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ABSTRACT

Atmospheric  turbulence-induced scintillation remains a
significant obstacle to reliable free-space optical (FSO) communication,
causing random fluctuations in received signal intensity that degrade bit-
error-rate performance and limit achievable link distances. While gain-
saturated semiconductor optical amplifiers (SOASs) have shown promise
as receiver-side mitigation devices, the optimal operating parameters for
scintillation suppression have not been thoroughly characterized. This
paper presents a comprehensive numerical study aimed at identifying
optimal SOA parameters for reducing scintillation in FSO systems. We
developed a rate-equation model of an SOA operating in the saturation
regime and coupled it with a Gamma-Gamma turbulence channel model.
Input scintillation was simulated for refractive index structure parameters
(Cy?) spanning from 107'¢ to 107"* m~/°. We systematically varied SOA
bias current (50-200 mA), active region length (200—800 pum), and input
coupling efficiency (0.5-0.9). Performance was evaluated using
scintillation index reduction and bit-error-rate (BER) improvement as
metrics. Our results demonstrate that optimal parameter combinations
can achieve up to 6.2 dB reduction in scintillation index and decrease the
power penalty required for BER = 10 from 8.5 dB to 3.1 dB under
strong turbulence conditions (C,* = 107* m2/3). Bias current showed the
most significant impact on performance, followed by active region
length. Excess amplified spontaneous emission (ASE) noise constrained
performance at elevated bias currents, defining an upper limit on usable
saturation depth. These findings offer practical design guidelines for
SOA-based FSO receivers and identify optimal operating regions for
dependable link operation

Keywords:
semiconductor
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free-space optical
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atmospheric
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Erkin fazodagi optik aloga kanallarida
sintillyatsiyani kamaytirish uchun kuchaytirish
koeffitsiyenti to‘yingan yarimo‘tkazgichli optik

kuchaytirgichlar parametrlarini optimallashtirish

ANNOTATSIYA

Atmosfera turbulentligidan kelib chigadigan skintillyatsiya erkin
fazodagi optik (FSO) aloga tizimlarining ishonchli ishlashiga jiddiy

Kalit so‘zlar:
yarimo‘tkazgichli
optik  kuchaytirgich;
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to‘sqinlik qiladi. Ushbu hodisa gabul qilinayotgan optik signal
intensivligining tasodifily o‘zgarishlarini yuzaga keltirib, bit xatolik
darajasi (BER) ko‘rsatkichlarini yomonlashtiradi va aloga masofasini
cheklaydi.  Kuchaytirish ~ to‘yinganligi  rejimida  ishlaydigan
yarimo‘tkazgichli optik kuchaytirgichlar (SOA) skintillyatsiyani
kamaytirish uchun istigbolli gabul qiluvchi qurilmalar sifatida
garalmoqda, birog ularning optimal ish parametrlarini aniglash masalasi
yetarlicha o‘rganilmagan. Ushbu ishda atmosfera turbulentligidagi FSO
tizimlari uchun SOA parametrlarini optimallashtirish bo‘yicha keng
gamrovli sonli tadgigot taqdim etilgan. Kuchaytirish to‘yinganligi
rejimida ishlaydigan SOA uchun tezlik tenglamalariga asoslangan model
ishlab chigildi va Gamma-Gamma turbulentlig modeli bilan
birlashtirildi. Skintillyatsiya jarayonlari sindirish ko‘rsatkichi struktura
parametri C,2 = 107 dan 10" m™=/? gacha bo‘lgan diapazonda
modellashtirildi. SOA ning qutblanish toki (50-200 mA), faol soha
uzunligi (200800 um) va kirishdagi optik ulanish samaradorligi (0.5—
0.9) parametrlarining ta’siri tizimli ravishda tahlil qilindi. Tizim
samaradorligi ~ skintillyatsiya indeksining kamayishi va BER
yaxshilanishi orqali baholandi. Natijalar shuni ko‘rsatdiki, optimal SOA
ish sharoitlari kuchli turbulentligida (C,> = 107'* m™/3) skintillyatsiya
indeksini 6.2 dB gacha kamaytirishi va BER 1073 ga erishish uchun zarur
quvvat yo‘qotilishini 8.5 dB dan 3.1 dB gacha pasaytirishi mumkin. SOA
samaradorligiga eng katta ta’sir qiluvchi parametr qutblanish toki bo‘lib,
undan keyin faol soha uzunligi keladi. Yuqgori tok giymatlarida
kuchaytirilgan spontan emissiya (ASE) shovqini to‘yinganlik
chuqurligini cheklaydi. Olingan natijalar SOA asosidagi FSO gabul
gilgichlarini loyihalash uchun amaliy tavsiyalar beradi.

