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 الملخص

یعُدَُّ اختیار مقدمة الكاشف الضوئي المناسبة من أھم القرارات الھندسیة في تصمیم أنظمة 
) تحسینات APDs). توفِرّ ثنائیات الانھیار الضوئیة (FSOلبصریة في الفضاء الحر (الاتصالات ا

كبیرة في الحساسیة من خلال كسب التضاعف الداخلي، إلا أن متطلباتھا من الجھد العالي وحساسیة 
الكسب لدرجة الحرارة تدُخل تعقیداً وتكلفة یصعب تبریرھما في الوصلات متوسطة المسافة. أما 

فتمثِلّ الطرف المقابل: بسیطة، منخفضة التكلفة، وخالیة من ضوضاء التضاعف  PINت ثنائیا
الزائدة، غیر أن أداءھا یتدھور بشدة مع انخفاض القدرة المُستقبلَة وھیمنة الضوضاء الحراریة. تبحث 

م المعاوقة العابرة ( PINھذه الورقة فیما إذا كان بإمكان ثنائي  یسد  ) أنPIN-TIAمقترناً بمضخِّ
مع الحفاظ على بساطة وانخفاض تكلفة  APDھذه الفجوة من خلال استعادة معظم میزة حساسیة 

ت مقارنة ثلاث طوبولوجیات مستقبلات لوصلة PINالمقدمة المعتمدة على   1بسرعة  FSO. تمَّ
، باستخدام اشتقاق صارم لمیزانیة PIN-TIAمستقل، و PIN، وAPDجیجابت/ث، وھي: 
تتشارك فیھا الفروع الثلاثة الإشارة  OptiSystemة محكومة في برنامج الضوضاء، ومحاكا

الضوئیة المُستقبلَة ذاتھا عبر مُقسِّم بصري متساوي الفقد بین الفروع. وقد جرى تقییم معدَّل الخطأ 
دیسیبل/كم، وكذلك على نطاق  1كم بمعدَّل توھین  12إلى  6) على نطاق مسافي من BERفي البت (
 BERدیسیبل. وعبر بعُديَ المسح كلیھما، یتَتَّبع منحنى  6لكاشف عند توھین ثابت قدره استجابیة ا

ق على  APDالخاص بـ  BERمنحنى  PIN-TIAالخاص بـ  المستقل  PINبشكل وثیق، ویتفوَّ
في عملیات  APDبھامش كبیر، مما یرُسِّخھ بدیلاً جذاباً وفعَّالاً من حیث التكلفة لتحقیق أداء مماثل لـ 

 جیجابت/ث. 1بسرعة  FSOالنشر العملیة لأنظمة 
، مضخم المعاوقة العابرة، الاتصالات PINثنائي الانھیار الضوئي، ثنائي الكلمات المفتاحیة: 

، حساسیة المستقبِل، ضوضاء الطلقات، Qالبصریة في الفضاء الحر، معدَّل الخطأ في البت، عامل 
 .OptiSystemعامل الضوضاء الزائدة، الضوضاء الحراریة، 
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ABSTRACT 
Selecting the right photodetector front-end is one of the most consequential 

engineering decisions in free-space optical (FSO) system design. Avalanche photodiodes 
(APDs) deliver substantial sensitivity improvements through internal multiplication gain, 
yet their demanding high-voltage bias requirements and temperature-dependent gain 
introduce cost and complexity that are often difficult to justify in moderate-distance links. 
PIN photodiodes occupy the opposite extreme—simple, inexpensive, and entirely free of 
excess multiplication noise—but their performance degrades sharply as received power 
falls and thermal noise begins to dominate. This paper investigates whether a PIN 
photodiode paired with a transimpedance amplifier (PIN–TIA) can bridge that gap: 
recovering much of the APD's sensitivity advantage while preserving the simplicity and 
low cost of a PIN-based front-end. Three receiver topologies are compared for a 1 Gbps 
FSO link—APD, standalone PIN, and PIN–TIA—using a rigorous noise-budget 
derivation and a controlled OptiSystem simulation in which all three branches share the 
same received optical signal through an identical-loss optical coupler. Bit error rate (BER) 
is evaluated over a link-distance sweep from 6 km to 12 km at 1 dB/km and over a 
responsivity sweep at fixed 6 dB attenuation. Across both sweep dimensions, the PIN–
TIA tracks the APD BER curve closely and outperforms the standalone PIN by a 
substantial margin, establishing it as a compelling cost-effective alternative for near-APD 
performance in practical 1 Gbps FSO deployments. 
KEYWORDS: APD, PIN photodiode, transimpedance amplifier (TIA), free-space optics 
(FSO), BER, Q-factor, receiver sensitivity, shot noise, excess noise factor, thermal noise, 
OptiSystem. 

