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Abstract—Intra-data-center links are scaling to 100 Gb/s per
wavelength using four-level pulse-amplitude modulation (4-PAM)
and direct detection, but a restrictive link budget makes it diffi-
cult to support wavelength-division multiplexing or optical circuit
switching. We investigate receiver sensitivity improvements achiev-
able using semiconductor optical amplifiers (SOAs) or avalanche
photodiodes (APDs). We analyze and simulate the impact of mod-
ulator bandwidth limitations and chirp, fiber dispersion, transient
SOA gain saturation, excess shot noise, and intersymbol interfer-
ence caused by the APD. Using the 4-PAM and linear equalization,
an SOA with 20-dB fiber-to-fiber gain and 6-dB noise figure can
improve the receiver sensitivity up to 6 dB over a thermal noise-
limited receiver, whereas an APD with k, = 0.18 and respon-
sivity R = 0.74 A /W provides 4.5-dB sensitivity improvement
over the same reference system. We further present a simple algo-
rithm to optimize the intensity levels and decision thresholds for
a generic non-Gaussian noise distribution, which can provide an
additional sensitivity improvement of 1-2 dB. For SOAs, transient
gain saturation effects cause negligible sensitivity penalties, but
limit the receiver dynamic range to about 15 dB for the worst case
of single-wavelength pre-amplification. For APDs, we show that the
APD responsivity, impact ionization factor, low-gain bandwidth,
and gain-bandwidth product are all critical parameters governing
the system performance.

Index Terms—Communications system performance and com-
plexity, data center interconnects, direct detection, equalization,
intensity modulation, pulse amplitude modulation.

I. INTRODUCTION

NCREASING traffic demands in data centers have motivated
I research on spectrally efficient modulation formats compat-
ible with intensity modulation and direct detection (IM-DD) to
replace the traditional non-return-to-zero on/off keying (NRZ-
OOK) format. Recent studies for 100 Gbit/s single-laser inter-
connects have considered single-carrier schemes [1], such as
pulse-amplitude modulation (PAM) and carrierless amplitude-
and-phase (CAP), as well as multi-carrier schemes [2], such
as orthogonal frequency-division multiplexing (OFDM). PAM
was found to offer an attractive combination of low imple-
mentation complexity, tolerance to modulator nonlinearity, and
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acceptable receiver sensitivity, and four-level PAM (4-PAM)
has been adopted by the IEEE P802.3bs task force [3]. An
eye-safe 400 Gbit/ s link using 4-PAM with linear equalization
and four wavelength-division-multiplexed (WDM) channels is
expected to have an optical power margin of under 5 dB [1].
Practical systems, however, will require significantly higher
margins to accommodate component aging, increased optical
losses in the wavelength demultiplexer, fiber plant or optical
switches, and an increased number of wavelengths, which ne-
cessitates reducing per-channel transmitted power to maintain
eye safety. Thus, it is desirable to improve receiver sensitiv-
ity while minimizing system power dissipation, cost and size.
Stronger forward error-correction (FEC) codes could improve
sensitivity, but would dramatically increase power consump-
tion and latency. Coherent detection could likewise improve
sensitivity significantly, but it requires complex optical com-
ponents and temperature-controlled lasers, while both these
latter alternatives rely on costly, power-hungry digital signal
processors.

Avalanche photodiodes (APD) and semiconductor amplifiers
(SOA) are promising alternatives to improve receiver sensitiv-
ity. SOAs are particularly attractive because they can provide
high gain over a wide bandwidth [4], circumventing the gain-
bandwidth product limitations of APDs and allowing a single
SOA to amplify multiple WDM channels [5]. SOAs may be
realized using either bulk [6] or multiple quantum well (MQW)
active layers [7]. MQW SOAs generally have higher band-
width, gain and saturation power, and lower noise figure, but
realization of polarization-independent MQW SOAs is more
complicated [8].

APDs have been widely adopted in 10 Gbit/s links for metro
and access networks [9], as they are more cost-effective than op-
tical pre-amplification followed by a positive-intrinsic-negative
(PIN) photodetector. 100 Gbit/s systems pose a greater chal-
lenge, however, as they require APDs with both small impact
ionization factor k4 and wide bandwidth. Recent advances in
APD technology have improved these characteristics. Impact
ionization factors have been reduced by using a multiplica-
tion layer of InAlAs (k4 ~ 0.2) [10] and Si (k4 < 0.1) [11].
Bandwidths have been increased by new designs that decouple
bandwidth from responsivity, which is normally reduced in high-
speed APDs as the absorption region is made thinner to reduce
transit time. These new designs include resonant cavities APDs
[12], waveguide APDs [10], [13]-[15], and thin-multiplication-
layer APDs in which both excess noise and avalanche buildup
time are reduced by the dead zone effect [16]. Recent works
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Fig. 1.  System block diagram.

have also investigated using bit-synchronous sinusoidal biasing
to increase the APD gain-bandwidth product (GBP) [17], [18].

