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 The evaluation of the performance of a communication system based on free-space 
optical (FSO) technology using digital pulse position modulation (DPPM) and on-off 
keying non-return-to-zero (OOK-NRZ) technique is explored within this study. This 
research delves into the effects of atmospheric turbulence, scintillation, and amplified 
spontaneous emission (ASE) noise. In order to mitigate the impact of turbulence-induced 
scintillation and optical power loss, the utilization of aperture averaging is suggested. 
The assessment of bit-error rate (BER) performance under atmospheric turbulence and 
ASE noise is detailed, employing moment generation function techniques in conjunction 
with a modified Chernoff bound for enhanced accuracy compared to the conventional 
Chernoff bound. This system shows potential for providing power-efficient, cost-
effective, highly flexible, and reliable solutions for future access networks catered 
towards higher data rates. BER results are presented for an optically preamplified DPPM 
FSO communication system affected by pointing errors, atmospheric turbulence, and 
ASE noise from optical amplification. The use of a gamma-gamma distribution model 
enables the characterization of various turbulence conditions. The findings showcase the 
superiority of DPPM in terms of enhanced receiver sensitivity, with an improvement of 
approximately 10 dB – 11 dB over an equivalent optically preamplified OOK-NRZ 

approach at a binary data rate of 2.5 Gbps and a typical FSO BER of 10−9), contingent on 
the turbulence levels. 
 

 
 
 
 

1. Introduction  
 

In recent years, there has been a resurgence of interest in exploring and harnessing free-space optical (FSO) 
communication. This interest has been sparked by the substantial potential bandwidth available in comparison to 
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radio frequency (RF) and the enhanced flexibility when compared to traditional optical fiber networks. FSO 
communication typically involves sending information-carrying near-infrared light through the atmosphere 
between multiple transceivers. It has now been established as a commercially viable counterpart to RF and 
millimeter-wave systems [1–3]. In the realm of FSO communication, an optical preamplifier setup is commonly 
utilized to boost power at the photodetector, ultimately enhancing receiver sensitivity. However, this 
advantageous setup also presents challenges, particularly in managing the signal-to-noise ratio (SNR) degradation 
due to amplified spontaneous emission (ASE) noise resulting from optical amplification. This noise gives rise to 
signal spontaneous and spontaneous-spontaneous beat noises, in addition to the typical electrical domain noise. 
Wavelength-division multiplexing (WDM) systems find application in both optical fiber and FSO networks [4], [5-
7]. In the context of WDM-PON (Passive Optical Network), specific wavelengths are designated for each Optical 
Network Unit (ONU), thereby fully leveraging the abundant transmission bandwidth available in the optical 
domain and circumventing the synchronization and threshold requirements associated with burst mode upstream 
of time-division multiplexing/time division multiple access (TDM/TDMA) systems [7, 8]. As the need for 
bandwidth continues to rise, WDM systems have been explored and increasingly implemented in fiber, free-space, 
and wireless optical networks [7, 9–11]. Dense wavelength division multiplexing (DWDM) technology can cater to 
multi-user access scenarios, with DWDM-PON emerging as a promising solution to the escalating bandwidth 
demands of future access networks. It offers the potential for higher data rates, improved data security, and 
extended reach [7, 9, 12]. Compared to TDM/TDMA PONs, WDM PON systems provide additional benefits such as 
reduced loss, enhanced security (owing to dedicated wavelengths), longer reach, and are being seen as a primary 
solution to the growing bandwidth requirements in access networks [7, 13, 14]. In contrast to space-division 
multiplexing, DWDM facilitates network resource sharing, thereby lowering implementation costs. Unlike code-
division multiplexing or traditional TDM systems where the system bit rate and chip rate might exceed the end 
user's data rate, DWDM systems enable all users to simultaneously transmit at the full system bit rate. The bit rate 
and chip rate in DWDM systems may exceed the end user's data rate, enabling simultaneous transmission by all 
users at a full system bit rate limited only by electronic processing speed [4, 7]. Digital pulse-position modulation 
(DPPM) has found success in fiber, intersatellite, and deep space optical communication systems, positioning itself 
as a promising choice for terrestrial FSO systems [7, 15, 16]. Despite the advantages of the DPPM format, it does 
require greater channel bandwidth. Studies on FSO systems have demonstrated that digital pulse modulation 
schemes are more power-efficient compared to on-off keying (OOK) and are particularly suitable for FSO 
communication systems where dispersion is minimal [7, 17, 18, 19]. FSO systems face challenges from pointing 
errors (PE) caused by inaccurate tracking systems or mechanical vibrations induced by natural elements like 
strong winds, thermal expansion, or minor earthquakes [7, 20, 21]. These PE factors can limit the optimal 
performance of the FSO system. To address performance degradation due to PE, turbulence, coupling, and 
atmospheric losses, optical amplification is included [7, 17, 22]. This study focuses on the combined impacts of 
atmospherically induced scintillation and PE on an optically preamplified FSO system, integrating PE analyses 
from [3, 4] with the Bit Error Rate (BER) evaluations conducted by the present authors in previous work [7, 17, 
22]. Yamamoto [23] developed expressions for the mean and variance of an optically preamplified signal to 
facilitate a Gaussian approximation (GA). However, this GA approach does not fully encompass the signal plus ASE 
noise distribution, which is not strictly Gaussian but rather related to chi-square (ASE only) and non-central chi-
square (signal plus ASE) distributions [7]. Various diversity techniques have been proposed in literature to counter 
turbulence-induced scintillation in FSO communication systems, including time diversity, spatial diversity with 
multiple transmitters/receivers, and aperture averaging (AA) [1, 3, 7]. Given the simplicity and effectiveness of 
aperture averaging, its impact on different regimes (WT, MT, and ST) will be examined in this study. Personick 
[24] and later Ribeiro et al. [25] introduced alternative formulations based on a moment generating function 
(MGF) that provides a comprehensive statistical description of a system utilizing an optically preamplified direct 
detection receiver. The Bit Error Rate (BER) for OOK systems in [23-25] is then assessed using MGF-based 
techniques like Chernoff bound (CB) and modified Chernoff bound (MCB). Various distributions such as lognormal 
(LN), gamma-gamma (GG), K (KD), and negative exponential (NE) are used in this study, with results compared 
against the conventional GA approach. This paper is structured as follows: Section 2 elaborates on the optically 
preamplified receiver. Section 3 presents the DPPM crosstalk. Section 4 evaluates of the atmospheric turbulence 
models. Section 5 evaluates the moment generation function analysis. Section 6 introduces the bit-error rate (BER) 
analysis. Section 7 shows the results and discussions. Section 8 concludes this paper.  