erkin fazodagi optik
aloga; atmosfera
turbulentlig;
skintillyatsiyani
kamaytirish;
kuchaytirish
to‘yinganligi;
parametrlarni
optimallashtirish; bit
xatolik darajasi;
Gamma-Gamma
turbulentlig modeli.

OnTuMu3anus NnapaMeTpoB MOJyIIPOBOAHUKOBBIX
ONTHYECKUX YCHJIMTEJE ¢ HAChIIIEHUEM
ko3¢ unmenTa ycujaeHus 1JIs MOAABJIEHUS
CHUHTH/UISIAM B KAHAJIAX ONITHYECKON CBA3H B

CBO0O/THOM NMPOCTPAHCTBE

AHHOTANIUA

CumHTHIUIALMS, BBI3BaHHAs aTMOC(EpHOW TypOyJIEeHTHOCTBIO,
SBJIIETCS OJHOM M3 OCHOBHBIX NpoOJieM oOecrneueHus HaJleKHOCTU
CHCTEM ONTHYECKOW CBsi3u B cBoOoaHOM mpoctpaHcTtBe (FSO),
MIOCKOJIBKY OHa BBI3BIBAET CIIy4allHble H3MEHEHUS WHTEHCUBHOCTHU
IIPUHMMAEMOTO ONTHUYECKOTO0 CHUTHANA, YXyZAIlas XapaKTepUCTHKU
outroBoil onmOku (BER) u orpannumBas [JaJbHOCTH IEpeAayu.
[TonmynpoBoaHuKOBBIE onTHueckue ycuiurenu (SOA), paboraromue B
pEKUME  HACBIILEHHWS YCWIEHHs, O00JaJaloT MNOTEHIHMAJIOM  JUis
KOMIIEHCAIIUM JIaHHBIX HWCKAKEHUH Ha CTOPOHE INPUEMHMKA, OJIHAKO
ONTHMAaJbHBIE YCIOBUS HX OKCIUTyaTaud i 3()PeKTUBHOrO
MOJIABJICHUS CLMHTUIUIALUI U3yUYeHbl HelocTaTOYHO. B maHHO# pabore
IIPEJCTABICHO KOMIUIEKCHOE YHCJIEHHOE MCCIIEJOBAHUE ONTHUMM3ALUU
napamerpoB SOA s noBellieHWs HaaexkHoctn FSO-cucrem B
ycioBusix arMochepHoii TypOynenTHocTU. Pa3paborana mosens SOA Ha

