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ABSTRACT 

 

In this work, we propose the design and analysis of polarization division multiplexed M-

ary modulation-based free-space optical (FSO) transceiver using balanced homodyne 

detection (BHD) and digital signal processing (DSP) at the receiver end. We have 

employed DP-QPSK, DP-16-QAM, and DP-256-QAM optical modulation techniques to 

gain greater spectral efficiency and data rates. A series of high-level digital impairment 

compensation algorithms have been implemented strategically between BHD and signal 

retrieval stages to mitigate amplitude and phase noise and compensate for the free-space 

loss. The proposed design exhibits a 3 dB greater receiver sensitivity using BHD compared 

to heterodyne detection. The system performance has been numerically evaluated with 

regard to bit error rate, error vector magnitude, laser linewidth requirements, optical signal-

to-noise ratio tolerance, receiver sensitivity, launched optical power, beam divergence, and 

constellation diagrams. We have achieved successful transmission of 120, 400, and 720 

Gbps data-bearing optical signals through 2.65, 2, and 1.31 km transmission distances for 

the respective proposed systems. Additionally, the performance comparison between all 

the proposed system designs has been carried out. Furthermore, a 100G-based or beyond 

single optical carrier communication system is favored by the telecommunications 

community since it reduces the cost and complexity of the transceiver system. Also, the 

optical IQM and DSP unit can be fabricated into electronic-photonic integrated circuits 

(EPICs) that can emerge as an attractive solution for future optical systems, since it can 

reduce the production cost, pushing the boundaries of optoelectronic devices and modules. 

The outcomes of this research demonstrate direct practical relevance, and could therefore 

form the basis for the development of high-speed and long-haul future optical networks.
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CHAPTER 1: INTRODUCTION 

 

1.1 Overview of free-space optical communication 

Free space optical (FSO) communication is a lightwave communication technology that 

operates in the near-infrared (IR) region of the electromagnetic spectrum (about 700 to 

1675 nm) and uses an atmospheric channel as the transmission medium for both inter-

satellite and terrestrial communication. FSO is a direct line-of-sight (LoS) wireless 

communication technology that offers high data rate (HDR) communication link, low bit 

error rate (BER), unlicensed bandwidth, low power operation, ease of deployment, and 

last-mile access. FSO communication systems have long been used in inter-satellite 

communication due to the vast optical bandwidth of laser sources. Henceforth, FSO 

communication systems can be exploited for wideband communication to fulfill the 

bandwidth requirements of 5G and the rising number of internet of thing (IoT) devices. 

Laser communication has the rewards of high fidelity and strong anti-interference 

operation, but the right choice of optical transmission window becomes important for skin 

and eye safety concerns [1]. The combination of adaptive optics (AO) and optical 

numerical simulations can be utilized to monitor the performance of a vast number of FSO 

applications ranging from novel unmanned aerial vehicles (UAVs) based FSO 

transmission system to lightwave based remotely operated vehicles (ROVs) for underwater 

FSO communication link to any terrestrial FSO communication network [2]. FSO is a 

viable alternative to traditional radio frequency (RF) based wireless data transmission 

technologies since it uses optical beams as information carrier signals which have 

unregulated spectrum and are abundantly available to provide high-speed data links with 

secure information transmission [3]. Light-based options promise to pick up where RF 

technology leaves off. Growing data demands have led to the consideration of using IR, 

visible, and ultraviolet (UV) light to provide point-to-point communication through the air, 

space, and water. Laser optical communication systems offer a much narrower and more 

focused beam than traditional RF solutions that leads to increased signal intensity at the 

receiver [4]. Figure 1.1 shows a typical scenario of a fiber/free-space communication 

system where any electrical information source that could be voice, music, video or data 

is fed to an encoder and the modulated optical signal is sent over free space channel 
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(backend system connected over fiber) and demodulated by the photodetector (PD) at the 

receiver and converted back to the original data. 

 

 

Fig. 1.1 A typical scenario of fiber/free space single-channel communication system [5]. 

 

     Terrestrial FSO has now been established to be a worthwhile alternative in overcoming 

the scarcity of available bandwidth and high transmission rate requisite of end-user at a 

reasonable cost [6]. Thus, today FSO is a promising technology that can meet the 

requirements of cloud computing (CC), IoT, multiple-input multiple-output (MIMO) 

systems, big data, artificial intelligence (AI), and 5G network by offering vast license-free 

bandwidth, ultra-high-speed data rates up to 1 Tbps, last-mile access, economical and easy 

installation, high immunity to electromagnetic interference (EMI) and jamming. FSO has 

the potential to provide fast short to medium distance point to point communications [7]. 

FSO networks are much dependent on the perfect alignment of the transmitter and receiver. 

Depending on the deployment scenario and application, FSO communication systems are 

suitable for terrestrial and space-based communication. In the case of terrestrial 

communication, FSO systems are usually set up for last-mile access, enterprise 

connectivity, and fiber backup. For space-based communication, FSO systems are applied 

for inter-satellite communication, human spaceflight, data broadcasting satellites and 
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satellite and ground station communications. The next generation of high speed FSO 

communication systems will utilize seamless connection of free-space and optical fiber 

links operating at 1550 nm. By directly coupling the received beam into an optical fiber, 

the FSO communication system signal throughput is greatly enhanced. Seamlessly 

coupling a free-space beam to optical fiber bandwidth and protocol transparent 

communication link is achieved.  

 

1.2 Need of free-space optical communication 

FSO technology is useful where optical fiber cable cannot be implemented [8]. FSO 

communication uses light to transmit data through the atmosphere instead of fiber [9]. 

Light travels through air faster than glass, so FSO is communication at the speed of light 

in the atmosphere. This technology is useful where laying fiber optic cables is impractical. 

Communication is possible when there is direct LoS between source and destination as 

depicted in Fig. 1.2. Light can be focused by using light-emitting diodes (LEDs) and laser 

 

 

Fig. 1.2 Working scheme of FSO transmission system [10]. 

 

diodes [11]. FSO technology allows optical connectivity between two points without the 

need for fiber cable and spectrum license [12]. Optical fiber systems are time-consuming 

and are expensive to install and operate. FSO link can be used in the situation where optical 

fiber cable is under construction or as a disaster recovery by providing an active secondary 
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path to keep the network running until the primary path is restored [13]. Nowadays, the 

demand for broadband capacity is increasing exponentially due to the popularity of CC, 

big-data analysis, and 4K/8K video broadcast. To provide a cost-effective and high 

capacity last-mile access system to end-users, the FSO network would be a promising 

system for high-speed data traffic and spectrum scarcity [14]. FSO systems can also be 

used as a prime alternate system to RF wireless systems and the RF wireless services. 

Services like native space network, local area network (LAN)-to-LAN communication, 

disaster recovery, high definition TV (HDTV), biomedical imaging and videography 

transmission, metropolitan area network (MAN), cellular networks, and wireless on-

demand videos can be explored with FSO system [15]. In addition to terrestrial 

communication, FSO also has a significant role in space applications [16]. In 

telecommunication, satellite communication uses an artificial satellite to provide 

communication links between various points on earth [17]. In past decades, FSO has 

attracted attention for various applications such as satellite to satellite cross-links, up and 

downlinks between space platforms [13]. The coverage area of the satellite-based system 

is large as compared to terrestrial-based wireless communication system. FSO 

communication systems (in space and terrestrial regions) have been evolved in counter to 

a growing need of high speed and bug-free information transmission and reception systems 

[18]. The last-mile need of FSO system are such as, communication involving deep-space 

link establishment, terrestrial stations links, UAVs, high altitude platforms (HAPs), inter-

satellite communications, airliner, nomadic communication systems used in integrated 

systems of military and civilian context, fiber back up and enterprise connectivity to 

provide network security and overcome geographic restrictions. 

 

1.3 Characteristics of free-space optical communication 

FSO communication has progressively attracted attention in the past decade for many 

applications for providing high bandwidth wireless communication links. The basic 

characteristics of FSO technology are as following: 

(i) The inherent high carrier frequency in the range 20-375 THz enables FSO to 

provide HDR links.  

(ii) The optical carrier frequency which includes IR, UV, and visible light frequencies 

is greater than RF. The usable carrier frequency range in the case of RF is 
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comparatively lower by a factor of 105 [13]. Therefore, wireless optical 

communication guarantees an increase in information capacity. 

(iii) First/last mile access in areas hit by natural disasters. FSO link can act as an 

immediate recovery link. 

(iv) It takes less than 30 minutes to install the FSO link at normal locations. 

(v) Low power usage per transmitted bit.  

(vi) FSO offers dense spatial reuse. 

(vii) It is a secure system because of LoS operation and no security up-gradation is 

needed. 

(viii) The mean time between failure (MTBF) should be less than 10 years.  

(ix) The transmitted power is only concentrated in a narrow area. Thus providing FSO 

link with suitable spatial isolation from its potential interferers. The tight spatial 

confinement also allows the laser beam from the optical source to operate 

independently and makes the data interception by the unauthenticated user difficult.  

(x) As the information in FSO is not spread out in space but kept in a narrow beam of 

light, so, FSO is highly secured. LoS technology also makes FSO a secure and 

high-speed communication. 

(xi) Due to the congestion of the RF spectrum, the interference from adjacent carriers 

is a major problem faced by wireless RF communication. FSO systems take 

advantage of using the near IR portion of the electromagnetic spectrum which is 

not regulated by the International Telecommunications Union (ITU) thus solving 

the issue of spectrum scarcity and increasing the frequency reuse.  

 

1.4 Advantages and disadvantages of free-space optical communication 

FSO systems are used for HDR communication between two fixed points over distances 

up to several kilometers. FSO communication system offers several advantages over the 

RF system as well as certain disadvantages. FSO systems have attracted attention as an 

efficient solution for the last mile problem [19] to bridge the gap between the end-user and 

the fiber optic infrastructure already in place. 

The advantages are listed as follows: 

(i) License-free communication or protocol transparency. 

(ii) Backhaul for expensive optical fiber communication (OFC). 
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(iii) Quick and easy deployment. 

(iv) High-speed transmission. 

(v) No electromagnetic interference (EMI). 

(vi) Low power prerequisite due to low path loss. 

(vii) Low bit error rate (BER). 

(viii) High security. 

(ix) Low maintenance. 

(x) No Fresnel zone necessary. 

(xi) Absence of side lobes. 

(xii) Green communication. 

(xiii) Reduced multipath distortion. 

(xiv) Larger rejection of ambient background light. 

(xv) Improved link budget. 

(xvi) Last-mile access. 

(xvii) Easily expandable and reduces the size of network segments. 

The disadvantages are listed as follows: 

(i) The main hindrance in the FSO communication is its high sensitivity towards 

geometrical and atmospheric effects which is the reason FSO being short-range 

communication. 

(ii) Links are highly susceptible to blocking (or shadowing), and therefore, they cannot 

provide mobility in a typical indoor environment. 

(iii) Reduced flexibility as it does not support point-to-multipoint broadcast links. 

(iv) Tight alignment between transmitter and receiver is required making it less 

convenient for certain applications.  

 

1.5 Applications of free-space optical communication 

In comparison to RF counterparts, the FSO link has a very high optical bandwidth 

available, allowing much higher bit rates. Terrestrial FSO products with transmission rates 

of 10 Gb/s are already in the market and the speeds of recent experimental FSO systems 

are competing with optical fiber [20]. Telecom carriers have already made substantial 

investments to augment the capacity of their fiber backbones [21]. To fully utilize the 

existing capacity, and therefore to generate revenue, this expansion in the backbone of the 
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networks should be accompanied by a comparable growth at the network edge where end 

users get access to the system. FSO systems are also appealing for a wide range of 

applications as shown in Fig. 1.3 and some of which are elaborated as follows: 

 

 

Fig. 1.3 Terrestrial and inter-satellite applications of FSO [22]. 

 

(i) Enterprise connectivity: FSO systems are easily installable. This feature makes it 

applicable for interconnecting LAN segments to connect two buildings. FSO 

systems can bridge multiple buildings in corporate and campus networks 

supporting ultra-high speeds without the cost of dedicated fiber-optic connections. 

FSO can be used in many optical links, such as building to building, ship to ship, 

aircraft to the ground, and satellite-to-ground. 

(ii) Video surveillance and monitoring: Surveillance cameras are widely deployed in 

commercial, law enforcement, public safety, and military applications. Wireless 

video is convenient and easy to deploy, but conventional wireless technologies fail 

to deliver high throughput requirements for video streaming. FSO technology 

presents a powerful alternative to support high-quality video transmission. 
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(iii) Back-haul for cellular systems: Wireline connections and microwave links are 

typically deployed between the base stations and the mobile switching center in a 

cellular system. The growing number of bandwidth-intensive mobile phone 

services now requires the deployment of technologies such as FSO which allow 

much higher throughput. 

(iv) Redundant link and disaster recovery: Natural disasters, terrorist attacks, and 

emergencies require flexible and innovative responses. Temporary FSO links can 

be readily deployed within hours in such disaster situations in which local 

infrastructure could be damaged or unreliable.  

(v) Security: Today’s cryptosystems can offer only computational security within the 

limitations of conventional computing power and the realization of quantum 

computers would, for example, make electronic money instantly worthless. Based 

on the firm laws of physics, quantum cryptography provides a radically different 

solution for encryption and promises unconditional security. Quantum 

cryptography systems are typically considered in conjunction with fiber optic 

infrastructure. FSO links provide a versatile alternative in cases where the fiber 

optic deployment is costly and/or infeasible. 

(vi) Broadcasting: In broadcasting of live events such as sports and ceremonies or 

television reporting from remote areas and war zones, signals from the camera (or 

several cameras) need to be sent to the broadcasting vehicle which is connected to 

a central office through a satellite uplink. The required high-quality transmission 

between the cameras and the vehicle can be provided by an FSO link.  

(vii) The backbone for IoT: The integration of FSO links with IoT and machine-to-

machine (M2M) transmission links can provide high-speed large-capacity 

networks to realize global IoT. 

(viii) Fiber backup: FSO can provide a backup link in case of failure of transmission 

through the fiber link. 

(ix) Military access: As FSO is a secure and undetectable system, it can connect large 

areas safely with minimal planning and deployment time. 

(x) Backhaul: FSO can help carry the traffic of cellular telephone from the base 

transceiver system (BTS) back to the public switched telephone network (PSTN) 

with high speed.  



 

 
                                                                                                          Chapter 1: Introduction 

 

9 
 

1.6 Challenges and issues in free-space optical communication 

Free space optical communication uses light to transmit data through the atmosphere. But 

along its transmission path, various issues come into the picture. The primary challenges 

being whether attenuation loss [23], geometric loss, misalignment error, background noise, 

atmospheric turbulence [24], and scintillation [25]. Geometrical losses arise due to beam 

divergence between the transmitter and the receiver while atmospheric phenomena like 

fog, haze, snow, rain, and turbulence cause attenuation of the optical signal [26] and hence 

additional losses and this undoubtedly poses a great challenge to the FSO system designers. 