 

2. Optically Preamplified Receiver 

Enhancing the performance of a conventional positive-intrinsic-negative (PIN) direct detection receiver 
setup for an FSO communication system is achievable by integrating an optical preamplifier following the receiver 
collecting lens (RCL), as illustrated in Figure 1. An optical amplifier with gain G and noise figure NF is positioned 
before the photodiode, where the incoming optical signal is introduced via a collimator into a short fiber that feeds 
into the optical amplifier. Between the optical amplifier and the photodiode, an optical bandpass filter (OBPF) with 
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an optical bandwidth Bo is situated [7]. Within this receiver configuration, the receiver collecting lens (RCL) is 
assumed to be perfectly aligned with the transmitter lens in a pointing and tracking scheme. It captures the 
incident laser beam, which is then fed into a fiber using a collimator before undergoing optical amplification [7, 
26]. The optical pre-amplification process introduces Amplified Spontaneous Emission (ASE) noise, statistically 
characterized as Gaussian field. The optical amplifier G provides gain. Besides the amplified optical signal, ASE 
noise is generated, with a power spectral density No = 0.5(NF × G − 1) E (in a single polarization), where E 
represents photon energy and NF is the noise figure. In the electrical domain, the ASE noise interacts with the 
signal and itself, resulting in the formation of signal-spontaneous and spontaneous-spontaneous beat noises [7]. 
The optical bandpass filter, with a bandwidth Bo, comes before the pin photodiode (with a quantum efficiency η), 
helping to diminish the incident ASE power on the photodiode. The decision circuitry is characterized by an 
integrate-and-dump filter across 𝑡𝑠. The outcomes obtained per frame are compared to determine the slot (and 
consequently the word) with the highest value. Mt represents the number of polarization modes for ASE noise, 
and R = η / E [7].  