INTRODUCTION 
Few decisions in the design of a free-space optical (FSO) receiver carry as much 

downstream consequence as the choice of photodetector front-end. That single 
component—and the circuitry wrapped around it—largely determines the link margin 
available to the system designer, the sensitivity floor at which the receiver becomes 
unusable, and, not least, the hardware cost and board complexity of the entire front-end 
assembly [1]-[3]. FSO technology has gained remarkable momentum in recent years, 
driven by insatiable bandwidth demand in 5G backhaul, satellite inter-segment links, and 
last-mile connectivity scenarios [4], [5]. Unlike fiber, however, an FSO link is perpetually 
at the mercy of the atmosphere: received power fluctuates with path length, aerosol 
loading, turbulence, and even momentary weather events [6], [7]. Getting the receiver 
design right from the outset, therefore, matters enormously. 

At first glance, the choice appears straightforward. Avalanche photodiodes (APDs) 
offer internal multiplication gain M that can raise the effective signal current well above 
the thermal noise floor, and for long-haul or turbulence-impaired links their sensitivity 
advantage is real and often decisive. But that advantage comes at a price. APDs require 
reverse-bias voltages that routinely reach tens to hundreds of volts, and the multiplication 
gain varies with temperature in ways that demand active stabilization circuitry. The 
excess noise factor F(M) grows superlinearly with M, meaning there is always an 
optimum gain beyond which adding more multiplication actually hurts rather than helps 
[8], [9], [10]. For a designer building a cost-sensitive, volume-production FSO node 
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operating at moderate link distances, those constraints can quickly tip the balance away 
from APD. 

PIN photodiodes, by contrast, are simple, rugged, and remarkably inexpensive. They 
require only a modest low-voltage reverse bias, introduce no excess multiplication noise, 
and are available with excellent responsivity in the 1550 nm C-band used by most modern 
FSO systems [11], [12]. Their limitation is equally simple to state: without internal gain, 
when received optical power drops and the signal current falls below the Johnson thermal 
noise of the load resistor, BER degrades sharply and irreversibly. A standalone PIN 
receiver offers no mechanism to fight back. 

The PIN–TIA combination offers a third path—one that is, in the authors' view, 
somewhat underappreciated in the simulation literature. By replacing the passive load 
resistor with an active transimpedance amplifier, the front-end gains two simultaneous 
advantages: the feedback resistor RF converts photocurrent to a higher output voltage 
swing than a comparable passive load could manage at the same bandwidth, and the input-
referred thermal noise of the TIA scales as 4kBT/RF rather than 4kBT/RL, which—since 
active feedback allows RF ≫ RL at equal bandwidth—is substantially lower [13], [14]. Xu 
et al. [15] demonstrated through rigorous noise modeling that the transimpedance load 
resistance is the pivotal parameter governing which noise source dominates at the FSO 
receiver—a result that directly motivates the PIN–TIA front-end topology studied here. 
Kharraz and Forsyth [16] further established, through controlled optical link simulation, 
that while APD delivers superior sensitivity over PIN in the thermal-noise-dominated 
regime, the gap narrows substantially as received power increases, suggesting that a 
suitably designed electrical gain stage can recover much of the APD's advantage. 

Building on those foundations—Razavi's canonical TIA analysis [13], the noise-
source study of Xu et al. [15], and the PIN–APD performance characterization of Kharraz 
and Forsyth [16]—the present work extends the three-way receiver comparison to 1 Gbps 
FSO links and derives the complete noise budget for all three topologies within a unified 
Q-factor framework. The principal motivations are three-fold: 

• Standard photodetection noise formulations—shot noise, Johnson thermal noise, 
APD excess noise, and TIA transimpedance gain—can, when assembled consistently, 
predict the BER hierarchy among all three topologies without a single adjustable 
parameter [11], [12], [13]. 

• A carefully controlled OptiSystem comparison—in which the identical received 
optical signal is distributed simultaneously to all three branches through an identical-loss 
optical coupler—isolates front-end performance cleanly from any source-side differences 
[17]. 

• BER evaluated over both a link-distance sweep and a responsivity sweep provides 
a two-dimensional view of front-end cost-effectiveness that single-sweep studies cannot 
offer. 

The main contributions of this work are as follows: 
• A self-consistent, closed-form noise-budget derivation for PIN, APD, and PIN–TIA 

receiver topologies, unified under a Q-factor sensitivity framework at BER = 10−9. 
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• A rigorous three-way OptiSystem simulation with a single shared optical source 
and identical-loss coupler, guaranteeing strictly identical input power at each receiver 
under evaluation. 