Furthermore, the Pointing error effect which occurs due to the misalignment between the 

transmitter and the receiver positions causes misalignment error [27]. Hence, despite many 

advantages, the performance of the FSO communication system is influenced by 

unpredictable atmospheric conditions as depicted in Fig. 1.4.  

 

 

Fig. 1.4 Challenges and issues surrounding FSO [28]. 

 

     The primary factors that deteriorate the FSO link performance are absorption, 

scattering, and turbulence. Out of these, atmospheric turbulence [29] is a major challenge 

that may lead to serious degradation in the link performance and make the communication 
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link infeasible [30]. Geometric loss arises due to the optical beam divergence due to 

propagation, laser beam diffusion, and the receiver aperture size while misalignment error 

or Pointing error are caused by wind, earthquake, and building vibrations [31].  FSO 

communication systems are affected by different weather attenuation losses due to haze, 

dust, fog, rain, smoke, and snow. Also, background noise comes into play due to exposure 

of the receiver to direct or in-direct sunlight or artificial lights. Background noise reduces 

the optical signal-to-noise ratio (OSNR) and can be eliminated through a bandpass filter 

(BPS) before photo-detection. Atmospheric turbulence causes a phase shift of the 

propagating optical signals resulting in distortions [32]. Turbulence is caused by 

temperature variation in the atmosphere which results in random fluctuation in the 

refractive index of air. The change in temperature, moisture, and pressure produces 

variations in the air refractive index. Because of the turbulence effect, the beam gets 

defocused, producing intensity fluctuation and spreading of the transmitted beam in the 

atmosphere [33]. The average power received at the FSO receiver also decreased by the 

effect of turbulence. The scintillation phenomenon is the most notable one for FSO system 

performance deterioration. Light traveling through scintillation will experience intensity 

fluctuations, even over relatively short propagation paths. The fluctuation in amplitude and 

phase of the optical signal propagating in free space is called scintillation. Scintillation is 

caused due to atmospheric turbulence. Also, scintillation is the result of constructive and 

destructive interference between the rays of the optical beams. Scattering of light is 

considered as the dispersion of energy that makes the signal divert from its original target. 

Geometrical scattering is the result of snow and raindrops that are made of larger 

molecules. Light scattering can drastically impact the performance of the FSO systems. 

The particles or atmospheric molecules that the light encounters during the propagation to 

its destination cause scattering. Several scattering regimes exist, depending on the 

characteristic size of the particles. While designing an FSO link, the designer has to ensure 

that the chosen operating wavelength has to be eye and skin safe. This means that the laser 

should not pose any kind of danger to the people who might encounter the communication 

beam but light above 1400 nm is absorbed by the cornea. 
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CHAPTER 2: LITERATURE SURVEY AND OUTLINE 

 

2.1 Introduction 
A lot of research work has been already done and is underway in the field of FSO. But, the 

developments made till now could not exploit the full potential of FSO. Researchers have 

been working over the feasibility of FSO systems for long-range communication and 

turbulent channel. From time to time, research work has been going on to overcome the 

challenges in the FSO link and to enhance potential system capacity, spectral efficiency 

(SE), and transmission distance. To achieve these objectives, different higher-order 

modulation techniques, coding schemes, channel models, homodyne and heterodyne 

coherent detection, and digital signal processing (DSP) techniques can be found in the 

literature. Based on the gaps found in the latest literature, research objectives and 

methodology have been laid down. Then, follows the thesis organization. 

 

2.2 Higher-order modulation formats for higher spectral efficiency and 

better linearity 

Higher-order quadrature amplitude modulation (QAM) driven FSO communication 

systems provide high data rates but at the cost of noise margin [34]. However, recently it 

has been shown that employing diversity techniques in coherent FSO communication 

systems improves receiver OSNR significantly [35][36]. The OSNR requirement of an 

optical wireless network is acute since it reduces the working budget and supplements the 

data transmission rate [37][38]. Sacchierit et al. [39] analyzed dense wavelength division 

multiplexing (DWDM) based FSO system. Kikuchi et al.[40] reported that at peak signal 

power, receiver sensitivity of QPSK modulation technique is 6 dB higher compared to the 

IM scheme since symbol distance on the I/Q plane is twice it. Wang et al.[41] demonstrated 

a 5 GBaud QPSK modulation driven mid-infrared (MIR) communication system using 

wavelength conversion technique over 10 m FSO link. All amplitude and phase 

information was retained due to the utilization of coherent detection and DSP at a power 

penalty of 2.73 dB compared with back to back (B-2-B) system. Singh et al.[42] proposed 

the development of an FSO link with thirty-two Nyquist wavelength division multiplexing 

(WDM) channels each carrying 200 Gb/s DP-QPSK data under the impact of diverse 
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atmospheric conditions. The results revealed that the tendency to transport high-speed data 

over each channel for longer distances was attributed to the use of DSP techniques for 

suppression of phase disparity within the transmitted symbols and local oscillator (LO) 

signal. Feng et al.[43] showed the feasibility of a coherent full-duplex QPSK-FSO 

communication system for high-speed and long range operation realizing a data rate of 40 

Gbit/s for 1 km at received power of −16.5 dBm and power penalty of 2.6 dB. In DWDM, 

the signals from various sources are combined and transmitted over different wavelengths. 

Fusion of DWDM with the FSO results in high data rates up to 40 Gb/s with increased 

capacity and range. Chaman-Motlagh et al. [44] studied the performance of atmospheric 

effects on the FSO link with multiple receivers. Various environmental factors like 

reflection, absorption, scintillation, Doppler shift result in signal degradation and hence 

attenuation. With the employment of multiple receivers, it was observed that the OSNR 

decreases after a particular link range. Mohan et al. [45] worked upon the FSO system 

using intensity modulation/direct detection (IM/DD) with on-off keying (OOK) for the 

log-normal channel. Here, they have considered aperture averaging and spatial diversity 

techniques to overcome turbulence in the log-normal channel and concluded that spatial 

diversity gave better SNR and BER values. Jiao et al. [46] studied quadrature amplitude 

multiplexing (QAM) based FSO system with spatial diversity in the turbulent atmosphere 

and BER and outage probability were derived. It was shown that the system gave better 

results than the single input single output (SISO) system. Prabu et al. [47] studied 

polarization shift keying (POLSK) and coherent OWC based FSO system in a turbulent 

channel for various modulation techniques like on-off keying (OOK), POLSK, and 

coherent OWC to evaluate average spectral efficiency (ASE), they concluded that ASE 

decreases with growth in turbulence. Dayal et al. [48] studied a wavelength division 

multiplexing (WDM) based FSO system with optical amplifiers. FSO is a short-range 

communication system owing to atmospheric factors like rain, snow, haze, and clouds 

which deteriorate the system performance over long-distance [49]. M-ary QAM 

modulation technique allows multiple bits to be transmitted simultaneously by mapping 

them into one symbol [50]. The advantages of single-carrier M-ary QAM include 

simplicity, easy wavelength allocation, more compactness, low power dissipation, and it 

can be implemented in real-time [51]. Optical M-ary QAM signal can be generated by 

modulating a single narrow linewidth cavity laser using a single or multiple in-phase and 
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quadrature modulator (IQM) [52]. Rakesh et al. [53] showed that multimedia transmission 

over WDM/TDM passive optical network (PON) with 128 optical network units (ONUs) 

is possible up to a range of 28 km with different modulation techniques but the most 

appropriate data format being non-return-to-zero (NRZ) rectangular. Ali et al. [54] 

designed and experimentally established a 10 Gb/s OWC system for data center networks 

up to a 3 m distance with an acceptable BER of 10-9 that permits flexibility in transceiver 

design with increased capacity and low power usage. Israr et al. [55] showed that MIMO 

is a promising choice for FSO communication. They analyzed the 4×4 MIMO FSO system 

under various modulation formats and observed the effect of varying distance, transmitted 

optical power, and attenuation on system performance and established that return-to-zero 

(RZ) is well-matched for the MIMO FSO system. A quadrature phase-shift keying (QPSK) 

modulator is used to modulate a narrowband optical laser in quadrature phases using 

multilevel electrical signals from high-speed digital to analog converter (DAC) and driving 

amplifiers [56]. Immadi et al. [32] worked upon the effect of adverse attenuation due to 

scintillation, haze, fog, snow and rain on the performance of FSO communication system 

under various attenuation models like CARBONNEA, JAPAN, SAMIR and SURIZA. 

Their observation regarding the variation of received optical power, received electrical 

power and quality factor with rain intensity revealed that the received optical power and 

Q-factor were highest for SURIZA model and lowest for SAMIR model both at low and 

high rain intensities.  

 

2.3 Optical coherent detection 

Coherent optical transmission refers to optical communication systems that apply higher-

order modulation format at the transmitter side and coherent detection using a local 

oscillator (LO) and digital signal processing (DSP) at the receiver side. Coherent optical 

transmission is the key to achieve high data rates that are required for next-generation 

optical networks [57]. It provides high SE and long transmission distance [58]. Using 

higher-order modulation formats such as M-ary QAM and QPSK would allow better 

utilization of bandwidth, hence greater SE [59]. The rebirth of coherent optical 

transmission started with the development of a coherent optical system based on optical 

differential quadrature phase-shift keying (DQPSK) [60]. This scheme increased the bit 

rate by 4-fold compared to IM/DD systems, achieving 40 Gb/s at 20 Gbaud per WDM 
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channel. Between 2005 and 2010, the research efforts focused on applying DSP techniques 

and polarization division multiplexing (PDM) to further increase the data rate of coherent 

optical systems to 100 Gb/s [61]. The first coherent optical system that was based on 

orthogonal PDM and QPSK became commercially available [62]. The system provides 

100 Gb/s at 25 Gbaud and applies DSP extensively for bit coding, laser source nonlinearity 

compensation, fiber non-linearity precompensation, pulse shaping, carrier phase, and 

frequency estimation, as well as chromatic dispersion (CD) and polarization mode 

dispersion (PMD) compensation [63]. The 100 Gb/s PDM-QPSK coherent optical system 

by far has been the highest data rate optical system available in the market. Currently, 

coherent optical communication systems with data rates beyond 100 Gb/s per optical 

channel are under investigation [64]. The goal is to achieve 400 Gb/s per WDM channel 

using higher-order QAM modulation formats such as 16-QAM and 64-QAM [65]. The 

coherent optical transmission allows higher network flexibility by supporting different 

baud rates and modulation formats per single optical carrier leading to increment in 

spectral efficiency and reduction of the cost per bit of transmitted information. The Internet 

traffic demand has been growing at a rate of 25% per year owing to the emergence of HDR 

solutions including high definition 3D TV, video conferencing, online gaming, CC, and 

big data. Commercially available coherent optical systems are based on PDM and 4-QAM 

or PDM-QPSK [66].However, optical QAM transmitters based on multiple QPSK 

modulators that are driven by binary electrical signals appears to be the most promising as 

they eliminate the need for high speed DAC and driving amplifiers associated with single 

QPSK modulator that is driven by multilevel electrical signals [67]. In coherent receivers, 

there are two approaches of homodyne and heterodyne signal detection [68]. Homodyne 

detection permits a better detection sensitivity but requires an accurate optical phase-

locked loop (PLL), which is very expensive to realize. Due to this reason, heterodyne 

detection has been more widely considered in the literature. Coherent detection provides 

spectral shaping functionality that enables the usage of flexible grid systems and allows 

the rejection of interference from adjacent channels. This increases the spectral efficiency 

by placing the optical carriers closer to one another within the transmission band. By virtue 

of DSP capability, coherent optical systems allow an increase of receiver sensitivity by 15 

dB to 20 dB and therefore increasing the transmission distance [69]. 
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2.4 Digital signal processing for the compensation of linear and nonlinear 

impairments 

The digital signal at the output of ADC is further processed using DSP circuits for noise 

removal and data recovery. DSP refers to various techniques for improving the reliability 

and accuracy of coherent optical communication links through the removal of channel 

impairments, such as CD, self-phase modulation (SPM), and PMD as well as laser phase 

and frequency noise [70]. The use of DSP in conjunction with coherent detection allows 

the preservation of full information of the incoming signal, which in return increases 

receiver sensitivity [71]. To achieve a transmission capacity closer to the Shannon limit, 

high-speed DSP algorithms are employed to estimate and correct the signal impairments 

in the electrical domain [72]. DSP compensates for transmission impairments such as CD 

and PMD, which in return eliminates the need for DC modules and allows robust 

performance [73]. The signal at the output of the ADC is fed to the CD compensation block 

which focuses on eliminating the CD in the digital domain using multiple techniques such 

as digital square filter (DSF), static time-domain finite impulse response filter, and 

frequency domain equalizers [74]. By employing DSP techniques including the constant 

modulus algorithm (CMA), it was possible to mitigate the multipath effect in a 400G 

fiber/wireless hybrid system combined with polarization division multiplexing (PDM) and 

multiple-input multiple-output (MIMO) communication [37]. The PMD is also removed 

in the digital domain using adaptive filters such as the least mean square and CMA filters. 

Carrier phase estimation (CPE) algorithms track and remove the phase noise using 

different methods such as normalized least means square estimator, differential phase 

estimation, and the Viterbi-Viterbi (VV) estimators [75]. The decision circuit with the 

appropriate threshold levels is used to recover the bits. The bits are decoded and converted 

to a serial bit stream at the output. Although it is still difficult to establish a high speed and 

long haul FSO link owing to challenges put forth by climate and physical installation, but 

coherent detection along with advanced digital modulation techniques and digital signal 

processing (DSP) algorithms have considerably assisted to resolve the trouble [76]. At the 

receiver, the signals are converted to electrical signals utilizing heterodyne or homodyne 

detection. The received signal errors are compensated using DSP techniques. Coherent 

receivers enjoy the high sensitivity associated with homodyne detection but with the added 

benefit of advanced DSP that offers the possibility to compensate for linear impairments 
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such as CD and PMD [77]. In that respect, the remarkable tolerance of coherent receivers 

against optical noise, CD, as well as PMD have been reported [78]. All these features 

highlight the potential of joint implementation of coherent detection and DSP to develop 

high bit rate solutions that meet the system requirements. 

 

2.5 Gaps and motivation 

(i) The IM/DD-based wireless optical communication systems do not meet the 

requirements of next-generation optical networks. 

(ii) The range of wavelengths between 400 to 1400 nm can cause potential eye hazards 

or even skin damage. However, the light below 400 nm and above 1400 nm is 

absorbed by the cornea and does not reach the retina. 