 
3. DPPM Crosstalk 

Digital pulse position modulation (DPPM) is one of the schemes that use the time-varying properties of a 
pulse train, with each data binary-word submitted by the distinct position of a signal pulse in a time frame [7]. In 

the DPPM scheme illustrated in Fig. 2, a frame of duration equal to MTb is divided into  n=2M equal time slots of 
length ts= MTb n⁄ , where M  is the coding level and is equal to the number of data bits transmitted per DPPM frame. 
Also, Tb = 1 Rb⁄  is the equivalent OOK-NRZ bit period and Rb is the raw bit rate [7]. An input word is then 
represented by placing an optical pulse in one of the DPPM time slots in the frame. In this analysis, the incident 
DPPM signal is detected by integrating over each DPPM slot and comparing the outcomes across the frame to 
identify the highest result [7, 15, 27]. This method brings about an increase in bandwidth efficiency, particularly 
favored at higher coding levels or bit resolutions. Additionally, DPPM necessitates a precise synchronization unit, 
adding to receiver complexity. In scenarios involving dispersive channels like optical fibers, guard bands are vital 
to distinguish one signal frame from another. Each frame comprises a single pulse occupying a DPPM slot, and the 
position of the pulse within the frame corresponds to the value of the M-bit word. In Fig. 2, the OOK-NRZ and its 
equivalent 16-DPPM signal are depicted. The attainment of timing synchronization has been a subject of 
investigation in FSO systems [7, 28, 29]. Moreover, the DPPM receiver is managed by slot synchronization and 
frame synchronization circuits, as illustrated in Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Block diagram of optically FSO receiver 
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Figure 2. Illustration of OOK-NRZ and DPPM frame for M = 4 (n = 24 = 16 slots) 
 
4. Atmospheric Turbulence Models 

In conditions of clear air, the propagation of optical beams through the atmosphere is notably impacted by 
turbulence-induced scintillation, leading to a substantial decrease in link performance [1, 7, 30, 31]. The primary 
effect of scintillation is the variability in irradiance levels at the receiver, leading to elevated Bit Error Rates (BERs) 
[1]. Equation (1) demonstrates the relationship between Rytov variance and refractive index structure. The 
Gamma-Gamma distribution is calculated from Eq. (2). FSO links are commonly classified into various levels of 
turbulence using the Rytov variance σR

2 , which is given by [1, 3, 7, 30, 32, 33] 

σR
2 = 1.23Cn

2k7 6⁄
 𝑙fso

11 6⁄
                                                                                                                                                                   (1) 

 

where Cn
2 is the refractive index structure constant takes values typically within ( ranging from ≈ 10−17m−2 3⁄  

to ≈ 10−13m−2 3⁄ ) [3, 7, 30], 𝑙fso is the FSO link length, 𝑘 = 2𝜋 𝜆⁄  is the wave number, and 𝜆  is the wavelength 
[7, 29, 30, 33]. The Rytov variance  distinguishes the various link turbulence regimes σR

2  if the resulting 
σR

2  < 1, we have weak turbulence (WT); if σR
2  ≈ 1, we have moderate turbulence (MT) and if σR

2  > 1; we have strong 
turbulence (ST), and if saturated turbulence σR

2 → ∞ are given as from [1, 3, 7, 30]. The effects of turbulence are 
characterized using the gamma-gamma (GG) probability density function (pdf), which is given as [1, 3, 7, 30, 32, 
33] 
 

p
GG

 (hturb)=
2(αβ)(α+β)  2⁄

Г(α) Г(β)
hZ

((𝛼+𝛽) 2⁄ )−1K α−β (2√αβhturb);    hturb  > 0                                                                             (2) 