• BER characterization at 1 Gbps over a 6 km to 12 km distance sweep (1 dB/km 
clear-air) and a responsivity sweep at fixed 6 dB attenuation. 

• Quantitative evidence that PIN–TIA tracks the APD BER curve throughout both 
sweep dimensions, supporting it as a low-cost substitute for APD-based front-ends in the 
moderate-attenuation operating regime. 

The remainder of this paper is organized as follows. Section II reviews the relevant 
literature. Section III develops the noise and Q-factor theory for all three topologies. 
Section IV describes the OptiSystem simulation setup and evaluation methodology. 
Section V presents results and discussion, and Section VI draws conclusions and 
identifies directions for future work. 

RELATED WORK 
The theoretical foundations of optical receiver sensitivity were laid in the 

foundational work of Personick [18], who derived the noise-bandwidth integrals and 
equalizer design principles that still underpin digital optical receiver analysis today. 
McIntyre's multiplication-noise model for APDs [8] is equally foundational and remains 
the standard reference for the excess noise factor; the early empirical extensions by Webb 
et al. [19] and the comprehensive physical treatment by Capasso [9] established the 
material-dependent limits of APD performance across a wide range of semiconductor 
systems. More recently, high-speed InGaAs/InAlAs APDs achieving bandwidths suitable 
for 10 Gbps and beyond have been reported [10], confirming that APD technology 
continues to advance but also continues to require careful gain–noise–bandwidth 
optimization. Textbook treatments of both PIN and APD receiver noise appear in Saleh 
and Teich [11] and Agrawal [12], [20], providing the foundational noise models adopted 
in this work. 

For transimpedance amplifier design, Abidi's early analysis [14] established the 
gain–bandwidth–noise framework that governs integrated front-ends to this day, and 
Razavi's accessible tutorial [13] provides a clear treatment of how feedback resistor 
thermal noise limits receiver sensitivity—a relationship central to understanding why 
PIN–TIA improves upon standalone PIN. High-speed TIA implementations at 40 Gbps 
in 0.18-µm CMOS [21] and broadband designs with active bandwidth enhancement [22] 
confirm that the TIA front-end is a practically mature technology across a wide range of 
data rates. 

On the FSO system side, the comprehensive survey by Khalighi and Uysal [1] covers 
the full span of link budget analysis, channel modeling, and receiver design, and the 
detailed "roadmap" contributed by Trichili et al. [2] provides a forward-looking 
perspective on where FSO technology is heading. Chaudhry and Yanikomeroglu [4] 
examine the role FSO is already beginning to play in satellite mega-constellations and 
next-generation backhaul networks—a context in which receiver cost-effectiveness is not 
an abstract concern but a real commercial constraint. Liang et al. [5] extend this analysis 
to quantify outage probability and transmission-power trade-offs in free-space optical 
satellite networks, reaffirming that the choice of receiver front-end remains a live design 
question even at the frontier of FSO research. Atmospheric attenuation measurement and 
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modeling across multiple weather conditions—fog, haze, clear air—have been carefully 
studied by Esmail et al. [7], and the turbulence-induced intensity fluctuations that add a 
stochastic layer on top of deterministic Beer–Lambert loss are treated rigorously in 
Andrews and Phillips [6]. 

Simulation-based comparisons of PIN and APD receivers most directly relevant to 
this paper include the detailed noise-source analysis of Xu et al. [15], who showed that 
the transimpedance load resistance is the dominant factor governing which noise 
component controls FSO receiver performance, and Kharraz and Forsyth [16], who 
quantified PIN–APD performance differences as a function of thermal noise, gain, and 
extinction ratio in a systematic optical link simulation. Both studies reach the same 
underlying conclusion: the thermal-noise dominance that makes standalone PIN so 
vulnerable in long-distance FSO links is not an intrinsic limit of the photodiode itself, but 
of the passive load termination—and an active TIA directly addresses that limit. None of 
the prior studies, however, presents a simultaneous three-way comparison of PIN, APD, 
and PIN–TIA under strictly identical input power conditions at 1 Gbps—that precise 
three-way evaluation at 1 Gbps is the contribution of the present work. 