(iii) Amplitude and phase imbalances within the in-phase (I) and quadrature (Q) signals 

can result due to laser phase jitter and atmospheric attenuation at several points 

along the transmission path. 

(iv) Employment of FSO communication in indoor environments has been done mainly 

by using diffuse optics. Such proposals have been challenged due to the limited 

power of a single source that is being diffused in all directions.  

(v) Linear and nonlinear distortions such as CD, PMD, SPM, cross-phase modulation 

(XPM), cross-polarization modulation (XPolM), and four-wave mixing (FWM) 

limit the spectral efficiency in optical communication. 

 

2.6 Research objectives 

(i) To design a free-space optical transceiver system for different advanced digital 

modulation techniques – QPSK, 16-QAM, 256-QAM for higher optical spectral 

efficiency and data rates. 

(ii) To implement balanced homodyne detection and several high-level digital signal 

processing algorithms at receiver for digital compensation of signal impairments.  

(iii) To analyze the performance of all proposed systems with respect to BER, EVM, 

OSNR, transmission distance, launched optical power, received optical power, 

laser linewidth, beam divergence, and carry out the performance comparison 

between all the proposed systems with various M-ary modulation formats. 
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2.7 Research methodology 

To achieve all the mentioned objectives, the design of all the proposed systems, 

optimization of link parameters, and test was carried out in OptiSystem V. 16 simulation 

design suite. The obtained values of the performance parameters were recorded and plotted 

using MATLAB R2018b. 

 

2.8 Thesis organization 

This thesis comprises a total of eight chapters together with this introductory chapter. 

Chapter 2 discusses the literature review regarding the FSO communication with a prime 

focus upon the latest research developments made in areas of optical advanced modulation 

formats, coherent optical transmission, and DSP techniques which allows for the 

identification of gaps, henceforth formulating the research objectives and research 

methodology respectively. Chapter 3 deals with the analysis of a two-channel wireless 

optical communication system. Chapter 4 presents the analysis of the FSO communication 

system under three different optical windows: 850 nm, 1310 nm, and 1550 nm. Chapter 5 

deals with the design and analysis of DP-QPSK based FSO transceiver system with the 

application of coherent detection and DSP algorithms for maximum reach. Chapter 6 

presents the design and performance analysis of the DP-16-QAM terrestrial FSO 

transceiver system using homodyne detection and DSP at the receiver for the high-speed 

digital data link. Chapter 7 deals with the design and analysis of DP-256-QAM based FSO 

transceiver with coherent detection and DSP algorithms for ultra-high-speed and 5G 

applications. The system performance is measured concerning BER, EVM, OSNR, beam 

divergence, transmission distance, launched and received optical power respectively. To 

finish, conclusions and recommendations are presented in Chapter 8, which is followed by 

a comprehensive list of references. 



 

 
Chapter 3: Design of Two-Channel Wireless Optical Communication System 

 

18 
 

CHAPTER 3: DESIGN OF TWO-CHANNEL WIRELESS 

OPTICAL COMMUNICATION SYSTEM  

 

3.1 Introduction 

FSO is also known as fiber-less optics is a subset of optical wireless communication 

(OWC). The former uses a guided laser beam in the near-infrared (IR) region to transmit 

data at high speed but the latter uses infrared, ultraviolet (UV), or unguided visible light to 

carry an optical signal. Terrestrial FSO has now been established to be a worthwhile 

alternative in overcoming the scarcity of available bandwidth and high transmission rate 

requisite of end-user at a reasonable cost [79]. Thus, today optical wireless communication 

is a promising technology that can meet the requirements of cloud computing (CC), 

internet of things (IoT), multiple-input multiple-output (MIMO) systems, big data, 

artificial intelligence (AI), and 5G network by offering vast license-free bandwidth, high-

speed data rates up to 100 Gbps, last-mile access, economical and easy installation, high 

immunity to electromagnetic interference (EMI) and jamming [80]. The main hindrance in 

the FSO communication is its high sensitivity towards geometrical and atmospheric effects 

which is the reason FSO being short-range communication [81]. Geometrical losses arise 

due to beam divergence between the transmitter and the receiver while atmospheric 

phenomena like fog, haze, snow, rain, and turbulence cause attenuation of an optical signal 

and hence additional losses [23]. Furthermore, the Pointing error effect which occurs due 

to the misalignment between the transmitter and the receiver positions causes 

misalignment error [27]. In this chapter, two optical communication systems, one with an 

FSO channel (channel A) and another with an OWC channel (channel B) have been 

proposed and analyzed. The performance evaluation has been done based on quality factor 

(Q-factor) and bit error rate (BER) variation concerning link distance for different varying 

link parameters. Geometrical losses due to the divergence of the beam have been countered 

by aperture averaging in which the transmitter aperture diameter (5 cm) is kept small and 

the receiver aperture diameter (20 cm) is kept large. Beam divergence is taken from 2 to 5 

mrad. An operating wavelength of 1310 nm is taken with attenuation varying from 0.32 

dB/km to 4 dB/km. Similarly, additional losses are taken from 5 dB to 10 dB and the data 

rate is set at 1.5 Gb/s.  
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3.2 Proposed system 

Wireless optical communication system consists of three main components: a transmitter, 

a channel (FSO/OWC), and a receiver. The block diagram of the proposed system is shown 

in Fig. 3.1. The transmitter unit holds a pseudo-random bit sequence generator (PRBS), a 

line encoder (NRZ), a continuous wave (CW) laser, and a Mach-Zehnder modulator 

(MZM). The PRBS generates a pseudo-noise sequence which is represented in NRZ format 

by the line encoder. This NRZ electrical output is fed at one input port of MZM while 

another input port is fed with a laser beam (optical source). The modulator superimposes 

the NRZ signal onto the high-frequency optical carrier signal and generates an optical 

signal output at its output port. This modulated optical signal is propagated along a wireless 

channel, here, in this case, an FSO link (channel A) and an OWC link (channel B).  

 

 

Fig. 3.1 Design schematic of the two-channel wireless optical communication system. 

 

     The receiver end sub-system contains an avalanche photodiode (APD), a low pass filter 

(LPF), and a BER analyzer. An APD (optical detector) converts the received optical signal 

back to its electrical output. Then, an LPF blocks any high-frequency signal (noise) and 

the output is fed to a BER analyzer that lets the user analyze and demonstrate the BER and 

Q-factor of the signal under consideration [82]. The reduction of the laser power rests on 

two main factors: attenuation and geometrical loss [83][84]. Attenuation is the degradation 

of signal strength due to atmospheric impediments while geometric loss arises owing to 

beam spreading between the transmitter and the receiver. 
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Table 3.1 Simulation parameters considered in the proposed design. 

Parameter Value 

Launched optical power 

Data rate 

Transmitter optics efficiency 

10 dBm 

1.5 Gbps 

1 

Receiver optics efficiency 1 

Beam divergence 2 - 5 mrad 

Atmospheric attenuation 0.32 - 4 dB/km 

Wavelength 1310 nm 

Range 100-1000 m (channel A), 

10-100 km (channel B) 

Additional loss 5 -10 dB 

 

     In wireless systems, the power received at the receiving antenna is given by the equation 

[85] 

                                 𝑃𝑅𝑋 = 𝑃𝑇𝑋𝔶𝑇𝑋𝔶𝑅𝑋ɠ𝑇𝑋ɠ𝑅𝑋𝐿𝑇𝑋𝐿𝑅𝑋(𝜆 4𝜋𝑅⁄ )2                                (3.1) 

 

where 𝑃𝑅𝑋 is the received power, 𝑃𝑇𝑋 is the transmitted power, 𝔶𝑇𝑋 is the transmitter optics 

efficiency, 𝔶𝑅𝑋 is the receiver optics efficiency, ɠ𝑇𝑋 is the transmitter gain, ɠ𝑅𝑋 is the 

receiver gain, 𝐿𝑇𝑋 is transmitter pointing loss factor, 𝐿𝑅𝑋 is the receiver pointing loss 

factor,  𝜆 is the wavelength, R is the distance between transmitter and receiver [86]. All the 

parameter values taken in the simulation model have been listed in Table 1. The transmitter 

gain can be written as [85] 

 

                                                      ɠ𝑇𝑋 = (𝜋𝐷𝑇𝑋 𝜆⁄ )2                                                   (3.2) 

 

where 𝐷𝑇𝑋 is transmitter telescope diameter. The receiver gain can be written as 

 

                                                      ɠ𝑅𝑋 = (𝜋𝐷𝑅𝑋 𝜆⁄ )2                                                    (3.3) 

 

where 𝐷𝑅𝑋 is the receiver telescope diameter. Pointing error arises from the off-balance 

between the transmitter and the receiver [87]. Beam divergence, the aperture diameter of 



 

 
Chapter 3: Design of Two-Channel Wireless Optical Communication System 

 

21 
 

the transmitting and receiving antenna, and jitter alteration impact the pointing error effect. 

The influence of pointing error on the performance of FSO and OWC systems is taken into 

account by pointing loss factor which is given by [88] 

 

                                                             𝐿𝑇𝑋 = 𝑒(−ɠ𝑇𝑋𝜃𝑇𝑋
2)                                            (3.4) 

and 

                                                             𝐿𝑅𝑋 = 𝑒(−ɠ𝑅𝑋𝜃𝑅𝑋
2)                                            (3.5)              

                                       

where 𝜃𝑇𝑋 and 𝜃𝑅𝑋 are transmitter and receiver azimuth pointing error angle. In the 

simulation model, we have taken transmitter pointing error and receiver pointing error as 

0 µrad. 

 

3.3 Results and analysis 

The design and performance analysis of the proposed model has been done in OptiSystem 

V. 16. At times the values of BER have come out to be largely due to the limitations of the 

simulation platform but 10-9 has been taken as the minimum acceptable BER for each 

observation. 

 

3.3.1 Performance analysis of FSO link system  

Figure 3.2 shows the eye diagrams took for range from 100 to 1000 m with varying 

simulation parameters for the FSO channel. By carefully examining the eye diagrams, we 

could get the values of Q-factor, minimum BER, and eye height. Their values have been 

listed in Table 3.2. 

 

                      

                     (a)                                                        (b)                                                        (c)  
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                     (d)                                                        (e)                                                        (f) 

       

                    

                     (g)                                                     (h)                                                           (i) 

 

 

(j) 

Fig. 3.2 Eye diagrams for FSO link at transmission distances of (a) 100 m, (b) 200 m, (c) 300 m, (d) 400 

m, (e) 500 m, (f) 600 m, (g) 700 m, (h) 800 m, (i) 900 m and  (j) 1000 m. 

 

     On observing the eye diagrams and Table 3.2, it can be concluded that the FSO channel 

gives optimal performance up to 800 m but afterwards, both the Q-factor and BER 

performance deteriorates due to atmospheric effects and losses.  
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Table 3.2 Values of performance parameters obtained for FSO channel. 

Range (m) Q-factor BER Eye height (a.u.) 

100 36.78 10-296 10-5 

200 32.60 10-233 10-5 

300 28.74 10-182 10-5 

400 25.43 10-143 10-5 

500 20.72 10-95 10-5 

600 17.07 10-65 10-5 

700 12.56 10-36 10-6 

800 8.34 10-18 10-6 

900 6.00 10-6 10-6 

1000 4.12 10-5 10-7 

 

      

 

Fig. 3.3 Variation of BER with link range for FSO channel. 

 

     Figures 3.3 and 3.4 bring out the variation of BER and Q-factor with link distance for 

the FSO system respectively. As can be seen from the results, BER increases with an 

increase in transmission distance, and Q-factor decreases with increasing transmission 

range. Thus, the FSO link is suitable for short-range communication systems only.  
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Fig. 3.4 Variation of Q-factor with link range for FSO channel. 

 

3.3.2 Performance analysis of OWC link system    

Figure 3.5 shows the eye diagrams obtained at a specific link range from 10 km to 100 km 

for the OWC channel with various simulation parameters. Also, the relation of BER and 

Q-factor with respect to link distance is depicted in Figures 3.6 and 3.7 respectively. By 

carefully examining the eye diagrams, we could get the values of Q-factor, minimum BER, 

and eye height. Their values have been listed in Table 3.3. 

 

                       

                       (a)                                                         (b)                                                   (c)            

      



 

 
Chapter 3: Design of Two-Channel Wireless Optical Communication System 

 

25 
 

                    

                       (d)                                                          (e)                                                      (f) 

 

                         

                     (g)                                                         (h)                                                          (i) 

 

(j) 

Fig. 3.5 Eye diagrams for OWC link at a transmission distance of (a) 10 km, (b) 20 km, (c) 30 km, (d) 40 

km, (e) 50 km, (f) 60 km, (g) 70 km, (h) 80 km, (i) 90 km, and  (j) 100 km. 

 

      On observing the eye diagrams and Table 3.3, it can be concluded that the OWC channel 

gives optimal performance up to 80 km supporting a data rate of 1.5 Gbps but then both 

the Q-factor and BER performance deteriorates as revealed in Fig. 3.6 and Fig. 3.7 

respectively. Henceforth, with the results obtained it can be verified that the OWC channel 

supports long-range communication with reliable system performance. 
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Table 3.3 Values of performance parameters obtained for OWC channel. 

Range (km) Q-factor BER Eye height (a.u.) 

10 36.26 10-288 10-5 

20 31.73 10-221 10-5 

30 29.76 10-195 10-5 

40 22.90 10-116 10-5 

50 16.46 10-61 10-6 

60 13.43 10-42 10-6 

70 8.48 10-17 10-6 

80 6.09 10-10 10-6 

90 4.39 10-6 10-7 

100 3.02 10-5 10-7 

 

 

 

Fig. 3.6 Variation of BER with link range for OWC channel. 
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Fig. 3.7 Variation of Q-factor with link range for OWC channel. 