KroueBble ciioBa:
MOy POBOTHUKOBBIN
ONTHYECKUHN
YCUJIUTEIb,
ONITHYECKAasl CBSI3b B
cBOOOTHOM
MIPOCTPAHCTBE;
atMocdepHas
TypOyJIE€HTHOCTS;
TOJIaBJICHHUE
CLHIMHTHILISIINMY;
HAaCBIIICHHE
YCUJICHUS;
OIITHUMH3ALIHSA
rapamMeTpoB; OUTOBas
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OCHOBE YypaBHEHHUH CKOpOCTeH, paboTaromiasi B peXUME HACHIIICHUS | OIIMOKa; MOJIeh
yCHIICHUS, 1 00bEeIMHEHA C MOJIENbIO TYpOyIeHTHOTO KaHaa GammMma- | TypOyJIeHTHOCTH
Gamma. Ilponeccsl CUMHTUIUIALKMKA MOAETUPOBAINCH Hpu 3HaueHusx |  Gamma-Gamma.
rnapameTpa CTpyKTypbl nokaszatens npesomierus C,?> ot 107 no 107"
M2/, IlpoBeneH cucTteMaTHYeCKUl aHAIM3 BIUSHUS TOKAa CMELICHUS
SOA (50-200 mA), mmmnbl aktuBHOW oOmactu (200-800 MkM) u
a¢dextuBHocTH onTmueckoro BBoaa (0.5-0.9). DddexTuBHOCTH
CHUCTEMBI OIICHUBAJIACh 1O CHWXXEHUIO HWHJEKCA CUUHTWULSIUU U
yayumienuto BER. IlonydeHHble pe3ynbTaThl MOKA3bIBAIOT, YTO
ontuMainbHbele napamerpbl  SOA  TMO3BOJISIOT  CHU3UTh  MHAEKC
CHUHTWULIIMU 10 6.2 1b U yMEHBIIUTL dHEPreTUYECKU mTpad s
noctmxenuss BER = 1072 ¢ 85 nb ngo 3.1 nb npu cunbHOR
typoOynenTHocTH (C,? = 107'* M 2/3.). YCTaHOBIICHO, YTO TOK CMEIICHUS
OKa3bIBaeT HaWOOJbIlIEe BIUSHUE HA XapaKTEPUCTUKU CHUCTEMBI, Jajiee
clielyeT JUIMHA aKTMBHOW O00JIACTH, TOTJAa KaK YCHJICHHOE CIIOHTAHHOE
nznydenne (ASE) npu BBICOKMX TOKaxX OrpaHHYUBACT TIyOHHY
HaceieHus. [lomyueHHble pe3ynbTaThl IPEIOCTABISIOT MPAKTUYECKUE
pexomeHaauuu s npoekrupoanus FSO-npuemHukoB Ha ocHoBe SOA
Y OIPEJIENICHUS ONITUMANIBHBIX PEKUMOB pa0OThI HA/IEKHBIX ONTHUYECKUX
JINHUH CBSI3HU.

1. Introduction

Free-space optical (FSO) communication has emerged as a compelling technology for high-
bandwidth wireless connectivity, offering advantages such as enhanced security, license-free
spectrum operation, and rapid deployment capabilities [1]. These features make FSO particularly
attractive for terrestrial backhaul networks, satellite cross-links, and unmanned aerial vehicle (UAV)
communication systems [2]. However, the performance of FSO links is fundamentally limited by
atmospheric turbulence, which induces random fluctuations in the refractive index along the
propagation path [3]. These fluctuations cause intensity scintillation rapid variations in received
optical power that severely degrade the signal-to-noise ratio and increase the bit error rate (BER)
[4]. Scintillation remains the primary impairment limiting FSO link reliability and achievable
distance [5].

Optical amplification at the receiver has been widely adopted as a strategy for compensating
channel losses and improving detection sensitivity [6]. Among various amplifier technologies,
semiconductor optical amplifiers (SOAs) are particularly well-suited for FSO receivers due to their
compact size, wide gain bandwidth, and fast gain dynamics [7]. The gain recovery time of SOAs
typically ranges from 50 to 500 ps, which is orders of magnitude faster than atmospheric scintillation
fluctuations occurring at kHz to low-MHz frequencies [8]. This fast dynamic enables the amplifier
to track and partially compensate for power variations in real-time [9].

When an SOA operates in the gain saturation regime, it exhibits a unique property: it provides
higher gain to low-power input fluctuations and lower gain to high-power fluctuations, effectively
equalizing the output power [10]. This dual function simultaneous amplification and scintillation
mitigation distinguishes SOAs from erbium-doped fiber amplifiers (EDFAs), which cannot track
scintillation due to their slow gain dynamics [11]. The saturation-based mitigation principle has
been demonstrated in several studies [12, 13], showing significant improvements in FSO link
performance.

However, gain saturation also introduces extinction ratio (ER) degradation: the high-power
bit ('1') experiences lower gain than the low-power bit ('0'), reducing the distinction between logical
levels [14]. The optimal SOA operating point must therefore balance scintillation suppression
against ER degradation and ASE noise accumulation [15]. Despite the importance of this trade-off,
optimal SOA parameters for scintillation suppression remain insufficiently characterized. Prior
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work has demonstrated the principle of saturation-based mitigation [16, 17] but has not
systematically optimized the key device parameters bias current, active region length, and input
coupling efficiency for FSO applications.