 
where hturb is the attenuation because of atmospheric turbulence, α and  β are the effective number of large-scale 
and small-scale eddies of the scattering process, respectively, Kn(∙) is the modified Bessel function of second kind, 
order n and Г(∙) is the gamma function. The signal and interferer travel over physically distinct paths in the 
upstream and thus have uncorrelated turbulence; hence, their GG pdfs are each treated independently. The 
parameter α and β for plane-wave propagation for arbitrary aperture size are calculated from Eqs. (3) and (4) 
respectively [1, 3, 7, 33] 
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d = √kDRX
2  4𝑙fso⁄                                                                                                                                                                                   (5) 

 
where d is the normalized receiver collecting lenses normalized (RCLs) as shown in Eq. (5) [7, 30, 33], Aperture 
averaging (AA) is a commonly used method for mitigating turbulence-induced scintillation [1, 3, 7, 33, 34, 35]. This 
method essentially entails increasing the RCL area such that it is larger than the fluctuating irradiance correlation 

width 𝜌𝑜 = (1.46Cn
2 k2𝑙fso)

−3 5⁄
 [1], resulting in averaging of the irradiance fluctuations over the RCL area such that 

a significant reduction in scintillation is achieved compared to that observed for a point receiver [1, 3, 33−35]. The 
decrease in irradiance fluctuation is typically measured using the AA factor 𝐴 = 𝜎l

2(DRX) 𝜎l
2⁄ (0) [33], where 

𝜎l
2(DRX) is the scintillation index for RCL diameter DRX (DRX = 0 for a point receiver) and is given as [7, 33]  

 
5. Moment Generation Function Analysis   

For a given irradiance I the optical power at the optical amplifier input during OOK NRZ bit of data j {0, 1} is 
expressed mathematically in Eq. 6 [7] 
 
Pj(I) = ajIA                                                                                                                                                                                            (6) 

 
where a1= 2r (r + 1)⁄ , a0 = 2 (r + 1)⁄ , A is the area of the receiver aperture and r is the extinction ratio (typically 
10). Clearly, I is the mean irradiance for the bit stream at a particular time. The MGF (conditional on I) can then be 
obtained from, for example [7, 25], under the assumption of an integrating response over bit period T (which has 
a noise equivalent bandwidth Be = 1 2T⁄ ) [7, 22] 
 

MYj
(s I⁄ ) =

exp [R'GsqPj(I) (1 − (R'N0sq T⁄ ))⁄ ]

[1 − (R'N0sq T⁄ )]
L

                                                                                                                         (7) 

 
where q is the electron charge, s is the standard parameter in the transform domain for the MGF in Eq. (7),  L =
B0mtT is the product of spatial and temporal modes, 𝐵0 is the OBPF bandwidth in Hz, mt = 2 is number of 
polarization modes, NO = nsp(G − 1)ℎ𝑓 is the ASE power spectral density (PSD) in W/Hz (in single polarization), 

𝑛𝑠𝑝 is the spontaneous emission factor, R' = 𝜂 ℎ𝑓⁄ , G is the optical amplifier gain, ℎ is the Planck’s constant and 𝑓 

is the optical frequency in Hz. On introducing the Gaussian receiver thermal noise, a new overall conditional MGF 
for the signal at the decision device is obtained from Eq. (8) [25] 
 
MZj

(s I⁄ )

= Mth(s)MYj
(s I⁄ )                                                                                                                                                                          (8) 

 

where Mth(s)MYj
= exp(σth

2 s2 2⁄ )is the thermal noise MGF and σth
2  is the thermal noise variance at the decision 

circuit. The conditioning of the MGF on I will be removed in the BER calculation in the next section. 
 
6. Bit-Error Rate Analysis 

In this section, the application of MGF methods, specifically the CB and MCB for the BER evaluation is presented 
for weak-to-strong turbulence regimes, using the LN, GG, KD and NE atmospheric turbulence models. The BER for 
a given irradiance I is given in Eq. (9) [7, 17] 
 

BER(I) =
1

2
[P(1|0, I)

+ P(0|1, I)]                                                                                                                                                      (9) 
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where P(1|0, I) represents the probability of receiving a 1 given that 0 was transmitted and P(0|1, I) represents 
the probability of receiving a 0 given that 1 was transmitted. On applying the CB separately to each conditional 
probability, (9) and (10) are obtained [7, 17] 
 