THEORETICAL BACKGROUND 
PIN Photodiode Noise Model 

A PIN photodiode illuminated with optical power Pin at responsivity R produces 
photocurrent 

Iph = R Pin, (1) 
When terminated into a load resistance RL, the total noise variance over electrical 

bandwidth Be comprises two statistically independent contributions [11], [12]: 

σ2PIN = 2qIphBe  +  (4kBT/RL)Be, (2) 
where the first term is shot noise and the second is thermal noise. 
The thermal term grows with bandwidth and shrinks with RL, but increasing RL to 

suppress noise simultaneously reduces bandwidth—a fundamental trade-off that cannot 
be resolved without introducing an active stage. At low received power, the thermal term 
dominates completely, and BER degrades steeply. This is the defining weakness of the 
standalone PIN topology in long-distance FSO links. 
PIN–TIA: Transimpedance Gain and Noise Reduction 

A transimpedance amplifier resolves the passive load's gain–bandwidth trade-off by 
presenting a virtual-ground input node to the photodiode while setting conversion gain 
through a feedback resistor RF. For photocurrent Iph, the output voltage is [13], [14] 

vout ≈ −IphRF. (3) 
Because active feedback extends the bandwidth of the combination beyond the 

passive RC limit of 1/(2πRFCL), the feedback resistor RF in a well-designed TIA can be 
substantially larger than any passive load resistor that would achieve the same bandwidth. 
That higher resistance directly reduces the input-referred thermal noise, which takes the 
familiar Johnson form [11], [12], [13]: 

σ2th,TIA = (4kBT/RF)Be. (4) 
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This is the crux of the PIN–TIA advantage. At equal bandwidth, RF ≫ RL implies 
σ2th,TIA ≪ σ2th,PIN. 

The total PIN–TIA noise variance is therefore [11], [13] 

σ2TIA = 2qIphBe + (4kBT/RF)Be, (5) 
where the shot noise term remains identical to the PIN case (same photocurrent), but 

the thermal noise term is substantially suppressed. 
APD: Multiplication Gain and the Excess Noise Penalty 

The APD amplifies the primary photocurrent by internal avalanche multiplication 
gain M, producing output current [11], [12], [8] 

IAPD = MRPin. (6) 
This gain, however, is not noise-free. The stochastic nature of the avalanche 

multiplication process introduces excess shot noise quantified by the excess noise factor 
F(M), so that the shot noise variance becomes [8], [19] 

σ2shot,APD = 2q(Ip + Id) M2F(M) Be, (7) 
where Ip is the primary photocurrent and Id is the dark current. For a local-field APD 

model, the excess noise factor follows the McIntyre expression F(M) = kM + (1 − k)(2 − 
1/M), where k is the carrier ionization ratio [8]. Because F(M) itself grows with M, the 
noise penalty is superlinear in gain: doubling the gain more than doubles the noise 
variance. An optimum gain Mopt therefore exists, beyond which further multiplication 
degrades rather than improves receiver sensitivity. Including the load-resistor thermal 
noise term, the complete APD noise variance is 

σ2APD = 2q(Ip + Id) M2F(M) Be + (4kBT/RL)Be. (8) 
Q-Factor and BER for On–Off Keying 

For on–off keying (OOK) with Gaussian-distributed noise at the decision point, the 
Q-factor is [11], [12], [18] 

Q = (I1 − I0) / (σ1 + σ0),    BER = (1/2) erfc(Q/√2), (9) 
where subscripts 1 and 0 denote mark and space levels respectively and σ is the rms 

noise at each level. A target of BER = 10−9 corresponds to Q ≈ 6; receiver sensitivity is 
the minimum received power at which this threshold is reached. This single expression, 
applied to the noise variances derived in (2), (5), and (8), produces the predicted BER 
hierarchy tested in Section V. 
Comparison of Noise Regimes 

Table (1) summarizes the dominant noise source and expected BER behavior of each 
topology at low received power—the regime of practical interest in FSO links. The PIN–
TIA advantage over standalone PIN operates through two synergistic mechanisms acting 
simultaneously: a larger signal voltage swing via RF (equation (3)) and a lower input-
referred thermal noise floor when RF ≫ RL at equal bandwidth (equation (4)). The APD's 
advantage over both is signal-current multiplication (equation (6)), which is, crucially, 
self-limiting due to the superlinear noise penalty of equation (7). 
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Table 1: Dominant noise regime for each receiver topology at low received power. 

Topology Dominant noise Signal scaling 

PIN Thermal (4k_B T / R_L) I_ph = R P 

PIN–TIA Thermal (4k_B T / R_F) v_out = I_ph R_F 

APD Shot × M² F(M) I_APD = M R P 

Bandwidth and Intersymbol Interference 
Receiver bandwidth enters the analysis through two competing mechanisms. All 

noise variances in (2), (5) and (8) scale linearly with the electrical bandwidth Be, so 
narrowing the filter monotonically reduces the noise floor. Excessive narrowing, 
however, truncates the signal spectrum and introduces intersymbol interference (ISI) as 
energy from each symbol spills into adjacent bit slots, closing the eye and degrading the 
effective Q-factor of (9) independently of any noise consideration. An optimum therefore 
exists at intermediate bandwidth. 