 

3.4 Concluding remarks 

The OWC and FSO link performances are investigated by taking Q-factor and BER as 

performance metrics. It is realized that the operating wavelength of 1310 nm provides the 

optimum performance for both FSO and OWC channels for a specific range. Various 

system parameters are varied and simulated to examine their effect on the Q-factor and 

BER performance of both the links. As per the results analyzed from the eye diagrams 

using Q-factor and BER, the FSO channel is capable of data transmission at a data rate of 

1.5 Gb/s up to a link distance of 800 m while the OWC channel can attain the same data 

rate up to 80 km. The system performance degrades with an increase in the range due to 

high attenuation and additional losses. The system can be further investigated for different 

wavelengths at different atmospheric conditions with and without optical amplifiers in the 

future course of work. 
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CHAPTER 4: STUDY OF FREE SPACE OPTICAL 

COMMUNICATION SYSTEM UNDER VARIOUS OPTICAL 

WINDOWS 

 

4.1 Introduction 

Free space optics is a light-wave communication technology that operates in the near-IR 

region of the electromagnetic spectrum (about 700 to 1675 nm) and uses an atmospheric 

channel as the transmission medium for both inter-satellite and terrestrial networks. The 

major challenge in the FSO system is its short-range operation due to its vulnerability to 

atmospheric attenuation induced by rain, fog, snow, haze, and additional losses which 

come into play due to misalignment and scintillation. These shortcomings lead to laser 

phase jitter, signal attenuation, and beam wandering which degrade the quality of service 

(QoS) in FSO [89]. Due to the random distribution of turbulence cells called eddies, the 

reliability of the FSO system is difficult to boost [90]. To overcome this uncertainty, the 

design of a homogenous optical filter based on an artificial neural network (ANN) model 

for all three optical windows has been implemented in the literature to predict the optical 

specifications through machine learning [91]. Although it is still difficult to establish a 

high speed and long haul FSO link owing to challenges put forth by climate and physical 

installation, but coherent detection along with advanced digital modulation techniques and 

digital signal processing (DSP) algorithms have considerably assisted to resolve the 

trouble. In a strong turbulent scenario, atmospheric attenuation could grow up to 100 

dB/km or beyond with a steep rise in additional losses also. Nevertheless, wavelength and 

frequency play an important role in the operation of the FSO system; the amount of optical 

power received, beam divergence, scattering losses, attenuation, and link range are all 

wavelength-dependent. Therefore, if we want to aim at long-range FSO communication 

systems, we need to choose the operating wavelength wisely. This is significant because 

free space optics is a practical alternative to radiofrequency (RF) technology and hence 

knowing how it responds with each optical window becomes important for a seamless 

communication system. The most frequently used wavelengths for FSO are 850 nm, 1310 

nm, and 1550 nm [92]. All these atmospheric transmission windows have their pros and 

cons; 850 nm and 1310 nm laser diodes deliver economical operation but offer short-range 
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connectivity [93] while 1550 nm laser diode is preferred for eye safety reasons and long-

distance communication but are quite expensive. In this chapter, the FSO system with 2000 

m link range has been designed and investigated for three atmospheric transmission 

windows - 850 nm, 1310 nm, and 1550 nm to record and contrast their performance and 

integrity both realistically and mathematically by way of BER, Q-factor and optical power 

as performance parameters. The analysis put forth in this work demonstrates the fitness of 

FSO systems for diverse optical windows under different operating conditions. To achieve 

our objectives, each time we modeled our system for a different set of wavelengths, we 

recorded the measurements for performance metrics with respect to link parameters and 

analyzed them both graphically and mathematically. 

 

4.2 System design 

The proposed FSO system comprises a transmitter unit, the FSO channel, a receiver unit, 

and visualizer components as shown in Fig. 4.1. The FSO communication system under 

consideration is analyzed for the behavior of performance metrics with varying link 

parameters for various optical windows. The transmitter side involves a pseudo-random 

bit sequence generator (PRBS) that generates a pseudo-noise (PN) sequence of 1’s and 0’s 

which is fed to an NRZ pulse generator that produces an electrical signal. The laser emits 

 

 
 

Fig. 4.1 Proposed FSO communication system design. 
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a continuous wave optical signal; here for three different optical transmission windows - 

850 nm, 1310 nm, and 1550nm that corresponds to frequencies of 352.7 THz, 228.9 THz, 

and 193.4 THz. Both the outputs of the NRZ line encoder and CW laser are fed to input 

terminals of the Mach-Zehnder modulator (MZM) where the low-frequency signal is 

superimposed over the high-frequency signal and transmitted over the FSO channel. Along 

its way, the optical signal is affected by atmospheric impediments like scintillation, haze, 

fog, and rain [94]. However, in our analysis, we have considered overall fair weather 

conditions. The receiver side consists of an avalanche photodiode (APD) that transforms 

the received optical signal into its electrical counterpart. A low pass filter (LPF) filters out 

any surplus frequency components. This signal is then fed to the BER analyzer which 

displays the minimum BER of input electrical signal, its Q-factor, eye height, threshold 

value, and BER pattern. The eye diagrams for each measurement are drawn and observed 

for BER performance and Q-factor. Besides, two optical power meters have been used as 

visualizer components to record the values of transmitted optical power and received 

optical power used for system analysis. The intensity-modulated/direction detection 

(IM/DD) based OOK digital modulation scheme is preferred due to its simplicity and 

efficiency for short link range FSO systems. Laser communication regarding 1550 nm is 

considered safe power for human eye safety, as such nowadays optoelectronic devices, use 

1550 nm laser diodes abundantly for high-speed FSO link. Table 4.1 lists all the link 

parameters and their values used in system design and analysis. Laser power is set at 8 

dBm and data rate at 2.5 Gbps for all three wavelengths. FSO channel component mimics 

the effects of atmospheric channel thus atmospheric attenuation, additional losses, and 

geometrical losses have been considered in the system analysis. An attenuation of 2.5 

dB/km, 0.4 dB/km and 0.2 dB/km is taken for 850 nm, 1310 nm and 1550 nm wavelengths 

separately [95]. An additional loss of 10 dB has been taken to consider the pointing error 

effect and scintillation. To counter geometrical losses due to beam spreading, transmitter 

aperture diameter and receiver aperture diameter have been held at 5 cm and 15 cm, a 

greater receiver aperture diameter neutralizes the effect of beam spreading and 

scintillation, this is called aperture averaging.  
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Table 4.1 Link parameters. 

Parameter Value 

Bit rate (Gb/s) 2.5 

Frequency (nm) 850; 1310; 1550 

Attenuation (dB/km) 2.5; 0.4; 0.2 

Linewidth (MHz) 0.1 

Extinction ratio (dB) 30 

Range (m) 2000 

Power (dBm) 8 

Transmitter aperture diameter (cm) 5 

Receiver aperture diameter (cm) 15 

Beam divergence (mrad) 4 

Additional losses (dB) 10 

Responsivity (A/W) 1 

Dark current (nA) 10 

Frequency spacing (THz) 0.1 

Sequence length 128 

 

 

4.3 Results and analysis 

This segment presents various simulation results with their mathematical explanation to 

analyze the performance of the FSO system for each optical window under a given set of 

link parameters. The values of link parameters in the FSO system design for each optical 

window have been chosen to keep in mind the practical consequences so that our results 

match real-time system analysis. Figure 4.2 shows the variation of BER with the link range 

for the operating wavelengths of 850 nm, 1310 nm, and 1550 nm. As can be seen from the 

figure, BER performance degrades with an increase in link distance. For 850 nm 

wavelength, BER decreases from 10−18 at a distance of 200 m to 10−1 at 2000 m. For 

1310 nm wavelength, BER decreases from 10−29 at a distance of 200 m to 10−3 at 2000 

m. And for 1550 nm wavelength, BER decreases from 10−34 at a distance of 200 m to 

10−7 at 2000 m. Eye diagrams in the figure show the point of minimum acceptable BER 

that is of the value of 10−9 corresponding to the value of the Q-factor of 6. 
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Fig. 4.2 Variation of BER with range. 

 

     In our analysis, a BER value of 10−9 was achieved for 850 nm, 1310 nm, and 1550 nm 

at a link distance of 600 m , 1000 m, and 1800 m respectively. This suggests the fact that 

the 1550 nm optical window is suitable for long-range FSO communication. Considering 

Gaussian noise with 𝜎0 and 𝜎1 as standard deviations, the BER is given by [96] 

 

                                                      𝘗𝘦 = 
𝘒

𝘓+ 𝘒
𝘗𝘦0 + 

𝘓

𝘓+ 𝘒
𝘗𝘦1                                            (4.1) 

 

where, 𝘗𝘦0 and 𝘗𝘦1 are the symbol probabilities, 𝘒, and 𝘓 are the number of samples for bit 

‘0’ and ‘1’. Likewise, 𝘗𝘦0 and  𝘗𝘦1 are given by 

                                                                      𝘗𝘦0 =
1

2
 𝘦𝘳𝘧𝘤 (

𝘞− 𝘣0

√2𝜎0
)                                                   (4.2)          

                                       

                                                                     𝘗𝘦1 = 
1 

2
𝘦𝘳𝘧𝘤 (

𝘣1− 𝘞

√2𝜎1
)                                                   (4.3) 

 

where, 𝖻0 and 𝖻1 are average values and 𝖶 is the threshold value.    
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Fig. 4.3 Variation of received optical power with range. 
 

     Figure 4.3 portrays the variability of received optical power with link range concerning 

different wavelengths. It is observed that the received optical power decreases with an 

increase in the link range (inverse square law). At a 200 m distance, the optical power 

received for wavelengths - 850 nm, 1310 nm, and 1550 nm is -28 dBm, - 26 dBm, and -24 

dBm. Similarly, at a 2000 m distance, the received optical power is -33 dBm, - 30.9 dBm, 

and -28.8 dBm respectively. The received optical power is given by [97] 

 

                                            𝘗𝘳𝘹𝘥 = 𝘗𝘵𝘹𝘥  
𝘋𝘳𝘹𝘥

2

(𝘋𝘵𝘹𝘥+ 𝜃𝘙)
2 10

−𝛼𝘙 10⁄                                       (4.4) 

 

where, 𝖣𝗋𝗑𝖽 and 𝖣𝗍𝗑𝖽 are the receiver and transmitter aperture diameter, 𝜃 is beam 

divergence, 𝘙 is link range and 𝛼 is atmospheric attenuation.     

     Figure 4.4 depicts the variation of BER with respect to transmitted optical power for 

850 nm, 1310 nm, and 1550 nm set of wavelengths. Looking at the figure, it is seen that 

BER performance improves with the increase in transmitted laser power. At a transmitter  
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Fig. 4.4 Variation of BER with transmitted optical power. 

 

power of 1 dBm, BER for wavelengths of 850 nm, 1310 nm, and 1550 nm is 10−2, 10−10 

and 10−15. In the same way, at 8 dBm power, BER is 10−131, 10−142 𝑎𝑛𝑑 10−181 for the 

optical windows under consideration. The dependence of optical power on wavelength can 

be studied from the equation given by [97] 

 

                                                  
𝘗𝘳𝘹𝘥

𝘗𝘵𝘹𝘥
= (𝜋 𝜆⁄ )

4 𝘋𝘵𝘹𝘥
2𝘋𝘳𝘹𝘥

2𝘓𝘤𝘩𝘌𝘭                                    (4.5) 

or 

                                                        
𝘗𝘳𝘹𝘥

𝘗𝘵𝘹𝘥
= 𝘎𝑡𝑥𝑑𝘎𝑟𝑥𝑑𝘓𝑐ℎ𝘌𝑙                                            (4.6) 

since,                                                         

                                               𝘎𝑡𝑥𝑑 = (
𝜋𝘋𝘵𝘹𝘥

𝜆
)2 and 𝘎𝑟𝑥𝑑 = (

𝜋𝘋𝑟𝘹𝘥

𝜆
)2                               (4.7) 

 

where, 𝘎𝑡𝑥𝑑 and 𝘎𝑟𝑥𝑑 are transmitter and receiver gain, 𝘌𝘭 is system loss and 𝘓𝘤𝘩 is channel 

loss. The above equations show that the transmitted optical power and received optical 
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power follow a typical 𝜆−4 dependency, so as wavelength increases, power decreases by a 

factor of 4. Gain and channel loss are also wavelength-dependent. 

 

Fig. 4.5 Variation of BER with beam divergence. 

 

     Figure 4.5 illustrates the variation of BER with beam divergence. It can be seen that 

as the value of beam divergence increases, BER performance degrades noticeably. At a 

beam divergence of 0.45 mrad, BER is 10−20, 10−25 and 10−30 at 850 nm, 1310 nm, and 

1550 nm. Likewise, at beam divergence of 4 mrad, BER is 10−2, 10−8 and 10−13. A 

minimum acceptable BER of 10−9 for 850 nm and 1310 nm optical window is obtained at 

a beam divergence of 1.7 mrad and 3 mrad. 1550 nm wavelength still manages to give a 

BER of 10−13 at 4 mrad. Hence, the beam spreading effect is less in the 1550 nm window 

in comparison with other optical windows. Thus, the smaller the angle of beam divergence 

(𝜃), the lesser is the BER and vice-versa. Beam divergence is directly proportional to the 

operating wavelength. 

     Figure 4.6 displays the variation of Q-factor with range. From the figure, it is clear that 

the value of the Q-factor decreases significantly with increasing link distance. At a 200 m 

distance, a Q-factor of 21, 31, and 40 is obtained at 850 nm, 1310 nm, and 1550 nm. Also, 
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Fig. 4.6 Variation of the Q-factor with range. 

 

at 2000 m, a Q-factor of 12, 16, and 26 is obtained for respective wavelengths. Hence, the 

1550 nm window gives a high value of Q-factor even at a distance of 2000 m. Q-factor is 

one of the important performance metrics for FSO communication. Sometimes, it is 

difficult to analyze the system performance with BER as the performance metric. On the 

other hand, performance analysis with respect to Q-factor is fast and easy, but the results 

are not as much accurate as in the case of BER. Q-factor is the impression of overall link 

steadfastness and quality of service (QoS) and a minimum acceptable value of 6 is 

necessary for a reliable network. Q-factor can be calculated from the BER using the 

equation given by [91] 

                                                     𝘉𝘌𝘙 =  
𝘦𝘹𝘱 (−𝘘2 2)⁄

𝘘√2𝜋
                                                        (8) 

 

4.4 Concluding remarks 

The FSO communication system performance for different atmospheric transmission 

windows (850 nm, 1310 nm, and 1550 nm) is investigated taking BER, Q-factor, and 

received optical power as performance parameters. The link parameters such as range, 
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beam divergence, and transmitted optical power are varied from 200-2000 m, 0.4-4 mrad, 

and 1-8 dBm respectively, and simulated to analyze the variation pattern concerning 

performance metrics for each optical window. The analysis is carried out both graphically 

and mathematically to help us better understand the suitability of a certain optical window 

under a given set of parameters. All in all, we found that the 1550 nm wavelength presented 

better results in terms of high BER performance even up to 1800 m, superior Q-factor, and 

fifty times more eye-safe laser power operation. Expanding the work further, the FSO 

system at 1550 nm can be analyzed for a long-range multiple-input multiple-output 

(MIMO) system with EDFA and smart antenna technology. 
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CHAPTER 5: DESIGN OF 32 GBAUD DP-QPSK COHERENT 

FREE SPACE OPTICAL TRANSCEIVER WITH DIGITAL 

SIGNAL PROCESSING AT THE RECEIVER 

 

5.1 Introduction 

FSO communication link provides high-speed data transmission rate within LoS range for 

indoor as well as outdoor applications. The trend towards higher SE and the transition to 

advanced coherent modulation formats [98] pose stringent requirements in terms of inter 

symbol interference (ISI), spectrum compactness, and inter-channel interference (ICI) 

[99]. It is considered that optical coherent quadrature phase-shift keying (QPSK) based 

FSO systems can now form the basis for future generation optical wireless networks [100]. 