P (1|0, I) = P (io (I) >  iD  (I)) ≤ exp(−𝑠0iD(I))𝑀𝑍0

(s0, 𝐼),          s0 > 0                                                                                 (10) 

 

P (0|1, I) = P (𝑖1 (I) >  iD (I)) ≤ exp(−𝑠1iD(I))𝑀𝑍1
(−s1, 𝐼),      s0 > 0                                                                                  (11) 

 

where iD (I) is the decision threshold as shown in Eqs. (10) and (11). The CB therefore gives the upper bound on 

the BER as [7] 

 

BERCB(I) =
1

2
[exp (−(−𝑠iD(I))𝑀𝑍0

(s, 𝐼) + 𝑒𝑥𝑝(𝑠iD(I))𝑀𝑍1
(−s, 𝐼))]  s=s0=s1 >0                                                      (12) 

 

where 𝑀𝑍0
(s, 𝐼) and 𝑀𝑍1

(s, 𝐼) are given by Eqs. (8) and (12). The setting of s = s0 = s1is a computational 

convenience that incurs a very small accuracy penalty (as s0 and s1  can of course be optimized separately) [25]. 
By replacing the optical link length z with 𝑙fso. The beam width of a Gaussian laser beam 𝑤𝑧  due to diffraction and 
turbulence effects grows with the optical link length 𝑧 = 𝑙fso , and it is calculated from Eq. (13) [1, 7] 
 

𝑤𝑧 = 𝑤0 (√1+(z zL⁄ )2) (√1+1.33σR
2 (2𝑧 𝑘𝑤0⁄ √1 + (𝑧 𝑧𝐿⁄ )2)

5 6⁄

)                                                                                     (13) 

 

where 𝑤0 is the minimum value of 𝑤𝑧 at a point (z = 0) along the beam axis and 𝑧𝐿 = 𝜋𝑤0
2 2⁄  is called the Rayleigh 

range. The Gaussian beam at the receiver is approximated as plane wave for aspects such as the turbulence 
modelling and the beam characterization of this analysis, though the pointing error analysis relies on its Gaussian 
nature. The pdf for attenuation due to PE and geometric spread (GS) is given in Eq. (14) [7. 20, 21] 
 

𝑝𝑃𝐸(ℎ𝑝) =
𝛾2

𝐴0
𝛾2  ℎ𝑝

𝛾2−1
;    0 ≤ ℎ𝑝 ≤ 𝐴0,                                                                                                                                           (14) 

 

where ℎ𝑝 is attenuation due to GS and PE, γ = 𝑤zeq
2σPE⁄ , jitter-induced PE standard deviation at the receiver is 

σPE , 𝑤𝑧𝑒𝑞
2 = 𝑤𝑧

2√𝜋 𝑒𝑟𝑓(𝜈) 2ν⁄ exp(−𝜈2) is the (square of the) equivalent beam width [7],  𝐴0 = [erf(𝜈)]2 is the 

fraction of the collected power at receiver radial displacement of zero [7], and  ν = (√π rRX) (√2 𝑤z)⁄ . The 

combined pdf for attenuation due to turbulence, PE and GS can then be expressed as [7, 20, 21] 
 

𝑝(ℎtot) = ∫ 𝑝𝑃𝐸 (ℎtot|ℎ𝑎)𝑝GG(ℎ𝑎)𝑑ℎ𝑎 ,                                                                                                                                        (15) 

 

where ℎtot = ℎ𝑎ℎ𝑝  and 𝑝𝑃𝐸  is the probability distribution for PE conditioned on ℎ𝑎  as shown in Eq. (15) and (16), 

such that [7, 36] 

 

∫ 𝑝𝑃𝐸 (ℎtot|ℎ𝑎) =
1

ℎ𝑎

𝑝𝑃𝐸 (
ℎtot

ℎ𝑎

) =
𝛾2

A0
γ2 (

ℎtot

ℎ𝑎

)
γ2−1

;  0 ≤ ℎtot

≤ A0 .                                                                                                                                                                     (16) 

 