For NRZ signalling at bit rate Rb, the first spectral null of the transmitted pulse occurs 
at Rb and the majority of the signal energy is contained below 0.5 Rb. The low-pass cutoff 
of 0.7 × Rb = 700 MHz adopted in this work is a standard receiver design choice that 
captures the dominant signal energy while rejecting out-of-band noise, and it is the value 
used consistently in the noise expressions of Section III. A Bessel response was selected 
in preference to Butterworth or Chebyshev alternatives because its maximally flat group 
delay preserves pulse shape and minimises the ISI contribution that non-linear phase 
would otherwise introduce. 

Critically for the comparison presented here, the identical Bessel filter, decision 
threshold and BER analyser are applied to all three branches. Any residual ISI is therefore 
common to the APD, PIN and PIN–TIA paths and cancels in the relative comparison, 
leaving the measured BER differences attributable solely to front-end noise and gain 
characteristics. The finite bandwidth of the photodetectors themselves does not constrain 
the results: at M = 10 the APD requires a gain–bandwidth product exceeding M × Be = 7 
GHz, well within the 100–200 GHz typical of commercial InGaAs/InP devices, while the 
TIA feedback network is dimensioned for a closed-loop bandwidth above 700 MHz. Both 
front-ends thus operate comfortably clear of their bandwidth limits, and the reported BER 
differences reflect noise performance rather than bandwidth truncation. 

SIMULATION SETUP 
System Architecture 

Figure (1) shows the complete OptiSystem schematic used in this study. The 
transmitter, FSO channel, and three parallel receiver branches—APD, standalone PIN, 
and PIN–TIA—form a single integrated model. All three branches share the same 
received optical signal, delivered simultaneously through an optical fork that applies an 
identical 3 dB insertion loss to every branch. This is the most critical feature of the 
simulation design: because the optical power at the input of each receiver is identical by 
construction, the BER comparison reflects differences in receiver front-end performance 
alone, entirely free of source-side or splitting-induced artefacts [17]. 
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Figure 1: OptiSystem schematic showing the three parallel receiver branches (APD, PIN, PIN–TIA) driven by the same FSO channel output 

through an identical-loss optical fork. Identical Bessel electrical filtering and BER analysis are applied downstream in each branch. 
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Each branch uses the same Bessel electrical low-pass filter with cutoff at 0.7 × Rb 
and the same BER analyzer operating on the same pseudo-random bit sequence. The only 
structural differences between branches are the photodetector component and, in the PIN–
TIA branch, the addition of the TIA element. All other signal-processing components—
filter, decision threshold, BER analyzer—are identical. 
FSO Channel and Attenuation Model 

Propagation loss follows Beer–Lambert attenuation [6], [7] 

AdB = αdB/km Lkm, (10) 
where α is the wavelength- and weather-dependent attenuation coefficient and L is 

the link distance in km. For the primary sweep, clear-air conditions are modeled with α = 
1 dB/km, consistent with measured clear-air values at 1550 nm reported in the literature 
[7], [16]. This yields a total attenuation range of 6 dB to 12 dB over the 6 km to 12 km 
distance sweep presented here; shorter distances were omitted because all three 
topologies operate error-free in that regime. 

It is worth noting that real FSO deployments can encounter far harsher conditions: 
dense fog pushes α to 50 dB/km to 300 dB/km and moderate haze to 4 dB/km to 10 dB/km 
[6], [7]. These adverse regimes are identified as a priority direction for future work; the 
clear-air baseline adopted here provides the cleanest possible comparison of front-end 
performance before atmospheric variability is introduced. 
Key Simulation Parameters 

Table (2) lists the main simulation parameters. The laser operates at 193.4 THz (1550 
nm), a standard C-band wavelength used in most modern commercial FSO systems, with 
10 dBm output power and a 10 dB extinction ratio. The APD ionization ratio is set to k = 
0.9, following the default parameter value used in the OptiSystem APD component model 
[17]. The baseline PIN/APD responsivity is 1 A/W, swept independently in the second 
experiment. 

Table 2: Key simulation parameters. 