This paper studies the benefits and drawbacks of SOAs and
APDs in 100 Gbit/s-per-wavelength links through analysis and
simulation. Previous works have studied 100 G links with SOAs
through simulation [19] and experiment [20], but no work to
date has presented the combination of analytical tools required
for optimizing the performance of multi-level PAM systems
using SOAs and APDs. Specifically, we study the combined
effects of modulator bandwidth limitations and chirp, fiber CD,
transient SOA gain saturation on links using an SOA for single-
channel or WDM amplification and using a linear equalizer
(LE) to compensate for signal distortion, and excess shot noise
and inter-symbol interference caused by the APD. Moreover,
we generalize the method proposed in [21], [22] to optimize
intensity levels and decision thresholds for non-Gaussian signal-
dependent noise, which further improves receiver sensitivity.

The remainder of this paper is organized as follows. In
Section II, we present the system model used in our analyses
and simulations. In Section III, we present an algorithm to opti-
mize intensity levels and decision thresholds for non-Gaussian
signal-dependent noise. In Section IV, we discuss the main com-
ponent limitations and present receiver sensitivity improvement
results for single-channel systems. In Section V, we present re-
sults for WDM system performance. In Section VI, we discuss
important practical considerations such as temperature sensitiv-
ity and power consumption of SOA- and APD-based systems.
We present conclusions in Section VII.

II. SYSTEM MODEL

A. Intensity Modulation and Direct Detection

A general block diagram for a system using multi-level inten-
sity modulation, optical pre-amplification and direct detection
is shown in Fig. 1. At the transmitter, a stream of input bits is
mapped onto M-PAM symbols with non-negative intensity lev-
els {P, ..., Py —1}. Digital pulse shaping can reduce the sig-
nal bandwidth and pre-compensate for the modulator frequency
response, but requires a high-speed digital-to-analog converter
(DAC) and, more importantly, enforcing the non-negativity of
intensity modulation leads to a significant optical power penalty
[1]. Hence, we assume a multi-level PAM encoder with a rect-
angular pulse shape. Programmable intensity levels can enable
pre-compensation for modulator non-linearity and transmis-
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sion of unequally spaced intensity levels to improve receiver
sensitivity, as explained in Section III.

The encoder output drives an optical modulator. Both directly
modulated lasers (DMLs) [23] and electro-absorption modula-
tors (EAMs) [24] have been considered for 100 Gbit/s links.
DMLs offer lower cost and power dissipation, while EAMs gen-
erally have higher bandwidth and extinction ratio. As in prior
work [1], [2], we model the modulator by a critically damped
second-order linear system H ,,,q (f) with cut-off frequency
fmod ,3dB -

The intensity-modulated signal is launched into an SMF. The
received signal after fiber propagation is detected using either
an SOA-based receiver (Section II-B) or an APD-based receiver
(Section II-C), as illustrated in Fig. 1. These receivers differ
in three main respects: (a) The dominant noise in SOA-based
receivers is signal-spontaneous beat noise, while shot-noise is
the dominant noise in APD-based receivers. (b) SOAs have a
wide bandwidth and do not limit the bandwidth of the receiver,
in contrast to APDs, which impose significant bandwidth limi-
tation. (c) One APD is needed for each WDM channel, whereas
a single SOA can amplify multiple WDM channels.

Both systems have similar components after photo-detection:
a transimpedance amplifier (TIA) followed by an equalizer.
Typical TIAs have 3-dB bandwidth of 20-70 GHz and input-
referred noise I, of 20-50 pA /+/Hz [25], where I = Nj is the
one-sided power spectrum density of thermal noise.

Due to the strong bandwidth limitations of the modulator and
possibly other components such as the APD, equalization is
necessary. To facilitate the analysis, we assume a symbol-rate
LE with analog noise-whitening filter cascaded by an electrical
filter matched to the received pulse shape. The fixed symbol-
rate LE requires accurate knowledge of the channel response
and precise timing recovery. In practice, a receiver employing
a fixed anti-aliasing filter with an adaptive fractionally spaced
LE can achieve performance approaching the ideal symbol-rate
LE, while compensating for timing errors and not requiring prior
knowledge of the channel.