On substituting Eq. (2) and Eq. (16) into Eq. (15), the combined pdf can be re-written in Eq. (17) [7, 36] 

 

p
GG

 (htot)=
2𝛾2(αβ)(α+β)  2⁄

A0
γ2

Г(α) Г(β)
ℎtot

γ2−1 ∫ ha

(α+β)
2

−1−γ2

∞

ℎtot 𝐴0⁄

K α−β (2√αβha)dha;                                                                         (17) 

 

The DPPM BER is given by [3, 8, 15] in Eq. (18), here noting the dependence on hturb relevant to the current 

discussion 

 

BER(hturb ,P) =
𝑛𝑃𝑤𝑒(hturb  ,P)

2(𝑛 − 1)
                                                                                                                                                      (18) 
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where 𝑃we(hturb ,P) is the symbol error probability. Following the treatment of [15], given that each transmitted 

word has equal probability, the probability of successful reception of a word Pws(hturb ,P) = 1 − 𝑃we(hturb ,P) is 

bounded by exploiting the fact that for a particular frame, the events {Xtr > X1},..., {Xtr > Xj},..., {Xtr > Xn} 

(excluding, the case of j = tr) are each no less likely to occur given that any combination of the others have also 

occur and can expressed in Eqs. (19) and (20), respectively [17, 37-42] 

 

𝑃ws(hturb ,P)

≥ ∏ 𝑃(Xtr >  Xj|hturb ,P)

𝑛

𝑗=1
𝑗≠𝑡𝑟

= (𝑃(Xtr >  Xf|hturb,P))
𝑛−1

                                                                                                                                                    (19)   

Then 𝑃𝑤𝑒(hturb ,P)  can be expressed as [15] 

 

𝑃we(hturb,P)

≤ 1 − (𝑃(Xf >  Xtr|hturb ,P))
𝑛−1

                                                                                                                                             (20) 

 

Under the assumption that the random variables Xtr and Xf are Gaussian, the GA expression in Eq. (21) for 

Pwe, GA(hturb ,P) is given by using Eq. (20) [7. 15] 

 

Pwe, GA(hturb ,P) ≤  1 − (1 − 0.5erfc (
𝜇𝑋𝑡𝑟

(ℎ𝑡𝑢𝑟𝑏 ,𝑃)−𝜇𝑋𝑓

√2(𝜎𝑋𝑡𝑟
2 (ℎ𝑡𝑢𝑟𝑏 ,𝑃)+𝜎𝑋𝑓

2 )
))

𝑛−1

                                                                                           

(21) 

 

The application of an upper bound upon 𝑃we(hturb ,P) using CB technique will also yield upper bound upon 
𝑃(Xf >  Xtr) ; hence for s > 0, the CB is computed in Eq. (22) 

 

𝑃(Xf > Xtr|hturb ,P)

≤ 𝑀Xf
(s|hturb ,P)𝑀Xtr

(−𝑠|hturb,P)    (s

> 0)                                                                                                                                                                (22) 

 

The tightest CB can be obtained by finding the optimum value of s (i.e. sopt) in Eq. (23) [15] 

𝑃we, CB(hturb,P) ≤ 1 − (1 − 𝑀Xtr
(−sopt|hturb,P)𝑀Xf

(sopt|hturb,P))
𝑛−1

                                                                                     

(23) 

 

The general case for the MCB is P(X > φ) ≤ exp(−sφ)MX (s) s𝜎𝑡ℎ√2π⁄  where φ is fixed and X includes a Gaussian 

component of variance σth
2 . In comparing Xf and Xtr whose Gaussian components each have variance σth

2 , the 

effective variance of the Gaussian contribution becomes σth
'2 = 2σth

2  so yielding as expressed in Eq. (24) [17] 

 

𝑃(Xf > Xtr|hturb ,P) ≤
𝑀Xf

(s|hturb,P)𝑀Xtr(−𝑠|hturb ,P)

sσth
' √2π

                                                                                                                                                            (24) 

 

This MCB expression Eq. (24) is then used, with Eq. (20), to obtain 
 

𝑃we, MCB(hturb ,P) ≤ 1 − (1 − (
𝑀Xtr(−sopt|hturb ,P)𝑀Xf

(sopt|hturb ,P)

2sσth
' √2π

))                                                                                         

(25) 

 

The overall DPPM BER is calculated in Eq. (26) 
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BERZ,GG(P)= ∫ BERZ

∞

0

(hturb ,P)𝑝GG(hturb)dhturb                                                                                                                            (26)   

 

where BERZ(hturb,P) represents the BERs obtainable from Eq. (18) using the 𝑃we(hturb ,P) bounds of Eq. (21), Eq. 