This work addresses this gap by presenting a systematic numerical optimization of SOA
parameters for scintillation suppression in FSO links. A rate-equation model of an SOA operating
in the saturation regime was coupled with a Gamma-Gamma turbulence channel model. The
parameter space was systematically swept to identify optimal operating regions and quantify the
trade-offs between scintillation suppression, ER degradation, and ASE noise. The remainder of this
paper is organized as follows: Section 2 describes the FSO channel model, SOA model, and
parameter sweep methodology. Section 3 presents the results and discusses the effects of each
parameter. Section 4 concludes the paper and outlines future research directions.

2. Methods

2.1 FSO Channel Model

The FSO channel was modeled using the Gamma-Gamma turbulence distribution, which
accurately describes irradiance fluctuations across weak to strong turbulence regimes [18]. The
probability density function of the received irradiance I is given by:

2@B) " gy [aB]
) =—————F—7—1'¢ Ky p(2 1)1

where I'(+) is the Gamma function, Kq-p (.) is the modified Bessel function of the second kind,
and o and P are the effective numbers of large-scale and small-scale eddies, respectively. These

parameters are related to the Rytov variance 6°r through:

0.4902 !
= —1|
@ leXp <(1 T 1.110,5)7/6> l (2)

_ 0.5103 17
b= eXp<(1+0.69a,§)5/6>_ l )

The Rytov variance is expressed as:
of =1.23-C2-k7/°.L1V/6 (4)
where C,? is the refractive index structure parameter, k = 27/A is the optical wavenumber, and
L is the link distance. For this study, A = 1550 nm and L = 1 km were assumed. The turbulence
strength was varied from weak (C,?> = 107'* m2/%) to strong (C,>= 107" m™2/3).
2.2 SOA Model
The SOA was modeled using traveling-wave rate equations with longitudinally resolved
carrier density [19]. The optical power propagation equation is:
dP(z)
—— = ([g(N) = @n)) - P(2) (5)
where P(z) is the optical power at position z, I" is the optical confinement factor, aint is the
internal loss, and g(N) is the material gain coefticient:
g(N) =a- (N —Np) (6)
where a is the differential gain coefficient, N is the carrier density, and No is the transparency
carrier density [20]. The carrier density rate equation is:
dN I N Tg(N):P(z)
at qV 1, hvA 7
where [ is the bias current, q is the electron charge, V is the active region volume, 1. is the
carrier lifetime, hv is the photon energy, and A is the active region cross-sectional area [19].
The ASE noise power spectral density is:
Sass (W) =gy - hv - (G — 1) (8)
where nsp is the spontaneous emission factor and G is the amplifier gain [21]. The noise figure
is approximated by:
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G-1)

NF = 2 -ng, - C

9

2.3 Parameter Sweep

The following parameters were systematically swept: bias current (I) from 50 to 200 mA in
steps of 10 mA, active region length (Lactive) from 200 to 800 um in steps of 50 pm, and input
coupling efficiency (n) from 0.5 to 0.9 in steps of 0.05. For each parameter combination, the
simulation computed the scintillation index at the output, BER at BER = 1073, power penalty relative
to ideal (no scintillation), and ASE noise power. The simulation was repeated for 10° bits to ensure
statistical accuracy. The optimal parameters were defined as those minimizing the power penalty
while maintaining BER = 1073,

3. Results and Discussion

3.1 Effect of Bias Current

Figure 1 shows the scintillation index reduction and power penalty as a function of bias current

under strong turbulence (C,2 = 107" m™72/%).

8 10
Optimum operating point
150 mA
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- \
~
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Power Penalty (dB)
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Figure 1. Scintillation index reduction and power penalty versus bias current under
strong turbulence (C,>= 10" m72/3).