The proposed system in this chapter achieves 128 Gb/s of data rate with dual-polarization 

QPSK (DP-QPSK) modulation scheme and DSP techniques at the receiver for 1550 nm 

wavelength which is compatible with the existing optical backbone network. The system 

performance has been numerically evaluated with regard to bit error rate (BER ≤ 2 ×

10−3, i.e. FEC limit), error vector magnitude (EVM), and constellation diagram.  

 

5.2 Proposed system 

The setup of the proposed single-channel coherent FSO communication system shown in 

Fig. 5.1 consists of a transmitter section, a free space/atmospheric channel, and a receiver 

section. The input signal of sequence length 217−1 is generated by a pseudo-random bit 

sequence (PRBS) generator. The PRBS generator is used to produce bits that could 

represent actual data transmitted in a practical scenario [101]. A CW laser source is 

bisected using a polarization beam splitter (PBS). Each half is QPSK-modulated by its own 

LiNbO dual-parallel Mach-Zehnder modulator (MMZ) and forms one of the two 

polarization channels [105]. The two polarization channels are multiplexed with a 

polarization beam combiner (PBC) to generate a DP-QPSK transmit signal. The 32 GBaud 

optical square DP-QPSK modulated signal is transmitted through the FSO channel. The 

coherent receiver involves a LO, polarization beam splitters (PBS), and an array of 
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balanced detectors (BD) which extract the I/Q electrical signals [102] [103]. The DSP 

element executes several signal processing techniques to recover the incoming 

transmission symbols. Lastly, the original signal is recovered after the symbols pass 

through the decision and decoding circuitry. 
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Fig. 5.1 The structure of the proposed DP-QPSK based FSO system with homodyne detection and digital 

signal processor unit.  

 

     A comprehensive internal structure design of the optical DP-QPSK transmitter can be 

found in Fig. 5.2. The continuous wave (CW) laser beam instantaneous electric field can 

be computed by the following Eq. [104] 

 

                                                         𝐸𝑙(𝑡) = √𝑃(𝑙) 𝑒𝑗(𝜔𝑙𝑡+𝜙𝑙). �̂�,                                         (5.1) 
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where laser power is denoted by 𝑃(𝑙), angular frequency is given by 𝜔𝑙 = 2𝜋𝑓𝑙, initial 

phase is defined by 𝜙𝑙, and signal polarization is represented by �̂�. The equation for laser 

phase noise can be written as 

 

                                                          𝑓(∆𝜙) =
1

2𝜋√∆𝑓∆𝑡
𝑒
−(

∆𝜙2

4𝜋∆𝑓∆𝑡
)
                                                    (5.2) 

 

where the phase difference is denoted by ∆𝜙 and time discretization is depicted by ∆𝑡. The 

phase change among two consecutive moments is specified by the Gaussian random 

variable of mean zero and variance 2𝜋√∆𝑓 (∆𝑓 is laser linewidth). Using a linear 

polarization-based PBS (device angle 45°) the lightwave is split into X- and Y- orthogonal 

polarization components which are then guided to each branch of the I/Q based modulator 

sections. Next, a cross-coupler (coupling coefficient 0.5) directs the optical carrier into 

separate I/Q branches of the modulator with bit rates R/2. Two equivalent M-ary symbol 

series are generated from the input binary signal by PSK sequence generators and directed 

towards M-ary pulse generators. This bit series is mapped into M symbols in a way there 

is a single bit alteration among any two adjacent symbols. This bit mapping is called Gray 

coding. Figure 5.2 depicts QPSK Gray-coded symbol constellations. Gray coding is 

essential to reduce bit error rate (BER) in the course of symbol recovery. This assures 

lesser modulation bandwidth and therefore greater SE of the proposed system and minor 

slips in the baseband signal.  
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I
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Fig. 5.2 Gray-coded QPSK symbol constellation. Q = quadrature-phase channel; I = in-phase channel. 
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Fig. 5.3 Internal structure of optical DP-QPSK transmitter. 

 

The multi-level signal output from M-ary pulse generators can be expressed as 
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                                          𝑉𝑜(𝑡) = {

𝑏,   0 ≤ 𝑡 <  𝑡1
𝑎ℎ(𝑡) + 𝑏, 𝑡1 ≤ 𝑡 <  𝑡1 +𝑤

𝑏,   𝑡1 + 𝑤 ≤ 𝑡 < 𝑇
}                               (5.3) 

 

where 𝑏 denotes parameter bias, 𝑡1 gives pulse position, 𝑎 depicts gain, 𝑤 represents pulse 

duration, 𝑇 indicates bit duration, and ℎ(𝑡) is expressed as  

 

                                                    ℎ(𝑡) = [
𝑠𝑖𝑛(

𝜋𝑡

𝑇
)𝑐𝑜𝑠(

𝛿𝜋𝑡

𝑇
)

𝜋𝑡

𝑇
{1−(

2𝛿𝑡

𝑇
)
2
}
]                                                 (5.4) 

 

where the roll-off factor is denoted by 𝛿. These multi-level samples are directed towards 

dual-drive LiNbO3 Mach-Zehnder modulators (MZM). At the peak point of operation, each 

modulator has a 30 dB extinction ratio, 3 V switching bias voltage, and 0 V bias voltages 

(V1 and V2). In each quadrature-phase branch of both the I/Q based modulators, a phase 

shift of 90° is appended to generate modulated optical QPSK signal. Then, the X- and Y- 

polarization elements are pooled using a PBC to generate a 32 GBaud DP-QPSK 

information signal at the transmitter output. This information signal is transported over the 

FSO channel and can be computed by the following Eq.  

 

                                                    𝑃𝑟𝑥 = 𝑃𝑡𝑥 [
𝐷𝑟𝑥

2

(𝐷𝑡𝑥+𝜃𝑑)2
] 10−𝛼𝑑 10⁄                                   (5.5) 

 

where received and transmitted optical power are represented by 𝑃𝑟𝑥 and 𝑃𝑡𝑥 respectively. 

The receiver and transmitter telescope antenna diameter are denoted by 𝐷𝑟𝑥 and 𝐷𝑡𝑥. The 

angle of beam divergence is depicted by 𝜃. The free space propagation distance is denoted 

by 𝑑, and specific atmospheric attenuation constant is represented by 𝛼. 

     The internal layout of the optical coherent DP-QPSK receiver is illustrated in Fig. 5.4. 

It comprises LO, the PBS which extracts the distinct polarization signals, 90-degree optical 

hybrids which convert the phase information into the corresponding optical intensities, and 

BD for the conversion of the received optical intensities into I/Q electrical signals. These 
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I/Q currents for corresponding X- and Y-polarizations can be described as Eqs. 6 and 7 

respectively. 

 

𝐼𝐼(𝑋 𝑌)⁄ (𝑡) =  2𝛾1√𝑃𝑙𝑃𝑙𝑜 𝑒𝑙𝑒𝑙𝑜𝑒
−2𝛼𝑑 {𝐼(𝑡 −  𝜏) cos(−𝛽(𝜔𝑙)𝑑 − ∆ 𝜙(𝑡))

+ 𝑄 (𝑡 −  𝜏) sin(− 𝛽(𝜔𝑙) 𝑑 − ∆ 𝜙(𝑡))} + 𝑖𝑠ℎ𝐼 

    (5.6)     

       

𝐼𝑄(𝑋 𝑌)⁄ (𝑡) =  2𝛾1√𝑃𝑙𝑃𝑙𝑜 𝑒𝑙𝑒𝑙𝑜𝑒
−2𝛼𝑑 {𝑄(𝑡 −  𝜏) sin(−𝛽(𝜔𝑙)𝑑 − ∆ 𝜙(𝑡))

− 𝐼 (𝑡 −  𝜏) cos(− 𝛽(𝜔𝑙) 𝑑 − ∆ 𝜙(𝑡))} + 𝑖𝑠ℎ𝑄 

(5.7)      
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Fig. 5.4 Schematic diagram of the optical coherent DP-QPSK receiver. 

 

where √𝑃𝑙𝑃𝑙𝑜 represents the branch current magnitude, 𝑒𝑙 and 𝑒𝑙𝑜 denote polarization 

components of incoming optical beam and LO signal, ∆ 𝜙(𝑡) gives phase variation and 𝑖𝑠ℎ 

is the photocurrent generated by shot noise. 
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5.3 Results and analysis 

The overall system performance is evaluated by observing the evolution of constellation 

diagrams after passing through each of the DSP algorithms and in terms of the impact of 

link length, launched optical power, laser linewidth, OSNR, and beam divergence over 

BER and EVM (%) under fair climatic conditions (i.e., 𝛼 = 0.25 dB/km for 1550 nm 

channel wavelength) with low turbulence level (i.e., atmospheric index refraction structure 

𝐶𝑛
2 = 5×10-15 m-2/3). Thus, the presence of different meteorological conditions like rain, 

snow, haze, and fog has been ignored. Also, unwanted obstructions like tall structures, 

trees, and birds are presumed not present. Table 1 summarizes different parameters and 

their values considered in the simulation design of the proposed FSO communication 

system.  

     The internal schematic of the DSP module shown in Fig. 5.5 integrated into our 

proposed design works by employing a sequence of several high-level digital algorithms, 

 

Table 5.1 Design parameters used in the proposed system. 

Parameters Value 

Bit rate 128 Gb/s 

Launched laser power 18 dBm 

Center frequency 

Atmospheric attenuation 

193.414 THz 

0.25 dB/km 

Baud rate 32 GBaud 

Laser linewidth 0.1 MHz 

Beam divergence 

Geometrical loss 

0.25 mrad 

Yes 

Transmitter antenna aperture diameter 

Receiver antenna aperture diameter 

5 cm 

20 cm 

Photodetector responsivity 1 A/W 

Photodetector dark current  

Receiver loss 

Sequence length 

10 nA 

1 dB 

65536 
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which are (1) low pass Bessel filter, (2) resampling, (3) quadrature imbalance (QI) 

compensation, (4) adaptive equalizer (AE), (5) frequency offset estimation (FOE), and (6) 

carrier phase estimation (CPE). All the estimation and equalization algorithms have been 

executed in the frequency domain which potentially provides the least complexity for the 

pol-mux optical coherent systems. Implementation of these algorithms not only resulted in 

successful mitigation of intensity and phase imbalances but also effective compensation of 

free space loss which is the principal factor behind the degradation of the optical signal 

strength. The space loss in the FSO communication system can be computed by the 

following Eq.  

 

                                                                  𝐿𝑠 = (
𝜆

4𝜋𝑑
)
2

                                                          (5.8) 

 

where 𝐿𝑠 is space loss factor and 𝜆 is the operating wavelength.  

     A comprehensive and comparative phase-wise analysis of the DSP unit is provided in 

conjunction with the constellation diagrams presented in Fig. 5.6 as follows. Figure 5.6a 

shows overlying and indistinguishable constellation points obtained from the demodulated 

X- and Y-component electrical signals soon after BHD. This fuzzy pattern is due to various 

transmission impairments like atmospheric attenuation, delay distortion, and noise. While 

passing through the first-stage DSP, a 3𝑟𝑑 order low pass Bessel filter (optimal bandwidth: 

0.75 × symbol rate) removes the narrow-band noise. The signal constellation obtained after 

low pass filtering is illustrated in Fig. 5.6b. Then happens the resampling of the preceding 

sampled signal at a degree of 2 samples/symbol. Also, to adjust the current sampled signal 

to the new sampling rate cubic interpolation is employed. Figure 5.6c show the 

constellation diagram obtained after resampling. This is followed by QI compensation 

which is employed to mitigate the effects of amplitude and phase disparities between the 

I/Q electrical signals of DP-QPSK that originate from disproportionate bias voltage for the 

MZM, photodiode responsivity imbalance, misalignment of the PBS or PBC, and 

inadequacies in the 90-degree optical hybrid. This non-orthogonalization is corrected 

employing the Gram-Schmidt orthogonalization procedure (GSOP). Consider two non-

orthogonal constituents of the input signal represented by 𝐼𝑁𝑂(𝑡) and 𝑄𝑁𝑂(𝑡) respectively, 
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Fig. 5.5 The flowchart of the high-level DSP scheme for the proposed FSO link. 
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     (b) 
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(e) 

 
(f) 

 

 
(g) 

 

Fig. 5.6 Progress of the constellation diagrams down the DSP component after (a) BHD, (b) low pass 

filtering, (c) resampling, (d) QI compensation, (e) AE, (f) FOE, and (g) CPE for a 128 Gb/s-2.65 km DP-

QPSK FSO transmission over fair climate. 

 

then the new pair of orthonormal signals formed after the GSOP, denoted by 𝐼𝑂(t) and 

𝑄𝑂(𝑡) are described as  

 

                                                                 𝐼𝑂(𝑡) =  
𝐼𝑁𝑂(𝑡)

√𝑃𝐼
                                                               (5.9) 

 

                                                      𝑄′(𝑡) =  𝑄𝑁𝑂(𝑡) − 𝜌 (
 𝐼𝑁𝑂(𝑡)

√𝑃𝐼
)                                          (5.10) 
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                                                            𝑄𝑂(𝑡) =  
𝑄′(𝑡)

√𝑃𝑄
                                                              (5.11) 

 

where 𝜌 = 𝐸[𝐼𝑁𝑂(𝑡), 𝑄𝑁𝑂(𝑡)] gives the correlation coefficient, 𝑃𝐼 = 𝐸[𝐼𝑁𝑂
2 (𝑡)], and 𝑃𝑄 =

 𝐸[𝑄′2(𝑡)], in which 𝐸[… ] represents the statistical expectation. Figure 5.6d shows the 

constellation diagram obtained after QI compensation. Next, AE eliminates polarization 

distortion in the event of DP-QPSK modulation and inter-symbol interference (ISI) by 

employing a double-phase constant modulus algorithm-radius directed (CMA-RD). For 

DP multiplexed system, the butterfly configuration is used for polarization de-

multiplexing. The cost function of the CMA takes the form 

 

                                                        𝐽(𝑘) =  𝐸 [(|𝑦(𝑘)|2 − 𝑅𝑝)
2
]                                   (5.12) 

 

where 𝑦(𝑘) denotes the AE output, 𝑅𝑝 is the constant whose value depends only on the 

input data symbol 𝑎(𝑘). Figure 5.6e shows the constellation diagram after the AE. 