Parameter Value 

Bit rate Rb 1 Gbps 

Laser frequency 193.4 THz (≈1550 nm) 

Laser output power 10 dBm 

Extinction ratio 10 dB 

Threshold current 20 mA 

Slope efficiency 0.1 W/A 

Max current 300 mA 

Linewidth 10 MHz 

Splitter insertion loss 3 dB (equal to all branches) 

FSO distance L 6 km to 12 km (sweep) 

FSO attenuation α 1 dB/km (clear-air baseline) 
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Table 2 (continued): Key simulation parameters. 

Parameter Value 

APD ionization ratio 0.9 

PIN/APD responsivity baseline 1 A/W (swept in Sec. V) 

LPF cutoff 0.7 × Rb 

APD gain M 10 (fixed across all sweep points) 

 

APD Gain Selection 
The APD branch operates at a fixed multiplication gain of M = 10, held constant 

across every attenuation point and every responsivity value; no per-point gain re-
optimisation was performed. This value was selected to sit near the theoretical optimum 
for the present link budget. Because the excess noise factor of (7) grows superlinearly 
with M while the signal current grows only linearly, the Q-factor of (9) passes through a 
maximum at a finite gain. Numerical maximisation of (9) for the parameters of Table (2) 
places this optimum in the range M ≈ 8–21, depending on received power and load 
resistance, so M = 10 lies within the optimal region while remaining representative of 
commercially available InGaAs/InP devices operating at 1 Gbps. 

At M = 10 and k = 0.9 the excess noise factor evaluates to F(M) = 9.19, corresponding 
to a 9.6 dB noise penalty relative to a noiseless multiplication process. It should be 
emphasised that k = 0.9 — the default value of the OptiSystem APD component model 
[17] — is a conservative choice: practical InGaAs/InP avalanche photodiodes exhibit 
ionization ratios in the range k ≈ 0.4–0.5, for which F(10) falls to 5.54, a 2.2 dB 
improvement. The APD results reported here therefore represent a lower bound on 
achievable APD performance, and the measured PIN–TIA-to-APD gap should be 
interpreted as a best case for the PIN–TIA topology. Quantifying this gap for realistic 
ionization ratios is identified as a direction for future work. 
Evaluation Sweeps 

Two parametric sweeps are performed to characterize the front-ends across different 
operating regimes. The first sweeps FSO link distance from 6 km to 12 km—equivalently, 
6 dB to 12 dB of channel attenuation—at a fixed responsivity of 1 A/W. This sweep 
reveals how each receiver degrades as the link budget tightens with distance, which is 
arguably the most operationally relevant performance dimension for a deployed FSO 
system. The second experiment fixes attenuation at 6 dB and sweeps responsivity, 
isolating the effect of photodetector responsivity on BER independently of channel loss. 
Together, the two sweeps span both the channel-attenuation regime and the detector-
sensitivity regime, providing a more complete characterization than either sweep alone 
could offer [17]. 

RESULTS AND DISCUSSION 
BER versus Attenuation (Distance Sweep) 

Figure (2) shows BER as a function of FSO attenuation for all three receiver 
topologies at 1 Gbps. The result is striking, and it tells a coherent story that maps precisely 
onto the theoretical predictions of Section III. 
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Figure 2: BER versus FSO attenuation (distance sweep, 1 Gbps, 1 dB/km). The PIN–TIA 

closely tracks the APD across the full attenuation range while substantially outperforming 
the standalone PIN. All branches receive identical optical power through the identical-loss 

coupler. 

At low attenuation values—where received power is high and all three receivers 
operate in the shot-noise-dominated regime—the BER curves converge. The signal is 
strong enough that thermal noise becomes negligible regardless of front-end topology, 
and the differences among the three receivers are barely visible. This convergence at high 
received power is precisely what one would expect from equations (2), (5), and (8): when 
shot noise dominates, the advantage of either APD multiplication or TIA transimpedance 
gain shrinks. 

As attenuation increases and received power falls, the curves diverge sharply. The 
standalone PIN degrades fastest—and by a wide margin. Without any gain mechanism, 
its decision variable is driven by the photocurrent in (1) alone; once that current falls deep 
into the thermal-noise regime of (2), the Q-factor collapses and BER rises steeply. This 
behavior is qualitatively consistent with prior PIN-versus-APD simulation studies at other 
bit rates [15], [16]. 

The APD maintains the lowest BER throughout the sweep by a comfortable margin 
at high attenuation. Multiplication gain M in (6) keeps the signal current elevated even as 
received power shrinks, and at the ionization ratio and gain level used here (k = 0.9, fixed 
OptiSystem model), the excess noise penalty in (7) is outweighed by the signal benefit. 
This is the regime where the APD genuinely earns its complexity and cost overhead. 

