does not need the carrier synchronizer block since we 

are detecting the received signal using the non-coherent technique. The phase difference 

between two adjacent bits is modulated onto the carrier signal eliminting the need of the 

carrier synchronization. The simulink model of the DPSK USRP transmitter is shown in 

Figure 5.27. The bit generation subsystem is shown in Figure 5.28. 

 
 

Figure 5.27: USRP DPSK Transmitter Model. 
 
 The Simulink model of the DPSK receiver is shown in Figure 5.29. We can observe 

in Figure 5.29 that the BER is very low validating the DPSK USRP transceiver working 

properly. 
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Figure 5.28: Bit generation subsystem of the DPSK USRP transmitter. 
 
 

 
 
Figure 5.29: USRP DPSK Receiver Model. 

 The DPSK receiver subsystem without using the carrier synchronizer is shown in 

Figure 5.30. The constellation diagrams of the DPSK transmitter and receiver are shown 

in Figure 5.31 and Figure 5.32. We can observe the resemblance of the DPSK transmitter 
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and receiver constellation diagrams comparing these two figures. We were also able to 

recover the transmitted ‘Hello World###’ messages in this experiment. 

 
Figure 5.30: Receiver subsystem of the DPSK USRP model. 
 

 
Figure 5.31: Constellation diagram of the 
DPSK transmitter. 

Figure 5.32: Constellation diagram of the 
DPSK receiver. 
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CHAPTER SIX: CONCLUSIONS 
 
 
 SDRs have revolutionized the telecommunications sector over the last decades. 

Future space communication systems will require much higher data rate than the currently 

available RF communication systems. Higher data rates will only be possible if optical 

communication links replace all the RF links or hybrid Optical-RF systems are deployed.  

FSO systems provide orders of magnitude faster communication capability as compared to 

RF communication utilizing the currently unregulated optical spectrum. Through this 

project, we have successfully investigated a real-time QPSK-based FSO system which is 

capable of transmitting and receiving signals at a high data rate in full-duplex mode. 

Though we covered a short distance, however, we were able to achieve nearly zero BER 

for three different types of modulation schemes: QPSK, QAM, and DPSK. We were able 

to achieve nearly perfect constellation diagrams for all of these modulation schemes. This 

research project has enabled us to explore the BER performance of more bandwidth 

efficient coding schemes (QPSK, QAM, and DPSK) to help forecast a solution to 

overcrowded RF spectrum. The constellation diagrams validate the performance of our 

receiver system as well as ensuring the decoding subsystem recovers the transmitted data 

successfully. With proper beam collimation of a high powered laser and FSO system 

optimization analyzing noise, insertion loss, and distortions, it is possible to achieve longer 

distances which in the long run, can assure effective free-space communications.  
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APPENDIX A 

 
 

INSTALLATION AND INTERFACE OF THE USRP DEVICE 
 
 

In order to successfully communicate with the USRP device from our PC, first, we had to 

make sure that our windows-10 PC has MATLAB 2018b (with Communication Toolbox), 

Simulink, Python 3.7.2 and Microsoft Visual Studio 2017 pre-installed. We then 

downloaded and installed the USRP® Support Package from Communications Toolbox 

[36]. Before powering up the USRP device, we first connected the PC Ethernet cable to 

the USRP Ethernet port. We also turned off the Firefox and antivirus programs of our PC 

to avoid windows security related complications. Then we configured the Gigabit Ethernet 

Card by navigating to the link ‘Control Panel\Network and Internet\Network Connections' 

in our PC. After this, we selected the option ‘Ethernet' and then right clicked and selected 

the ‘properties' button. We then selected ‘Internet Protocol Version 4 (TCP/IPv4)' and 

clicked ‘properties' option and selected ‘use the following IP address'. We entered the IP 

address 192.168.10.1 and the address 255.255.255.0 for the subnet mask. After this, we 

powered up our USRP device. In our MATLAB command prompt, we typed ‘help sdru' to 

read the documentation. Then we typed ‘getSDRuDriverVersion'. The command window 

returned ‘003.009.007-vendor'. This is the correct version of the USRP Hardware Driver 

that our USRP N210 device is compatible with. Therefore, we downloaded this version of 

UHD driver from [37]. 

 Since we are using a Win-64 configuration, therefore, we downloaded and installed 

the ‘uhd_3.9.7-release_Win64_VS2015.exe' file from [37]. We stored all of these software 

http://files.ettus.com/binaries/uhd/uhd_003.009.007-release/uhd_3.9.7-release_Win64_VS2015.exe
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and hardware support packages in our MATLAB folder. After installing the UHD, 

windows will have a folder named UHD which will have the firmware and binary images 

to be loaded on the USRP device. The binary and firmware images could be found in the 

link ‘C:\Program Files\UHD\share\uhd\images’. The last step is to load the firmware and 

FPGA images onto the USRP device via MATLAB. To do this, we typed 

‘sdruload('device','N210')’on the MATLAB command prompt and it loaded the default 

firmware images. Then we typed ‘setupsdru’. After this, we typed ‘findsdru’ and the 

command prompt returned the Platform, IP address, Serial number and Status. Since the 

status in the MATLAB command prompt appeared to be ‘Success’, we assumed that we 

have successfully installed our USRP device and the device was ready to be used as a real-

time transceiver. After this, we typed ‘probesdru’ in our MATLAB command prompt and 

we got all the information related to our USRP device.  Since our USRP motherboard is 

N210r4 which we recognized using the command ‘probesdru’, we customized our FPGA 

firmware loading using the command: 

“Status=sdruload('Device','N210','IPAddress','192.168.10.2', 'FPGAImage','c:\Program 

Files\UHD\share\uhd\images\usrp_n210_r4_fpga.bin')” 

We typed ‘findsdru’ again in the command prompt and it returned a status: ‘Success’.  
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