(23) and Eq. (25) (Z = GA, CB and MCB) while 𝑝GG(hturb) represents the GG atmospheric turbulence model given in 

Eq. (2). Hence, to perform the integration in Eq. (26) numerically, the sopt must be found for each step in the 

integration [37-42]. 

 

7. Results and Discussions 

The parameters used in this model are presented in Table 1 for [17], [42], and [Present Work Proposed]. Table 2 
shows the design parameters required for a FSO link. Three different atmospheric conditions characterized by the 

refractive-index structure parameter Cn
2 were taken into consideration [7, 36-42]. The WT, MT and ST regimes are 

considered, for which we set Cn
2 = 4.74 × 10−15m−2 3⁄ , Cn

2 = 3.8 × 10−14m−2 3⁄ and  Cn
2 = 8.3 × 10−14m−2 3⁄ , 

respectively, and 𝑙fso =1500 m and 2000 m [7]. Using Eq. (1), the calculated Rytov variances are σR
2 = 0.2 

(WT), σR
2 = 1.60(MT), σR

2 = 3.51 (ST), and σR
2 = 0.310 (WT), σR

2 = 2.701(MT), σR
2 = 5.89(ST), for 𝑙fso =1500 and 2000 m 

, respectively [7]. The DPPM thermal noise variance is back calculated using a bandwidth expansion factor such 

that σth−DPPM
2 = Bexpσth−OOK

2  where Bexp  2M 𝑀⁄  [7, 37, 42-46] is the DPPM bandwidth expansion factor and 

σth−OOK
2 = 7 10−7 A is obtained from a model of a positive-intrinsic-negative (PIN)-field effect transistor receiver 

with Rb= 2.5 Gbps at BER of 10−12 assuming a sensitivity of 23 dBm [7, 38, 42-48]. The demux (or OBPF) channel 
bandwidth is 80 GHz with 100 GHz adjacent channel spacing, this is about the same with those seen in [39, 40] and 
will easily accommodate the slot rate of 45.7 GHz for maximum DPPM coding level of M = 7 considered [7, 17, 46-
50]. Typical values for adjacent channel rejection ratio ranges from 20 dB to 30 dB [7], [39-41], [50-54]. It can 
be deduced from the plots that the DPPM technique is capable of providing better performance when compared 
to the OOK-NRZ technique [7, 36-40, 48-54]. Fig. 3 shows BER vs. average power at receiver collecting lens (RCL) 
input (dBm) for DPPM and OOK using MCB, while M = 5, 𝑙𝑓𝑠𝑜= 2000 m, G = 30 dB, and DRX = 25 mm for NT and (a) 

WT (b) MT (c) ST, (d) comparison for no turbulence and weak turbulence, that presented in [17], [Present], all 
with aperture averaging (AA). A comparison is made between DPPM at M = 5 and an equivalent optically 
preamplified OOK-NRZ FSO system using 𝑙fso =1500 m, DRX = 20 mm and MCB method for both systems. At target 
BER (using MCB), DPPM offers about 10-11dB sensitivity improvements over the OOKNRZ-FSO system in the 
absence of turbulence [7, 42-47], [52-59]. When impaired by turbulence, the sensitivity improvement of DPPM 
over OOK-NRZ is reduced, respectively, to about 10 dB (WT), 8 dB (MT) and 8 dB, (ST) [Present]. An improvement 
of about 7 – 9 dB (depending on the turbulence level) can be potentially achieved using the DPPM scheme over an 
equivalent on off keyed non return-to-zero based FSO system that presented in [7, 17], [52]. When impaired by 
turbulence, the sensitivity improvement of DPPM over OOK-NRZ is reduced, respectively, to about 7 dB (WT), 8 
dB (MT) and 8 dB, (ST) [7, 17], [46-49], [54-59].  