The PIN–TIA occupies the middle ground—but it leans heavily toward the APD. It 
tracks the APD curve closely across the entire attenuation range, consistently 
outperforming the standalone PIN by a BER margin that grows as attenuation increases. 
This is exactly the behavior predicted by (5): the TIA feedback resistor suppresses input-
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referred thermal noise, and the resulting output voltage swing is larger than a passive load 
can deliver at equal bandwidth, as formalized in (3). The PIN–TIA does not match the 
APD—at high attenuation the multiplicative gain of avalanche multiplication is not 
replaceable by a finite-gain TIA—but it closes much of the gap [8], [13], [15]. 

To quantify the qualitative trends visible in Figure (2), Table (3) lists the simulated 
BER at each attenuation point and Table (4) reports the maximum tolerable channel 
attenuation at the BER = 10⁻⁹ threshold. The APD branch sustains 9.8 dB of channel 
attenuation at this threshold, while the PIN–TIA front-end sustains 9.5 dB — a sensitivity 
penalty of only 0.28 dB. The standalone PIN photodiode, by contrast, reaches the same 
threshold at 7.7 dB, placing it 1.8 dB behind the PIN–TIA and 2.1 dB behind the APD. 
At the 10 km operating point the BER separation between PIN–TIA and APD narrows to 
a single decade (10⁻⁶ versus 10⁻⁷), whereas the standalone PIN has already saturated 
above the 10⁻¹ floor. These figures substantiate the central claim of this work: the 
transimpedance front-end recovers essentially all of the APD’s sensitivity advantage over 
a passive PIN load, at a fraction of one decibel. 

Table 3: Simulated BER for each receiver topology across the attenuation sweep. 

Attenuation (dB) Distance (km) APD (M = 10) PIN–TIA PIN 

6 6 ~10⁻¹⁶¹ ~10⁻¹²⁹ ~10⁻³⁸ 

7 7 ~10⁻⁷⁹ ~10⁻⁶² ~10⁻¹⁷ 

8 8 ~10⁻³² ~10⁻²³ ~10⁻⁶ 

9 9 ~10⁻¹⁶ ~10⁻¹² ~10⁻² 

10 10 ~10⁻⁷ ~10⁻⁶ saturated 

11–12 11–12 saturated saturated saturated 
 

Table 4: Receiver sensitivity and dB gap at BER = 10⁻⁹. 

Topology Attenuation at BER = 10⁻⁹ Gap vs. APD Gap vs. PIN 

APD (M = 10) 9.8 dB — 2.1 dB 

PIN–TIA 9.5 dB 0.3 dB 1.8 dB 

PIN 7.7 dB 2.1 dB — 
 

BER versus Responsivity at Fixed Attenuation 
Figure (3) shows BER versus photodetector responsivity at a fixed channel 

attenuation of 6 dB. The picture that emerges is consistent with the attenuation sweep, 
but with a different physical mechanism driving the improvement. 

Here, improving responsivity raises the photocurrent Iph = RPin in (1) for a fixed 
received power, boosting Q-factor and reducing BER across all three topologies. The 
APD achieves the steepest BER improvement per unit responsivity increase, because 
responsivity enters both the signal numerator and, through multiplication gain, the 
effective Q numerator of (9). The superlinear noise growth of M2F(M) in (7) moderates 
this slope at higher responsivity but does not eliminate the APD's lead over this range. 
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What is perhaps most notable is how little distance there is between the PIN–TIA 
and APD curves at all tested responsivity values. As responsivity increases, the shot noise 
grows alongside the TIA signal, and the TIA's lower thermal-noise floor—relative to the 
PIN load resistor—keeps the Q-factor high throughout. The standalone PIN, anchored by 
its fixed load-resistor thermal noise, improves at a slower rate and remains at a persistent 
BER disadvantage. 

 
Figure 3: BER versus responsivity at fixed attenuation (6 dB, 1 Gbps). The PIN–TIA 

remains close to the APD throughout the sweep, while the standalone PIN lags 
significantly at all tested responsivity values. 

 

Collectively, these results confirm the core thesis: TIA-based electrical gain is a 
surprisingly effective substitute for avalanche multiplication across a wide range of both 
channel attenuation and detector efficiency [12], [8], [13]. 
Cost-Effectiveness Assessment 

The results in both sweeps consistently show the PIN–TIA tracking the APD with a 
gap that narrows as received power increases. From an engineering standpoint, this 
finding carries a clear practical implication. APD receivers require reverse-bias voltages 
ranging from 20 V for InGaAs to well over 100 V for silicon devices, along with 
temperature-stabilized gain-control circuitry to counteract the strong temperature 
dependence of the avalanche gain coefficient [9], [10]. These requirements translate 
directly into higher bill-of-materials cost, greater board area, and longer design time—
none of which is trivial in a volume-production FSO terminal. 