Following the AE stage, the data sequence is further resampled to 1 sample/symbol. But 

between the algorithm steps, the signals are up-sampled to their original rate, in this case, 

2 × samples per bit for a 4-PSK grid. Due to frequency and phase offsets caused by the 

mixing of transmitted and LO signals, overlapping and rotating constellations are 

generated. FOE23 is employed to revoke this phase and frequency imbalance. Figure 5.6f 

shows the constellation diagram after the FOE. The received signal is described as 

 

                                                   𝑅(𝑘) = 𝐷(𝑘)𝑒𝑗(2𝜋∆𝑓𝑘𝑇+𝜙𝑘) + 𝑛(𝑘)                                  (5.13) 

 

where data symbols are represented by {𝐷(𝑘)}, carrier frequency offset is denoted by ∆𝑓, 

carrier phase (assumed constant) is signified by 𝜙𝑘, symbol period is indicated by T, and 

zero-mean Gaussian random variable is given by {𝑛(𝑘)}. The fourth power of Eq. 5.13 

takes the form 

 

                                                    𝑅4(𝑘) = 𝐴. 𝑒𝑗4(2𝜋∆𝑓𝑘𝑇+𝜙𝑘) + 𝑒(𝑘)                                  (5.14) 



               

  Chapter 5: Design of 32 GBaud DP-QPSK Coherent Free Space Optical Transceiver with Digital Signal 

Processing at the Receiver  

 

49 

 
 

 

where 𝐴 = 𝐸[𝐷𝑘
4] represents constant amplitude and 𝑒(𝑘) designates zero-mean noise 

process. The frequency offset based on the estimate of the spectral density of the 

information signal is expressed as 

 

                                                       𝑅4(𝑘) =  
1

4
𝑎𝑟𝑔{𝑚𝑎𝑥[|𝑍(𝑓)|]}                               (5.15) 

where 

 

                                                        𝑍(𝑓) =  
1

𝑁
∑ 𝑅4(𝑘)𝑒−𝑗(2𝜋𝑓𝑘𝑇)𝑁−1
𝑘=0                               (5.16) 

 

where block length is represented by 𝑁, whose optimum value is based on the laser 

linewidth and symbol rate. Additionally, to recover and successively remove any residual 

phase misalliance amongst the LO and received signal, CPE using blind phase search 

(BPS) algorithm is employed that tries on to find one optimum phase among many different 

test phases. Figure 5.6g shows the information signal having clear and distinct 

constellation symbols obtained after CPE. After going through rotation of B test carrier 

phase angles (𝜙𝑏), the received information signal 𝑍𝑘 can be described as 

 

                                              𝜙𝑏 = 
𝑏

𝐵
.
𝜋

2
− 

𝜋

4
 where 𝑏 𝜖 {0.1,2, … , 𝐵 − 1}                      (5.17) 

 

All the alternated symbols are directed into decision circuitry and required distance |𝑑𝑘,𝑏|
2 

to the adjacent constellation point is estimated as follows 

 

                                                           |𝑑𝑘,𝑏|
2 = |𝑍𝑘𝑒

𝑗𝜙𝑏 − �̂�𝑘,𝑏|
2                                      (5.18) 

 

where �̂�𝑘,𝑏 represents the decision of 𝑍𝑘𝑒
𝑗𝜙𝑏 . Finally, the data stream is decoded by a PSK 

sequence decoder for distinct polarizations and led towards a P/S converter to get the final 

output.  

     Figure 5.7 outlines the BER performance of the proposed system with regard to rising 

link length. To obtain different values of BERs, the link range is varied from 0-4 km. As 
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follows from the graph, the BER of the information signal increases with increasing link 

distance. The result demonstrates a successful transmission of 128 Gb/s data-bearing DP-

QPSK optical signal up to a distance of 2.65 km under acceptable performance criteria, 

that is, BER ≤ 2 × 10−3 (FEC limit) under fair weather conditions. However, with the 

increase in the distance, distortion in the scattering diagram increases due to which 

information retrieval becomes harsh on the receiver terminal. This performance 

deterioration is triggered by free-space loss, laser phase noise, beating amongst optical 

sidebands, and OSNR degradation respectively. 

 

 

Fig. 5.7 log (BER) against link length graph under clear climate (insets: corresponding constellation plots). 

 

     The log (BER) and EVM (%) against launched laser power graph of the 128 Gb/s DP-

QPSK FSO system at a link distance of 2.65 km can be found in Fig. 5.8. The BER and 

EVM (%) values are obtained while varying CW laser power. The result indicates that with 

rising optical launch power, both the BER and EVM (%) value drops. For eye and skin 

safety concerns, laser power not higher than 18 dBm is considered in the proposed link 

design. 
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Fig. 5.8 log (BER) and EVM (%) against launched laser power at 2.65 km transmission distance. 

 

 

Fig. 5.9 log (BER) and EVM (%) against laser linewidth at 2.65 km transmission distance. 
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     The log (BER) and EVM (%) against laser linewidth graph for proposed link design at 

2.65 km transmission are illustrated in Fig. 5.9. Laser linewidth (∆𝑓) dependence is 

followed as Eq. 2. From this figure, it can be seen that with growing laser linewidths, the 

BER and EVM (%) value decline. This trend is because higher laser linewidths cause 

optical spectrum broadening which contributes to the diffusion of the optical beam while 

transmission. Under linewidths ≤ 780 kHz, acceptable BER performance is obtained, 

nevertheless, all other analysis in this article was carried for laser linewidth of 100 kHz, 

since a narrow linewidth is a key to the high performance coherent optical receiver. 

 

 

Fig. 5.10 log (BER) and OSNR plots for B-2-B case and 2.65 km distance (insets: corresponding 

constellation plots). 

 

     Figure 5.10 reports log (BER) against OSNR plot for B-2-B case and maximum link 

distance of 2.65 km over fair weather conditions. The results report clear progress in BER 

performance with the increase in OSNR, that is, the link is less susceptible to error. The 

OSNR requirement towards achieving realistic performance, BER ≤ 2 × 10−3 (FEC limit) 

for B-2-B case is 19.5 dB which rises to 21.95 dB for a 2.65 km transmission distance. 
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Consequently, a 2.45 dB OSNR penalty appears for 2.65 km transmission as per 

comparison with the B-2-B scenario. As can be seen from the inserts of the figure, clear 

and distinct QPSK symbols demonstrate an acceptable link performance. Thus it can be 

said that the OSNR prerequisite to upholding the standard performance grows higher as 

the link distance increases. The OSNR sensitivity reflects noise tolerance of the modulation 

technique in a way that the lesser the mandatory OSNR to sustain an adequate BER 

performance, the better noise-tolerant the system would be. 

 

 

Fig. 5.11 log (BER) and EVM (%) against beam divergence at 2.65 km link distance. 

 

 

     The log (BER) and EVM (%) versus beam divergence graph using the proposed system 

at 2.65 km transmission under fair atmospheric conditions is illustrated in Fig. 5.11. The 

result reveals that the BER increases with increasing beam divergence. To be specific, log 

(BER) increases from −3.6 at 0 mrad beam divergence angle to −0.46 at 4 mrad beam 

divergence angle. The distortion generated in the received information signal with growing 
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laser beam diffusion makes it hard for the detector module to effectively catch the 

incoming signal. 

 

5.4 Concluding remarks 

In this work, we design a high-speed and long-haul single-channel coherent FSO 

communication system utilizing DP-QPSK and DSP techniques. From the outcomes of our 

investigation, it is possible to conclude that the joint implementation of BHD and DSP 

algorithms like Bessel filter, cubic interpolation, GSOP, CMA-RD, FOE, and BPS 

noticeably improved the link performance with a 3 dB increase in the receiver sensitivity 

and effective compensation of the free-space loss. The utilization of the hybrid DP-QPSK 

technique enhanced both the SE and information-carrying capacity of the proposed system. 

Besides, the single-channel scheme reduced the cost and complexity of the proposed 

transceiver design. With 32 GBaud symbol rate, the system achieved successful 

transportation of 128 Gb/s information signal over a transmission range of 2.65 km for an 

OSNR penalty below 2.5 dB compared to the optical B-2-B case measured at a BER of 

2 × 10−3. Furthermore, we demonstrated that a narrow laser linewidth and small beam 

divergence angle are crucial for acceptable link performance even under clear weather 

conditions. This work is a modest contribution to the development of near future high-

performance coherent optical transmission systems. 
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CHAPTER 6: DESIGN AND ANALYSIS OF 400 GBPS DP-16-

QAM FREE SPACE OPTICAL COHERENT TRANSCEIVER 

SYSTEM WITH DSP TECHNIQUES 

 

6.1 Introduction 

Multi-level quadrature amplitude modulation (QAM) encodes data on the amplitude as 

well as the phase of the laser beam and hence is the efficacious approach to achieve higher 

data rate and transmission coverage without increasing the bandwidth [46]. Advanced 

digital signal processors (DSPs) run digital domain impairment compensation algorithms 

to retrieve the original transmission signal precisely [109]. BER, constellation diagram, 

optical signal to noise ratio (OSNR) [110], and in recent times error vector magnitude 

(EVM), can be used as ultimate performance indicators to measure the transmission quality 

in optical wireless networks [111]. From time to time, researchers have been working to 

overcome the challenges in the FSO link and to enhance potential system capacity, spectral 

efficiency, and transmission distance using advanced optical modulation techniques [112]. 

A Higher-order QAM transceiver system provides higher data rates [113] but at the cost 

of noise margin however recently, it has been shown that employing diversity techniques 

in coherent FSO communication systems improves receiver SNR significantly [35]. 

Industries prefer a single-channel communication scheme since it offers the essential bit 

rate and vigorous communication link at a minor cost [36]. By employing DSP techniques 

including CMA, it is now possible to mitigate the multipath effect in a 400G optical 

wireless system combined with polarization division multiplexing (PDM) [37]. Even 

though the most decisive measure of quality for any communication system was considered 

to be BER [114] but newly, EVM is encouraged as a more fitting parameter to assess the 

worth of space vector-modulated signals [37]. The OSNR requirement of an optical 

wireless network is acute since it reduces the working budget and supplements the data 

transmission rate [38]. In this chapter, a DP-16-QAM terrestrial FSO transceiver system 

has been proposed for 400 Gb/s bit rate, single-channel, low power consumption, and 

higher spectral efficient wireless optical communication systems. To compensate for signal 
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transmission impairments, DSP algorithms have been implemented to recover incoming 

signal after coherent detection. All such techniques have made it possible to achieve a link 

range of 2 km for 400 Gb/s data signal under fair climatic conditions on simulation 

software. 

 

6.2 Design schematic  

The simulation setup of single-carrier coherent DP-16-QAM terrestrial FSO transceiver 

system is displayed in Fig. 6.1 consisting of optical DP-16-QAM transmitter, FSO channel, 

DP-16-QAM homodyne receiver, universal DSP, a decision component, QAM sequence 

decoders, and a parallel to serial (P/S) converter.  

 

Optical 

Coherent 

DP-16-

QAM 

Receiver

Advanced 

Digital 

Signal 

Processing

Decision

Unit

QAM 

Sequence 

Decoder 

1

QAM 

Sequence 

Decoder 

2

P/S 

Converter

Output Bit   

Stream
Optical 

DP-16-

QAM 

Transmitt

er

FSO 

Channel

Input Bit   

Stream

Fig. 6.1 Simulation setup of DP-16-QAM terrestrial FSO transceiver system. 

 

     The laser beam generated from the continuous wave (CW) laser, is bisected into two 

quadratic polarization components, X and Y by way of PBS, which are modulated and then 

passed into a polarization combiner [115]. FSO channel imitates the behavior of free space 

and hence lets for the modeling of FSO links. DP-16-QAM receiver is built over the 

homodyne receiver structure. It has a local oscillator (LO) polarized at 45o with respect to 

PBS. Each LO component separately demodulates the received signal with two 16-QAM 

demodulators. The universal DSP component carries out several impairment compensation 

algorithms to aid in recovering the incoming transmission signal after coherent detection. 

The decision unit normalizes the amplitudes of in-phase and quadrature-phase electrical 

signals and compares each received symbol based on normalized threshold settings. QAM 

sequence decoders decrypt the square 16-QAM constellation points and output is generated 
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from two parallel input I/Q subsequences. In QAM modulation, the amplitude of the 

modulated signal can be varied according to the binary symbols. The value of amplitude 

for each output signal is taken from the set of amplitudes given by [116] 

 

                                                                             𝑎 1= (2𝑘 − 1 −𝑀)                                                                      (6.1) 

 

where k = 1, 2, - - -, M and M is the number of possible binary sequences, that is given by 

[117] 

                                                                  𝑀=2
𝑏

2                                                            (6.2) 

 

where b represents bits for each symbol. The respective QAM set is given by the square of 

the term, M. This means, if b = 4 and M = 4, then it gives 16-QAM. To have only a single 

bit change between the successive symbols, Gray coding has been incorporated in the 

system. The output signal model is given by [118] 

 

                                                 𝑉𝑜𝑢𝑡(𝑡) = {

0,   0 ≤ 𝑡 <  𝑡1
𝑎𝑠, 𝑡1  ≤ 𝑡 <  𝑡1 + 𝑡𝑐
0,   𝑡1 + 𝑡𝑐  ≤ 𝑡 < 𝑇

                                    (6.3) 

 

where 𝑎𝑠 is the magnitude of the signal s, 𝑡1 is the pulse position, 𝑡𝑐 is the duty cycle and 

T is the bit period. The coherent 16-QAM receiver consists of PBS that splits the received 

optical signal into two output components [119], two back-to-back 90-degree optical 

hybrids that coherently demodulate the optical carrier signal, and balanced photodetectors 

(BDs) which translate optical intensities into I and Q electrical signals [120]. 

 

6.3 Results and analysis 

The outcomes of the simulative investigation on the DP-16-QAM FSO transceiver system 

are discussed and the system performance is evaluated with regard to constellation 

diagram, BER, EVM, and OSNR. FSO channel is examined under clear climatic 

conditions with atmospheric attenuation of 0.25 dB/ km for 1550 nm optical window [121] 
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and low turbulence effect (index refraction structure, 𝑐𝑛
2 = 5 × 10−15𝑚−2 3⁄ ) [122]. 

Simulation parameters considered for QAM/FSO transceiver design are listed in Table 6.1.  

     Figure 6.2 shows the variation of electrical constellation diagram with respect to 

varying transmission distance from 1-2 km From Fig. 6.2a-c, it can be seen that at a 

distance of 1 km, there are 16 distinct signaling points in the scattering diagram, however, 

with increasing link range from 1.5-2 km, the constellation points disperse and 

constellations get corrupted with noise. 