After equalization, symbol-by-symbol detection is performed
using decision thresholds {d;, ..., dy; 1 }, which may be opti-
mized based on the statistics of the received noise, as described
in Section III.

The system is assumed to use a simple Reed-Solomon code,
such as the code described in [26], which has ~7% overhead,
provides a net coding gain of 5.6 dB and requires an input
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Fig. 2. Equivalent baseband block diagram for (a) SOA-based receiver and
(b) APD-based receiver. Boldface variables are electric fields with two polar-
izations. Optical filtering is performed in each polarization independently.

bit-error ratio (BER) of 1.8 x 10~* to achieve target output
BER of 1072, In data center applications, complexity, latency,
and over-clocking requirements are as important as the coding
gain in FEC selection. References [26], [27] highlight FEC
requirements for 100G applications.

B. Semiconductor Optical Amplifiers

In SOA-based receivers, the signal is amplified in the optical
domain. Typical SOAs have fiber-to-fiber gain G as high as
30dB [6], [7], noise figure F}, as low as 4.7 dB, and polarization-
dependent gain as low as 0.2 dB [28]. At the SOA output, the
amplified spontaneous emission (ASE) in each polarization can
be modeled as additive white Gaussian noise (AWGN) with
one-sided power spectral density (PSD)

SASE = Nsp (G - 1) hv, (D

where ng, ~ F), /2 is the spontaneous emission parameter and
hv is the photon energy.

The amplified signal passes through a band-pass optical filter
to limit the ASE noise and is detected by a PIN photodetector. As
the signal is assumed to be transmitted in only one polarization,
a tracking polarization controller and polarizer could be used
to remove the ASE polarized orthogonal to the signal prior to
photo-detection. Owing to the tight power dissipation and cost
budget, this polarizer is omitted from our design.

Neglecting the impact of laser intensity noise, modulator non-
linearity and chirp, fiber CD and SOA polarization-dependent
gain, we describe the SOA-based receiver by its baseband
equivalent model [29].

Fig. 2(a) illustrates the receiver equivalent baseband model
for a pre-amplified system. h,(t) and h.(t) are the baseband
equivalent transfer functions of optical filter and post-detection
electrical filter, respectively. For an ideal receiver, h.(t) can
be approximated by the cascade of the matched filter and the
continuous-time equivalent of the LE.

For high-gain amplifiers, the total received noise is generally
dominated by the beat term between the received optical signal
and ASE in the same polarization. Consequently, inclusion of
a polarization tracker and a polarizer to block the orthogonal

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 34, NO. 23, DECEMBER 1, 2016

ASE component would provide only a negligible performance
improvement.

Owing to square-law detection, the samples of the received
signal y(#) are non-Gaussian. Hence, the BER must be evalu-
ated using the conditional moment generating function (MGF)
of y[k] = y(tx), which can be obtained through a Karhunen-
Loéve series expansion (KLSE) of the received samples
[29], [30]. Using the MGF of the samples, given the decision
thresholds, error probabilities can be accurately estimated using
the saddle-point approximation [31].

The signal and ASE components of y[k] are described by
a sum of non-central chi-square independent random variables
whose MGF is

= A |50 ()]s
ex 5 (2
1;[ 1—-2x, SASES)P P (1—)mSASES )

where and A, and s, (t) are obtained through the KLSE, as
described in [30]; P = 1 or 2 depending on whether the ASE is
detected in one or two polarizations.

The MGF of y[k] including all noise sources in Fig. 2(a) can
be calculated as a product of the MGFs for the different noises,
since ASE, shot noise and thermal noise are assumed mutually
independent.

Due to ISI, the statistics of y[k] depends on the previous sam-
ples. In order to model this interference accurately, we model
an M-PAM signal using M-ary De Bruijn sequences of order n,
which comprise all possible n-symbol patterns, and we report
the average BER. Unless otherwise mentioned, we use n = 3 in
our analysis, which is sufficient to model the ISI caused by the
modulator.