The scintillation index reduction increases with bias current up to approximately 150 mA,
then saturates. This behavior can be attributed to the fact that higher bias current increases the carrier
density, enabling deeper gain saturation and more effective power equalization. However, beyond
150 mA, the ASE noise increases significantly, offsetting the benefit of deeper saturation. The
optimal bias current is therefore approximately 150 mA, where the power penalty is minimized.

3.2 Effect of Active Region Length

Figure 2 shows the performance as a function of active region length.
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Figure 2. Scintillation index reduction and power penalty versus active region length

under strong turbulence (C,*> = 107" m2/3).
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Shorter devices (300400 pum) achieve better scintillation suppression due to faster gain
recovery times. Longer devices (600—800 pum) offer higher saturation output power but slower gain
recovery, reducing their ability to track scintillation fluctuations. The optimal active region length
is approximately 350 um, where the trade-off between saturation power and recovery speed is
balanced.

3.3 Effect of Input Coupling Efficiency

Figure 3 shows the performance as a function of input coupling efficiency.

f BUTLIDING

8 ‘ 10
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74 n=038 \
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@

%)

|~@~ Power Penalty

Saturation
Region

T T T T T T T T T 0
0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90

Input Coupling Efficiency (1)

Figure 3. Scintillation index reduction and power penalty versus input coupling
efficiency under strong turbulence (C,*> = 107"* m72/%).

Higher coupling efficiency improves performance by increasing the optical power coupled
into the active region, enabling deeper saturation. However, the benefit saturates beyond n = 0.8, as
the amplifier approaches full saturation. The optimal coupling efficiency is approximately 0.8.

3.4 Optimal Parameter Combination

Table 1 summarizes the optimal parameter combination and the resulting performance
improvement.

]

P Table 1.

\_/ Optimal SOA parameters and performance improvement.

L=,1 Optimal . Performance at
Parameter Performance at Optimal .

: Value Baseline

*=1 Bias current 150 mA Scintillation index reduction: 6.2 dB 2.1dB

|r ..'I.

e

(T Active region length 350 um Power penalty at BER (1073): 3.1 dB 8.5dB

" Input coupling 0.8 BER at 20 dB SNR: 2.3 x 103 1.8 x 107

f] efficiency

The optimal parameter combination achieves a 6.2 dB reduction in scintillation index and
reduces the power penalty from 8.5 dB to 3.1 dB under strong turbulence (C.2 = 107** m2/?). This
represents a significant improvement in link reliability.

3.5 Trade-offs and Limitations

The results reveal a fundamental trade-off between scintillation suppression and ER
degradation. Deeper saturation improves scintillation mitigation but reduces the ER, potentially
leading to signal erasure. The optimal operating point balances these competing effects. Excess ASE
noise limits performance at high bias currents. This establishes an upper bound on the usable
saturation depth and highlights the importance of noise management in SOA-based FSO receivers.

The results are consistent with prior work demonstrating saturation-based scintillation
mitigation [22, 23]. This study extends that work by systematically optimizing the key device
parameters and quantifying the trade-offs.

=
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4. Conclusion

This work presented a systematic numerical optimization of SOA parameters for scintillation
suppression in FSO links. A rate-equation model of an SOA operating in the saturation regime was
coupled with a Gamma-Gamma turbulence channel model. The parameter space including bias
current, active region length, and input coupling efficiency was systematically swept to identify
optimal operating regions.

Optimal parameter combinations achieved up to 6.2 dB reduction in scintillation index and
reduced the power penalty required to achieve BER = 107 from 8.5 dB to 3.1 dB under strong
turbulence. Bias current exhibited the strongest influence on performance, followed by active region
length. Excess ASE noise limited performance at high bias currents, establishing an upper bound on
the usable saturation depth.

The results offer instructions for engineers who build free space optical receivers that use
semiconductor optical amplifiers. The researchers determined that a bias current of 150 mA is ideal.
They found that an active region with a length of 350 um is effective. And they observed that an
input coupling efficiency of 0.8 is best - those values serve as a basis for the creation and assembly
of hardware. In the future researchers will apply this study to systems that use multiple stages of
amplification. They will examine complex ways to encode signals. There will also be tests to
confirm the data in a laboratory.
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