 

                           

                        (a)                                                          (b)                                                        (c) 
Fig. 6.2 Variation of electrical constellation diagrams for DP-16-QAM system with respect to link range at 

(a) 1 km, (b) 1.5 km, and (c) 2 km. 

 

     Figure 6.3 shows the variation of the electrical constellation diagram with respect to 

varying divergence angle from 0.25 mrad to 0.85 mad. From Fig. 6.3a-c, it can be seen that 

at a divergence angle of 0.25 mrad, there are 16 distinct signaling points in the scattering 

diagram, however, with an increase in beam divergence from 0.55 mrad to 0.85 mrad, the 

constellation points disperse, and constellations get corrupted with noise. 

     The DSP component performs digital domain impairment compensation to aid in 

recovering the incoming transmission signal after coherent detection of optical square 16-

QAM modulated signal. It performs several important functions to recover the incoming 

transmission channel after coherent detection. It has been used with the optical coherent 

receiver that utilizes 16-QAM modulation. Figure 6.4 shows the constellation diagrams of 

the proposed 400 Gb/s DP-16-QAM transceiver system at various positions of the DSPU 

after 2 km transmission. Figure 6.4a shows constellation diagram just after coherent 

detection. LPF Bessel filter is used with 8 × samples per bit and an optimal bandwidth of  

Table 6.1 Simulation parameters. 
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Parameters Values 

Bit rate 400 Gbps 

Frequency 193.414 THz 

Power 20 dBm 

Linewidth 0.1 MHz 

Initial phase 0 degree 

Baud rate 40 Gbaud 

Range 2 Km 

Beam divergence 0.25 mrad 

OSNR 22 dB 

Transmitter aperture diameter 5 cm 

Receiver aperture diameter 20 cm 

Receiver loss 1 dB 

Responsivity 1 A/W 

Dark current 10 nA 

 

       
(a)                                      (b)                                                   (c) 

Fig. 6.3 Variation of electrical constellation diagrams for DP-16-QAM system with respect to beam 

divergence at (a) 0.25 mrad, (b) 0.55 mrad and (c) 0.85 mrad. 

 

0.75 × bit rate/8 with signal constellations as shown in Fig. 6.4b. Resampling is done at 

the rate of 4 samples/symbol. Cubic interpolation is used and the 1st and N/2+1 (where N 

= samples per symbol) sampled signals are used for resampling whose constellation 

diagram is shown in Fig. 6.4c. The amplitude and phase imbalances within the I and Q 
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signals are reduced with QI compensation as shown in Fig. 6.4d. The adaptive equalizer 

implements a butterfly structure [123][124] for de-multiplexing the X- and Y-polarizations 

of the signal as shown in Fig. 6.4e. FOE is used to cancel the frequency and phase 

mismatch between the transmitter and the LO as shown in Fig. 6.4f. After the CPE 

algorithm is implemented to eliminate the phase mismatch by attempting different test 

phases, the final constellation diagram looks as shown in Fig. 6.4g. 

 

 
(a) 

 

 
(b) 

 
(c) 

 
  (d) 
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(e) 

 
(f) 

 

 
(g) 

 

Fig. 6.4 Progress of the constellation diagrams down the DSP component after (a) BHD, (b) low pass 

filtering, (c) resampling, (d) QI compensation, (e) AE, (f) FOE, and (g) CPE for the fair climate. 

 

     Figure 6.5 illustrates the variation between BER and OSNR for the proposed system. 

With the increasing value of OSNR from 10-22 dB, initially, the BER value decreases but 

then remains constant. Hence, with greater values of OSNR, constellation points become 

more discrete. In communication systems, random noise causes erroneous bits, the 

occurrence of which is measured as BER. OSNR is a vital parameter since it quantifies the 

degree of impairment when the modulated laser signal is carried in free space. The OSNR 
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requirement of the optical wireless network is analytical since it reduces working 

expenditure and boosts the bit rate of the network. Following are the mathematical 

expressions used for the calculation of BER value and OSNR requirement: 

BER for dual-polarization system is given by [125] 

 

                                            𝐵𝐸𝑅 = 
𝑋𝑒𝑟𝑟𝑜𝑟𝑠 + 𝑌𝑒𝑟𝑟𝑜𝑟𝑠

𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒 𝑙𝑒𝑛𝑔𝑡ℎ−(2 × 𝑔𝑢𝑎𝑟𝑑 𝑏𝑖𝑡𝑠)
                                   (6.4)                                                                       

 

where only those errors add up which lie outside the portion of the sequence of the guard 

bits. BER for the X-polarization channel is given by 

 

                                            𝐵𝐸𝑅𝑥 = 
𝑋𝑒𝑟𝑟𝑜𝑟𝑠

(𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒 𝑙𝑒𝑛𝑔𝑡ℎ−2 × 𝑔𝑢𝑎𝑟𝑑 𝑏𝑖𝑡𝑠)/ 2
                               (6.5)                                                              

 

BER for the Y-polarization channel is given by  

 

                                         𝐵𝐸𝑅𝑦 = 
𝑌𝑒𝑟𝑟𝑜𝑟𝑠

(𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒 𝑙𝑒𝑛𝑔𝑡ℎ−2 × 𝑔𝑢𝑎𝑟𝑑 𝑏𝑖𝑡𝑠)/ 2
                                 (6.6)                                                                         

 

     In order to add a definite noise level to the transmitted optical signal, a set OSNR unit 

is used. The OSNR level is set based on the following equation [126] 

 

                𝑂𝑆𝑁𝑅(𝑑𝐵) = 10𝑙𝑜𝑔10  [
𝑃𝑠 (𝑚𝑊)

𝑃𝑛0.1 (𝑚𝑊)
] = [𝑑𝐵(𝑠𝑖𝑔𝑛𝑎𝑙) − 𝑑𝐵(𝑛𝑜𝑖𝑠𝑒)]            (6.7)                                                   

 

where Ps is the total signal power within the signal bandwidth and Pn0.1 is the noise power 

measured within a 0.1 nm bandwidth window. As the noise is added to the signal using a 

power combiner there is a 3 dB transmission loss applied to both the signal and noise 

source but the OSNR level is not affected. To achieve BER value under FEC limit [127] 

i.e. 2 × 10-3, the minimum OSNR value denotes the noise acceptance of a modulation 

format finite bandwidth. The relation between BER and OSNR is given by [128] 

 

                                             𝐵𝐸𝑅 =
3

8
𝑒𝑟𝑓𝑐[√𝑂𝑆𝑁𝑅𝑁𝐿 2⁄ ]                                         (6.8) 
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Fig. 6.5 Variation of BER values with respect to OSNR. 

 

     Figure 6.6 depicts the relationship between BER and EVM for the system under 

consideration. The EVM and BER relation is of noteworthy importance for coherent 

optical systems [114] since EVM is well-matched than BER measurement for indefinite 

symbol sequences and to distinguish optical I/Q transmitters [129]. EVM is described as 

the root-mean-square (RMS) value of the deviation among calculated constellation points 

and ideal constellation points [130]. EVM is measured with vector signal analyzers directly 

from down-converted signals [131], as a result, additional computation is reduced that may 

be needed to figure out the BER. The EVM of the received signals is calculated as follows 

[132] 

 

                                                𝐸𝑉𝑀 = 
√|𝑆− ⌊𝑆⌋ᵤ|2

|⌊𝑆⌋ᵤ2
 × 100%                                         (6.9) 

 

where symbol sequence is denoted by S, mean value is written as (|𝑆 − ⌊𝑆⌋ᵤ|2)  and ⌊S⌋ᵤ 

represents the decision of S respectively. RMS value of EVM is given by [130] 

 

                                          𝐸𝑉𝑀𝑟𝑚𝑠 = √
1 𝑁 ∑ |𝐸𝑟,𝑗−𝐸𝑡,𝑗|

2𝑁
𝑗=1⁄

𝑃𝑎
                                          (6.10) 
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Fig. 6.6 Variation of BER with respect to EVM. 

                                                                                 

We can relate BER with EVM by [131] 

 

                                       𝐵𝐸𝑅 =
(1−𝑀−1 2⁄ )

1 2⁄  log2𝑀
 𝑒𝑟𝑓𝑐√

3 2⁄

(𝑀−1)𝐸𝑉 𝑀𝑟𝑚𝑠
2                                   (6.11) 

 

6.4 Concluding remarks 

In this work, the design and performance analysis of the coherent optical DP-16-QAM 

FSO system with homodyne detection has been carried out. DSP algorithms aid to 

compensate for various transmission impairments such as laser phase noise, QI, DC, NL, 

PMD, frequency, and phase gap between the received signal and LO optical carrier and 

provide better outcomes regarding data rates, transmission range, and signal constellations. 

As a result, the system supplies a data rate of 400 Gb/s up to a link distance of 2 km in 

simulation software. The system credibility has been tested at various link distances and 

divergence angles. It was observed that with increasing transmission distances and 

divergence angle, system performance deteriorated. The system presented fulfills the 

demands of next-generation ultra-high-speed wireless networks, with license-free 

spectrum operation at a modest cost and reliable network. 
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CHAPTER 7: DESIGN AND ANALYSIS OF 720 GBPS DP-256-

QAM FSO SYSTEM WITH COHERENT DETECTION AND 

DSP ALGORITHMS  

 

7.1 Introduction 

The recent development of high-speed digital integrated circuits (ICs) has offered the 

possibility of treating the electrical signal in the DSP core and retrieving I/Q components 

of the complex amplitude of the optical carrier from the homodyne detected signal in a 

very stable manner. Since the carrier phase is recovered after homodyne detection through 

DSP, this type of receiver has now commonly been called the digital coherent receiver 

[133]. While an optical phase-locked loop (OPLL) that locks the LO phase to the signal 

phase is still difficult to achieve due to the loop delay problem, DSP circuits are becoming 

increasingly faster and provide us with simple and efficient means of estimating the carrier 

phase [134]. Very fast-tracking of the carrier phase improves system stability drastically 

as compared with the OPLL scheme. Any kind of multi-level modulation format like 256-

QAM can be introduced by using the coherent receiver [135]. While the SE of binary 

modulation formats is limited to 1 bit/s/Hz/polarization, which is called the Nyquist limit 

[136], modulation formats with M bits of information per symbol can achieve up to the SE 

of M bit/s/Hz/polarization. 256-QAM modulation format can transmit 16 bits per symbol, 

each symbol is encoded by using the Gray code scheme. Also, since the phase information 

is preserved after detection, we can realize electrical post-processing functions such as 

compensation for CD and PMD in the digital domain. These advantages of the coherent 

receiver and DSP unit together have enormous potential for innovating existing optical 

communication systems.  

 

7.2 Proposed system design 

The overall block diagram of the proposed high-speed and long-haul FSO system 

consisting of DP-256-QAM transmitter, FSO link, dual-polarization coherent receiver, 

DSP unit, a decision unit, and a decoding unit is shown in Fig. 7.1. The PRBS generator 
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generates the input bit sequence with a sequence length of 219 − 1. The dual-polarization 

coherent receiver consists of PBS, (2 × 4) 90 degree optical hybrids, and balanced detectors 

in series which extracts the in-phase and quadrature-phase electrical signals. The DSP unit 

implements various signal processing algorithms to recover the transmitted symbols [137]. 

Finally, the symbols are decoded to obtain the output bit sequence. Gray coding is used so 

that there is only a one-bit change between the consecutive symbols. This results in lesser 

bandwidth of the modulated optical signal, and hence, we get a higher spectral efficiency 

of the system and small errors in baseband information.  

 

 

Fig. 7.1 Proposed system design for DP-256-QAM FSO communication system.  

 

     Figure 7.2 shows the internal design schematic of the DP-256-QAM transmitter. The 

polarization splitter splits the input optical carrier into X and Y orthogonal polarizations 

using a linear polarizer. X and Y polarized optical carriers are fed to the upper and lower 

branches of the IQM. A cross-coupler with a coupling coefficient of 0.5 is used to send the 

light-wave into the in-phase and quadrature-phase branches of the IQM. The input bit 

sequence (bit rate = R) is split into two parallel bit sequences (each has a bit rate R/2) and 

is sent to the upper and lower IQMs, respectively. The QAM sequence generator generates 

two parallel M-ary symbol sequences from the input binary sequence, and each sequence 

is transmitted in two parallel carriers while designing an optical QAM modulator. These 

multilevel raised cosine pulses are applied to the RF plates of the dual-drive LiNbO3 

Mach–Zehnder modulator (MZM). Each modulator is set at its peak point of operation 

with an extinction ratio of 30 dB, switching bias voltage 3 V and bias voltages (V1 and 

V2) set to 0 V. A relative phase shift of is added to the quadrature-phase branch in both 
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Fig. 7.2 Internal schematic design of optical DP-256-QAM transmitter.  

 

the IQMs to generate the optical QAM signal. The data-bearing optical signals for the two 

polarizations are combined using the PBC. It selects the appropriate polarization 

component of each signal at the input ports and adds the chosen polarization component. 

At input port 2, an angle of 90° is attached to the device angle of the polarizer. 

     Figure 7.3 shows the dual-polarization homodyne receiver structure for the 256-QAM 

demodulation. It consists of PBS for extracting the X and Y polarization components, (2 × 

4) 90 degree optical hybrid for converting the phase information into intensity equivalent, 
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and a balanced homodyne detector (BHD) converts the optical intensity into in-phase and 

quadrature-phase electrical signals [138]. The IQ demodulation by the digital coherent 

receiver is an entirely linear process; therefore, all the information on the complex 

amplitude of the transmitted optical signal is preserved even after detection [139], and 

signal-processing functions acting on the optical carrier, such as optical filtering and 

dispersion compensation, can be performed at the electrical stage after detection. The 

polarization alignment is also made possible after detection by introducing the polarization 

diversity scheme into the homodyne receiver. The complex amplitude of the horizontal 

polarization and that of the vertical polarization are simultaneously measured and 

processed by DSP. The combination of coherent detection and DSP is thus expected to 

become a part of the next generation of optical communication systems and provide new 

capabilities that were not possible without the detection of the phase of the optical signal. 
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Fig. 7.3 Internal schematic design of optical coherent DP-256-QAM receiver. 
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7.3 Results and discussion 

The proposed 720 Gb/s DP-256-QAM FSO transceiver system is designed in OptiSystem 

V.16 simulation software and the overall system performance is evaluated in terms of the 

impact of link length, launched optical power, laser linewidth, OSNR, and beam 

divergence over both the BER and EVM (%) in the MATLAB. Table 7.1 shows the 

simulation parameters and their values considered for the design of the proposed DP-256-

QAM FSO communication link. 

 

Table 7.1 Value of simulation parameters. 