C. Avalanche Photodiodes

APDs provide internal electrical gain through impact ion-
ization. This gain comes at the expense of excess shot noise
due to the inherently stochastic nature of the impact ionization
process. Moreover, the avalanche process increases the carrier
transit time through the multiplication region, an effect known
as avalanche buildup. As a result, the APD bandwidth decreases
as the gain increases. This dependency is often expressed as a
constraint on the GBP of the APD.

Fig. 2(b) illustrates the receiver equivalent baseband model
for the APD-based receiver. The APD filters both signal and shot
noise. Similarly to SOA-based system, h. (t) denotes the base-
band equivalent transfer function of the post-detection electrical
filter. In an ideal APD-based system, k. () can be approximated
by the cascade of the noise whitening filter, matched filter, and
the continuous-time equivalent of the LE.

Unlike a SOA-based system, shot noise is the dominant source
of noise in APD-based systems. The received optical powers of
interest here are high (e.g., above —16 dBm, where a ther-
mal noise-limited, ISI-free receiver for 100 Gbit/s NRZ OOK
achieves ~ 10~* BER, assuming an input-referred noise of
30 pA/ VHz). At such power levels, far from the quantum
regime, shot noise can be described accurately as a white Gaus-
sian noise whose one-sided PSD, ignoring the APD frequency
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response, is given by the well-known expression
Son = 2qG* F4 (G) (RPx + 1a), 3)

where g is the electron charge, G is the APD gain, R is the APD
responsivity, P,.is the received optical power, I; is the APD
dark current and Fy (G) = kaG + (1 —ka)(2 —1/G) is the
APD excess noise factor.

The Gaussian approximation allows us to calculate the BER
without relying on MGFs and the saddle point approximation,
but it must be used with caution. As shown in [34], the Gaussian
approximation can be inadequate for evaluating receiver per-
formance when ISI is introduced by an APD in the avalanche
buildup time-limited regime. In this work, however, the modu-
lator and APD (and possibly fiber propagation) all cause consid-
erable ISI. Moreover, as discussed in Section IV-B, there is only
a small sensitivity penalty for operating the APD at relatively
small gains, such that the deterministic transit time and RC
time constant limit the bandwidth more than avalanche buildup.
Hence, the Gaussian approximation is sufficiently accurate to
predict the performance at the relatively high BERs (~107%) at
which coded systems can operate.

Nevertheless, equation (3) does not account for the APD fre-
quency response, which filters both signal and shot noise. Exact
computation of the filtered shot noise variance at the APD output
would require knowledge of the second-order statistics of the
impulse response, which is generally not tractable analytically
and requires computationally intensive simulations [33], [34].
To circumvent this problem, simpler models, such as paramet-
ric or deterministic impulse response functions, are customarily
employed [35]. In this work, we model the impulse response of
the APD by a deterministic exponential decay, which results in
a frequency response

!

Hupp (f) <1+J (G)) ; 4)
where B(G) is the 3-dB bandwidth of the APD at gain G.
Operating regimes for this model are illustrated in Fig. 3. At low
gains, the bandwidth is generally independent of gain, since in
this regime the major bandwidth limitation comes from carrier
transit time and parasitic capacitance (RC time constant). As the
gain increases, avalanche buildup time dominates, leading to a
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fixed GBP. In this model, an APD frequency response can be
characterized by its low-gain bandwidth and by its GBP. Table I
shows typical values of these parameters for state-of-the-art
APDs.

The choice of a deterministic exponential decay for the im-
pulse response is consistent with the transit-time/RC limited
regime, but it does not capture the intrinsic correlation between
an APD’s gain and its impulse response. As shown in [35],
however, this problem can be mitigated by using a shot noise
equivalent bandwidth, as opposed to the APD’s 3-dB bandwidth,
in computing the shot noise variance. This definition of noise
bandwidth approximately captures the fluctuations in the im-
pulse response as well as in the gain, and may exceed an APD’s
3-dB bandwidth by up to 30% [35]. This definition also captures
the effect of dead space in APDs. Dead space is the distance a
newly generated carrier must propagate before gaining sufficient
energy to impact ionize other carriers. This effect is particularly
important in thin APDs [16].

III. OPTIMIZATION OF INTENSITY LEVELS AND
DECISION THRESHOLDS

As discussed in Sections II-B and II-C, signal-spontaneous
beat noise is the dominant noise in pre-amplified systems,
whereas shot noise is the dominant noise for APD-based sys-
tems. In either case, the dominant noise is signal dependent and
hence we can improve receiver sensitivity by properly setting
the intensity levels and decision thresholds.