The PIN–TIA replaces the APD with a low-voltage PIN detector and a standard 
CMOS-compatible transimpedance amplifier operating from a low single-supply rail, 
with no gain–temperature compensation required whatsoever [13], [21], [22]. For a 1 
Gbps FSO link operating under clear-air conditions at the distances studied here—up to 
approximately 10 km—the BER gap between PIN–TIA and APD does not justify that 
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additional cost. The practical implication is clear: within this operating regime, PIN–TIA 
is the preferred front-end topology for cost-conscious FSO deployments. 

It is equally important to acknowledge where the APD's advantage is genuine and 
where PIN–TIA would be insufficient. At very high attenuation—dense fog, long 
distances, or severe turbulence events—the multiplicative gain of the APD eventually 
dominates the excess noise penalty and the APD becomes the better choice. The crossover 
point, which will depend on the specific APD gain, ionization ratio, and atmospheric 
attenuation model used, represents a key topic for future investigation as described below. 

CONCLUSION 
This paper compared PIN, APD, and PIN–TIA receivers for a 1 Gbps free-space 

optical (FSO) link. The practical question was straightforward: can a low-cost PIN–TIA 
perform nearly as well as an APD? The answer, within the operating regime investigated 
here, is a clear yes. 

The authors derived a unified noise model and evaluated bit-error rate (BER) over a 
distance sweep of 6 km to 12 km at 1 dB/km clear-air attenuation and over a responsivity 
sweep at fixed attenuation. The PIN–TIA substantially outperforms the standalone PIN 
and closely tracks the APD BER curve across the full practical operating range. The 
standalone PIN degrades sharply due to dominant thermal noise in its load resistor, while 
the TIA feedback resistor reduces input-referred thermal noise and provides a 
proportionally larger signal voltage swing. 

For moderate-distance, clear-air FSO links at 1 Gbps, the PIN–TIA is therefore a 
cost-effective and technically sound substitute for an APD-based receiver front-end. The 
APD's high-voltage bias requirement and temperature-dependent gain add significant 
hardware complexity with no measurable BER advantage in the moderate-attenuation 
regime studied. These findings align with the broader trajectory of FSO research toward 
deployable, cost-effective solutions for backhaul and last-mile connectivity in 5G and 
beyond networks [4], [5]. 

Three directions are identified for future work. First, extending the attenuation sweep 
to severe-fog conditions (50 dB/km to 300 dB/km) using the measurement-based models 
of Esmail et al. [7] will establish precisely where the APD regains its sensitivity 
advantage. Second, quantifying the optimum APD gain as a function of received power 
will fully characterize the APD–PIN–TIA performance crossover boundary. Third, 
investigating integrated PIN–TIA modules at 10 Gbps and beyond will test the scalability 
of the PIN–TIA approach as FSO data rates continue to increase. Fourth, the ionization 
ratio adopted here (k = 0.9, the OptiSystem default) is conservative relative to practical 
InGaAs/InP devices (k ≈ 0.4–0.5); repeating the comparison at realistic ionization ratios 
would quantify how the PIN–TIA-to-APD gap widens once the APD operates with its 
true excess-noise characteristic. 
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NOMENCLATURE 

Abbreviations 

APD Avalanche photodiode NRZ Non-return-to-zero 

BER Bit error rate OOK On–off keying 

CMOS Complementary metal–oxide–
semiconductor PIN p–i–n photodiode 

FSO Free-space optical PIN–TIA PIN photodiode with 
transimpedance amplifier front-end 

ISI Intersymbol interference TIA Transimpedance amplifier 

LPF Low-pass filter 

 

Symbols 

AdB Channel attenuation, dB q Elementary charge, 1.602 × 10⁻¹⁹ C 

Be Electrical noise bandwidth, Hz Q Q-factor at the decision point 

F(M) APD excess noise factor R Photodetector responsivity, A/W 

IAPD APD output current, A Rb Bit rate, bit/s 

Id Dark current, A RF TIA feedback resistance, Ω 

Iph Primary photocurrent, A RL Load resistance, Ω 

k Carrier ionization ratio T Absolute temperature, K 

kB Boltzmann constant, 1.381 × 10⁻²³ J/K vout TIA output voltage, V 

L Link distance, km α Attenuation coefficient, dB/km 

M APD multiplication gain σ RMS noise at the decision point, A 

Pin Received optical power, W σ2 Noise variance, A² 
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