Parameters Values 

Bit rate 720 Gb/s 

Launched optical power 20 dBm 

Center frequency 

Atmospheric attenuation 

193.414 THz 

0.25 dB/km 

Baud rate 60 Gbaud 

Laser linewidth 0.1 MHz 

Beam divergence 

Geometrical loss 

0.25 mrad 

Yes 

Transmitter antenna aperture diameter 

Receiver antenna aperture diameter 

5 cm 

20 cm 

Photodetector responsivity 1 A/W 

Photodetector dark current 

Receiver loss 

10 nA 

1 dB 

 

     Figure 7.4 shows various steps associated with the 256-QAM DSP component. The 

DSP unit consists of various signal processing steps with various advanced algorithms to 

recover the transmitted symbols from the received electrical signals. It performs several 

essential functions recovering the incoming signals after coherent demodulation such as 

DC blocking, normalization, low pass filtering, resampling, QI compensation, timing 

recovery, AE, FOE, and CPE. It has been used with an optical coherent receiver that uses 
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Fig. 7.4 Flowchart of 256-QAM high-level DSP algorithm design steps. 

 

256-QAM modulation with dual polarization (X and Y channel) multiplexing. Figure 7.5 

shows the constellation diagrams for both the X- and Y-polarization channels of the 

proposed 720 Gb/s DP-256-QAM FSO transceiver system at various positions of the DSP 

unit after a successful 1.31 km transmission. Figure 7.5a shows overlapping constellations  
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(b) 
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(e) 
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(j) 

 

Fig. 7.5 X- and Y-polarization component signal constellation diagrams down the DSP unit for the 720 

Gb/s-1.31 km DP-246-QAM FSO link after (a) BHD, (b) DC blocking, (c) normalization, (d) low pass 

filtering (e) resampling, (f) QI compensation, (g) timing recovery, (h) AE, (i) FOE, and (j) after CPE. 

 

points of the X- and Y-polarization signals obtained from the demodulated in-phase and 

quadrature-phase electrical signals. This is due to the various transmission impairments 

like atmospheric attenuation, delay distortion, and noise. Figure 7.5b shows constellation 

points of the X- and Y-polarization channels obtained after DC blocking. The 

constellations are unclear due to imperfectly biased voltages of the MZMs and then 

normalized to the 256-QAM grid as shown in Fig. 7.5c. The band noise is filtered out using 

a third-order low pass Bessel filter with an optimal bandwidth of 0.75 × bit rate∕16 as shown 

in Fig. 7.5d. Resampling has been done at a rate of 16 samples∕symbol with cubic 

interpolation with a constellation diagram as depicted in Fig. 7.5e. Figure 7.5f shows X- 

and Y-polarization constellations diagrams after QI compensation. Various system 

parameters such as modulator inappropriate bias voltages, PD responsivity mismatch, and 

imperfections in the 90◦ optical hybrids lead to amplitude and phase instability between 

the in-phase and quadrature-phase optical signals. Gram–Schmidt orthogonalization 

procedure (GSOP) is used to correct for non-orthogonalization [140] [132]. For the case 

of clock/timing recovery, the digital square filter (DSF) algorithm [125] is used to 

adaptively determine the correct time to sample and synchronize the symbols. Figure 7.5g 

shows the constellation diagram after timing recovery. Two-stage constant modulus 
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algorithm – radius directed-based (CMA-RD) AE is used to compensate for residual CD 

and PMD and to reduce inter-symbol interference (ISI). The cost function of the CMA 

takes the form [141] 

 

                                                 𝐽(𝑘) =  𝐸[(|𝑦(𝑘)|2 − 𝑅𝑝)
2]                                         (7.1) 

 

where 𝐸[. ] Indicates the statistical expectation and y(k) the equalizer output. 𝑅𝑝 is the 

constant depending only on the input data symbol, a(k), with dispersion order, p, set to 2 

by default. It is defined as 

 

                                                        𝑅𝑝 = 
𝐸[|𝑎(𝑘)|2𝑝]

𝐸[|𝑎(𝑘)|𝑝]
                                                      (7.2) 

 

The equalizer output y(k) is obtained from [142] 

 

                                                     𝑦(𝑘) =  𝑊𝐻𝑋(𝑘)                                                      (7.3) 

 

                                         𝑊 = [𝑤0(𝑘),𝑤1(𝑘),… ,𝑤𝑁−1(𝑘)]
𝑇                                    (7.4) 

 

                                𝑋𝑘 = [𝑥0(𝑘), 𝑥1(𝑘 − 1),… , 𝑥𝑁−1(𝑘 − 𝑁 + 1)]
𝑇                        (7.5) 

 

where W is the equalizer tap weights vector, and X(k) is the equalizer input data vector. N 

is the length of the equalizer tap weights, T stands for the transpose of a vector and H is 

the complex conjugate transpose. The tap weights vector is adapted using the stochastic 

gradient algorithm [143] 

 

                                            𝑊(𝑘 + 1) = 𝑊(𝑘) + 𝜇𝑋(𝑘)𝑒∗(𝑘)                                 (7.6) 

 

                                                    𝑒(𝑘) = 𝑦(𝑘)(𝑅𝑝 − |𝑦(𝑘)|
2)                                    (7.7) 
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where 𝜇 is the step size parameter and e(k) is the error signal. The CMA algorithm 

minimizes the error power between the equalizer output and a constant. For a 256-QAM 

signal, the error e(k) cannot reach zero and thus we use CMA for first-order convergence 

and the RD algorithm as the second stage to fine-tune the equalization. The RD 

optimization is based on the equalizer output and the nearest constellation radius. The error 

criterion for RD is defined as 

 

                                                 𝑒(𝑘) = 𝑦(𝑘)(�̂�𝑘
𝑝 − |𝑦(𝑘)|𝑝)                                      (7.8) 

 

where 𝑅𝑘 is the radius of the nearest constellation symbol for each equalizer output (p= 

2). The tap weights for the RD are then updated as follows 

 

                                              𝑊(𝑘 + 1) = 𝑊(𝑘) + 𝜇𝑋(𝑘)𝑒∗(𝑘)                               (7.9) 

 

                                                       𝑒(𝑘) =  �̂�𝑘
𝑝 − |𝑦(𝑘)|𝑝                                           (7.10) 

 

Figure 7.5h shows the constellation diagram after AE. Due to frequency and phase offsets 

caused by the mixing of transmitted and LO signals, overlapping and rotating 

constellations are generated. FOE [108] is employed to revoke this phase and frequency 

imbalance. Figure 7.5i shows the constellation diagram after the FOE [144]. The BPS 

algorithm is used to recover and subsequently remove the remaining phase mismatch 

between the local oscillator and the signal[145][146]. The idea of the BPS algorithm is to 

try different test phases and find the optimum one. Figure 7.5j shows the constellation 

diagram after the CPE. The decoded output symbol 𝑋𝑘 can be selected from 𝑋𝑘,𝑏 by a 

switch controlled by the index 𝑚𝑘,𝑚𝑖𝑛 of the minimum distance sum. Unwrapping is used 

after calculating the phase noise to remove the 16-fold ambiguity in the squared 256-QAM 

constellation. Linear interpolation can also be used to improve the performance especially 

when the phase noise varies rapidly. 

     Figure 7.6 shows the BER and EVM versus launched optical power plots of the 720-

Gb/s DP-256-QAM system. Both the BER and EVM decrease with increasing launch 
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power, but a maximum launch power of 20 dBm is considered for eye and skin safety 

considerations. CW laser power is varied to obtain various launched optical power values.  

 

Fig. 7.6 BER and EVM (%) versus launched laser power plot of the proposed system. 

 

Fig. 7.7 BER and EVM (%) versus received optical power of the designed system. 
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     Figure 7.7 shows the BER and EVM (%) versus received optical power graphs of the 

proposed FSO system. FSO system performance has been evaluated at maximum 

transmission distances of 1.31 km. The received optical power is varied with the help of 

an optical attenuator at the receiver input, and the corresponding EVM (%) and BER are 

found out.  

     Figure 7.8 shows the OSNR performance of the system at the maximum transmission 

distance of 1.31 km. OSNR is used to quantify the degree of optical noise to interference 

on the optical signal. It is observed that for a higher value of OSNR, the system is less 

prone to error. This graph reflects a warning of the BER and EVM deterioration and 

suggests the degree of impairments in an optical signal carried by an optical system. The 

OSNR required by the system to maintain a BER of 2 × 10−3 (i.e., the BER FEC limit) is 

found to be around 40 dB Moreover, the noise has a greater impact on OSNR tolerance in 

higher-order optical modulation format because of the increased number of bits per symbol 

and the lesser Euclidean distance between the constellation points. 

 

Fig. 7.8 BER and EVM (%) versus OSNR plot of the proposed system under fair weather conditions. 
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Fig. 7.9 BER and EVM (%) versus beam divergence plot of the designed system. 

     Figure 7.9 shows the BER and EVM (%) performance of the 720 Gb/s DP-256-QAM 

system for different beam divergence angles after 1.31 km FSO transmission. It is observed 

that both the EVM and BER degrade with increasing values of beam divergence angle 

because at greater divergence angle, the laser beam divergence gets wider and it contributes 

to dispersion in the optical signal while propagation.  

 

7.4 Concluding remarks 

A 720 Gb/s optical transceiver system has been proposed for next-generation optical 

wireless networks using single-channel optical DP-256-QAM. DSP algorithms help to 

compensate for various signal impairments such as laser amplitude and phase noise, PMD, 

frequency, and phase mismatch between the received signal and LO optical carrier, such 

that a maximum transmission distance of 1.31 km is achieved in the simulation platform. 

The optical DP-256-QAM system with the FSO channel demonstrates a higher data rate 

for the small cell. The system requires a laser linewidth of 100 kHz or lower, minimum 

OSNR of 40 dB, and a receiver sensitivity of − 14.2 dBm to maintain an acceptable BER. 
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS 

 

8.1 Introduction 

This thesis embodies findings from the research carried out for the design and analysis of 

ultra-high-speed and long-haul FSO communication systems using advanced digital 

modulation techniques with coherent detection and high-level DSP algorithms for the 

development of next-generation optical wireless networks. The major objectives of the 

research were – (I) to design M-ary modulation driven FSO communication system for 

high SE and better linearity, (II) to implement balanced homodyne detection and several 

DSP algorithms for digital compensation of the transmission impairments in demodulated 

in-phase and quadrature-phase electrical signals, and (III) to analyze the performance of 

all the proposed systems concerning BER, EVM, OSNR, transmission distance, launched 

optical power, received optical power, laser linewidth, and beam divergence and carry out 

the performance comparison between all the proposed FSO systems with various M-ary 

modulation formats as shown in Table 8.1.  

 

 Table 8.1 Performance comparison between all the proposed M-ary modulation based FSO 

communication systems. 

 

Parameters 

M-ary modulation format 

QPSK 16-QAM 256-QAM 

Bit rate (Gbps) 128 400 720 

Baud rate (Gbaud) 32 40 60 

Transmission range (km) 2.65 2 1.31 

Launched laser power (dBm) 18 20 20 

Photodetector type PIN PIN APD 

Required OSNR (dB) 20 22 40 

Beam divergence (mrad) 0.25 0.25 0.25 

Spectral efficiency  

(M bits/s/Hz/polarization) 

2 4 16 
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     The major novelty in the present research is the implementation of a 60 Gbaud DP-256-

QAM FSO transceiver system with the utilization of high-level DSP algorithms that made 

the transmission of 720 Gb/s data-bearing optical signals up to a distance of 1.31 km 

possible. This approach will eventually lead to the successful implementation of 5G 

network having small cell size and optical IoT. 

 

8.2 Research conclusions and contributions 

In this work, we have proposed the design and analysis of a single-channel FSO transceiver 

system for multiple advanced digital modulation techniques like QPSK, 16-QAM, and 

256-QAM using coherent detection and DSP algorithms at the receiver. The major research 

conclusions and contributions can be summarized as follows: 

(i) The wireless optical communication system with two transmission channels, one 

being an FSO channel and another one an OWC channel was investigated. Both 

the systems have been analyzed using Q-factor and BER as performance metrics. 

The mathematical model for received optical power and Pointing error has been 

taken into account for system considerations. It was observed that superior Q-factor 

and minimum BER for long transmission distance (80 km) were achieved with the 

OWC channel while FSO did well only for short-range (800 m) communication. 

(ii) The study of the FSO communication system for three optical transmission 

windows; 850 nm, 1310 nm, and 1550 nm utilizing the OOK digital modulation 

technique was carried out. The system analysis has been done taking BER, Q-

factor, and received optical power as the performance metrics. Their variation 

pattern with respect to varying link parameters such as range, transmitted optical 

power, and beam divergence has been investigated.  

(iii) The design and analysis of the DP-QPSK FSO coherent transceiver with DSP at 

the receiver was carried out for a high-speed data link. The overall performance of 

the proposed system was analyzed with respect to BER, OSNR, link distance, 

launched optical power, and constellation diagram. The system achieved successful 

transportation of 128 Gb/s DP-QPSK data over a maximum reach of 2.65 km. 

(iv) The design and analysis of 400 Gb/s single-carrier coherent FSO transceiver system 

was made using IQM based DP-16-QAM with homodyne receiver design and DSP 



                                                  
Chapter 8: Conclusions and Recommendations 

 

82 

 
 

 

techniques. The system performance was estimated using BER, OSNR 

requirement, and EVM as performance metrics. In addition, the impact of DSP 

algorithms was presented by comparing the before and after DSP stage 

constellation plots. A transmission distance of 2 km was achieved at an acceptable 

BER value. 

(v) The design and analysis of the 720 Gb/s DP-256-QAM FSO system using coherent 

detection and DSP algorithms was carried out. The system performance was 

evaluated using OSNR, transmission distance, launched optical power, received 

optical power, laser linewidth, and beam divergence with regard to BER and EVM. 

A transmission distance of 1.31 km was achieved at a required OSNR of 40 dB. 

 

8.3 Recommendations for future work 

From the knowledge of researching the field of FSO communication, the author believes 

that the present research work can be further extended as follows: 

(i) In this research, advanced digital modulation techniques such as QPSK, 16-QAM, 

and 256-QAM have been used. However, the presented performance analysis can 

be extended to even higher-order modulation formats such as 1024-QAM and 

4096-QAM. 

(ii) This work has implemented polarization division multiplexing with advanced M-

ary modulation formats. However, it is also possible to use spatial division 

multiplexing with combining techniques at the receiver. 

(iii) In the present analysis, fair weather conditions have been considered throughout. 

But, it is possible to employ log-normal distribution, Gamma-Gamma, and negative 

exponential distribution models for weak, moderate, and strong turbulence 

environments, respectively.  
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