Our objective is to minimize the average optical power
required to achieve a given average error probability. The
approach adopted here is to sequentially adjust the lev-
els {Py, Pi,..., Py -1} and decision thresholds {d;,ds, ...,
dyr—1} to obtain an error probability P, that is equal at all
M—1 thresholds, considering upward and downward errors.
Specifically, for intensity level P;, we set the decision threshold
d; 11 such that P(y > d; 1| P;) = P.. The error probability
P,, assuming equally likely symbols and Gray encoding, is
given by

P. ~ BER - logM2 5

ar—1)°

Once we adjust the decision threshold, we can calculate the
next level P,y such that P(y < d;j+1|Piy1) = P.. We re-
peat these steps until all the levels and decision thresholds are
calculated.

We employ an iterative procedure to model a non-ideal mod-
ulator extinction ratio. In the first iteration, we assume Py = 0
to obtain all of the intensity levels. Having obtained the highest
intensity level Py, _;, we adjust the lowest intensity level Py to
satisfy Py = rex Pyr—1, where 7y is the modulator extinction
ratio. We repeat this process until the desired extinction ratio is
achieved with reasonable accuracy.

Computing the conditional probabilities naturally depends
on the noise statistics. In the particular case that the signal-
dependent noise is Gaussian distributed, the conditional prob-
abilities can be easily calculated using Q-functions and the
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TABLE I
CHARACTERISTICS OF PUBLISHED APDS

Ref. Responsivity R Impact ionization Dark current 7 Low-gain bandwidth / Structure and materials
1310 nm (A/ W) factor k 4 at G = 10 (nA Gain-bandwidth Product (GHz)
[12] 0.74 0.18 40 24 /290 Resonant-cavity InGaAs—InAlAs
[13] 0.65 0.2 50* 40 /115 Waveguide InGaAs-InAlAs
[10] 0.27 0.18-0.27 200 27 /120 Waveguide InGaAs—InAlAs
[32] 0.17 0.1-0.2 60 28 /320 Waveguide InGaAs—InAlAs
[14] 0.68 0.15-0.25 1000* 37.5 /140 Waveguide evanescently coupled photodiode GalnAs—-InAlAs
[33] 0.42 0.2 65 27 /220 p-down inverted InGaAs—InAlAs
[11] 0.55 0.08-0.18 1000 14 /340 Separate absorption, charge, and multiplication (SACM) Ge-Si
*At 90% of breakdown voltage.
intensity levels are given by [21], [22]:
Q' (P)
Py =P +——=" (0} + 01 (6)
=P+ S ot ),
where 0%71 is the noise variance at level k& — 1. Given P;,_1, we
can determine oy _; and solve for P using (3).
In the more general case, we can use the saddle point approxi-
mation [37] to calculate the conditional probabilities for a given
conditional MGF W (s):
+
exp (@ (sg,dit1))
p(y>dia|P) ~ (7
27 P (SaL s di+1)
exp (@ (57.41))
p(y <di|P) = ) (3)
2md (s, d;)
P() (11 Pl (12 P_)_ (13 P_} P() dlpl dz P2 (13 P3
where ®”(s) is the second derivative of the so called phase @ (b)
function ®(s), which is defined as . i . o . .
Fig. 4. Conditional probability density function of received samples for a

® (s, ) m(q’(s)) — sz )

|s]

Here, W(s) is the MGF of y and 53' and s, are the positive and
negative saddle points, which are positive and negative roots of
@’ (s) = 0. As discussed in Section II, for pre-amplified systems,
the MGF of y is obtained through a KLSE, which includes the
interference of optical and post-detection electrical filter.

Fig. 4 shows, for instance, the conditional probability dis-
tribution of y[k] for a pre-amplified system whose signal and
ASE components have MGF given in (4). It is evident that the
higher intensity levels are subject to higher noise variances.
When using equally spaced levels (Fig. 4(a)), the symbol er-
ror probability is dominated by the errors at the highest levels.
The decision thresholds in this case are at the intersection of the
conditional probability density functions in order to minimize
the error probability. When the spacing between intensity levels
is optimized to approximately equalize the error probability on
all intensity levels (Fig. 4(b)), the average power efficiency is
improved.