Table 1 Parameters used in calculations for Refs. [17, 42] and [Present Work Proposed] 

 

 

 

 

Parameters Description Ref. [17] Ref. [42] 
Values [Present 
Work Proposed]  

Rb Binary data rate 2.5 Gbps 2.5 Gbps 2.5 Gbps 

Bopt 
Demux channel optical noise 
bandwidth 

80 GHz 76 GHz 80 GHz 

λsig Signal wavelength 1550 nm 1550 nm 1550 nm 

 Receiver quantum efficiency 0.75 0.9 1 

G Optical preamplifier gain 30.6 dB or 8.8 dB 27 dB or 8 dB 30 dB   

NF Optical preamplifier noise figure 4.77 dB  4.77 dB  4.77 dB  

𝒍fso Optical link length 
1000 m and 1500 
m 

1000 m and 
1500 m 

1500 m and 2000 m 

mt Polarization states of ASE noise                                 2 2 2 
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Table 2 Design parameters required for a FSO link 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3 BER vs. average power at receiver collecting lens (RCL) input (dBm) for DPPM and OOK using MCB, while M 
= 5, 𝑙𝑓𝑠𝑜= 2000 m, G = 30 dB, and DRX = 25 mm for NT. (a) WT, (b) MT, (c) ST, and (d) comparison for no turbulence 

and weak turbulence, that presented in [17], [present], all AA. 
 

8. Conclusions 

The study presented in this paper highlights the impact of combined turbulence and pointing error on an 
optically preamplified DPPM FSO communication system. The research delves into modeling the Bit Error Rate for 

Design Parameter Symbol 

Receiving lens diameter DRX 

Beam divergence angle  𝜑 

Optical link length 𝑙fso 

Refractive index structure constant Cn
2 

Plane wave spatial coherence radius 𝜌0 

Normalized pointing error standard deviation σPE rRX⁄  

-60 -55 -50 -45 -40 -35 -30 -25

10
-10

10
-5

10
0

Average Power at RCL Input (dBm)

B
E

R

 

 

DPPM, No Turbulence [17]

DPPM, No Turbulence [Present]

DPPM, Weak Turbulence [17]

DPPM, Weak Turbulence [Present]

OOK, No Turbulence [17]

OOK, No Turbulence [Present]

OOK, Weak Turbulence [17]

OOK, Weak Turbulence[Present]

)d) 

-60 -50 -40 -30 -20 -10

10
-10

10
-5

10
0

Average Power at RCL Input (dBm)

B
E

R

 

 

DPPM, No Turbulence

DPPM, StrongTurbulence

OOK, No Turbulence

OOK, StrongTurbulence

)c) 

-60 -50 -40 -30 -20 -10
10

-12

10
-10

10
-8

10
-6

10
-4

10
-2

10
0

Average Power at RCL Input (dBm)

B
E

R

 

 

DPPM, No Turbulence

DPPM, ModerateTurbulence

OOK, No Turbulence

OOK, Moderate Turbulence

)b) 

-60 -55 -50 -45 -40 -35 -30 -25 -20
10

-12

10
-10

10
-8

10
-6

10
-4

10
-2

10
0

Average Power at RCL Input (dBm)

B
E

R

 

 

DPPM, No Turbulence

DPPM, Weak Turbulence

OOK, No Turbulence

OOK, Weak Turbulence

)a) 



Engineering Applications, 2024, 3(2), 125-136 
 

134 
 

an optically preamplified OOK FSO system operating under atmospheric turbulence using MGF-based methods 
like CB and MCB. The DPPM scheme emerges as a promising avenue for enhancing FSO power efficiency further, 
showcasing considerable enhancements over OOK NRZ across various conditions. The findings indicate a notable 
enhancement in receiver sensitivity when utilizing the DPPM technique compared to OOK NRZ. Additionally, the 
utilization of aperture-averaging as a turbulence mitigation strategy is demonstrated, with results showcasing 
marked improvements, particularly in the MT and ST regimes.  
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