IV. IMPACT OF COMPONENT LIMITATIONS ON
SYSTEM PERFORMANCE

In this section, we study the major component limitations and
their impact on the system performance of a single 100 Gbit/s

PAM system with (a) equally spaced intensity levels and optimized decision
thresholds, and (b) optimized intensity levels and optimized decision thresholds.
The conditional distributions are calculated for an SOA with gain G = 20 dB
and very low average input power of —30 dBm to clearly show the effects of
level optimization.

channel. More specifically, we model and analyze the effects
of SOA gain saturation, modulator bandwidth, and APD excess
noise and gain-bandwidth product. In this section, we consider
a single-wavelength link operating near the dispersion zero at
1310 nm. We analyze WDM systems and the combined effect
of chirp and CD in Section V.

Throughout this paper, we quantify the system performance
relative to an ideal ISI-free 107-Gbit/s 4-PAM system with a
thermal noise-limited PIN receiver. The receiver sensitivity of
the reference system can be computed as a function of the target
BER [1]:

Preq,ref =

RySun (M —1)° (MlogQMBEnget)
2R?log, M 2(M —1)

(10)
where Rty is the bit rate and R is the photodiode responsivity.
For our analysis and simulation in this paper, we assume R, =
107 Gbit/s, R = 1 A/W, and a TIA with I,, ;, = 30 pA/v/Hz.
Hence, for BERarget = 1.8 x 1074, the reference receiver
sensitivity is Preq ref &~ —13 dBm.
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systems with equal and optimized level spacing. The reference system is an ideal
ISI-free, thermal noise-limited receiver for 4-PAM at BER = 1.8 x 1074,
We consider an SOA noise figure of 6 dB. Increasing the noise figure by 1 dB
reduces the sensitivity improvement by about 1 dB.

A. SOA-Based Receiver

1) SOA Gain: Using the model described in Section II-B, we
can evaluate the effects of the gain of a linear SOA on the perfor-
mance of a system with negligible ISI (using an ideal wide-band
modulator). Fig. 5 shows the receiver sensitivity improvement
as we vary the gain of an SOA with noise figure F;,, = 6dB. As
can be seen in Fig. 5, a high-gain SOA can improve the receiver
sensitivity by more than 8 dB. We find that using optimized
intensity levels further improves receiver sensitivity by ~2 dB
compared to equally spaced levels. In Fig. 5, we only show
the sensitivity improvements for an amplifier with F,, = 6dB;
however, we note that a 1-dB reduction of F;, leads to ~1 dB
improvement in the receiver sensitivity.

A key observation is that for typical values of SOA fiber-to-
fiber gain (20-30 dB), receiver sensitivity is insensitive to the
gain as long as the system is remains in the ASE-dominated
regime. As discussed in Section V, this is particularly impor-
tant for WDM links, since the SOA gain is dependent on the
temperature, signal wavelength and power.

In Fig. 5 we show the results for a linear amplifier, however,
an SOA when operating in the saturation regime, can introduce
pattern-dependent self-gain modulation in single-wavelength
links and inter-channel crosstalk in WDM links, potentially
compromising receiver sensitivity improvements [38]-[40]. The
impact of gain saturation can be decomposed into a steady-state
gain reduction related to the average input power and gain fluctu-
ations due to random variation of the total input power [39]. The
impact of gain fluctuations on system performance is strongly
dependent on the SOA carrier lifetime. Self-gain modulation
is reduced if the symbol rate is much larger than the recipro-
cal of the carrier lifetime. However, crosstalk and ISI due to
cross-gain modulation is known to be problematic in WDM
systems [39].
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SOA gain dynamics can be well-modeled by rate equations
governing carrier density N and optical power P. The rate equa-
tions can be used to obtain the following differential equation
for optical gain coefficient g [41]

99 g—-9 g P
8t Te T(:Psa‘t

; Y

where 7, the is carrier lifetime, Py, is the saturation power, and
go 1s the unsaturated optical gain coefficient. Following [41],
we integrate (11) over the amplifier length to obtain

d Py (1)
14+7—) h(t)=9goL — h)—1), 12
(1+ng) vO=az -2 @om -y, a2
where L is the amplifier length and /() is defined as
L
h(r) = / g(z,7)dz. (13)
0

In steady state, (13) reduces to a well-known expression for
amplifier gain G = exp(h) as a function of input power:

Psat GO

p— st g, 50
G-1 "

14
ek (14)
where Gy = exp(gpL) is the unsaturated amplifier gain.

Similar to small-signal analysis in [42], [43], we assume the
input power P, (t) and h(r) fluctuate around their steady-state
values and can be represented by

]Din (t) = Pin + 5Pin (t)

h(t)=h+dh(t). (1)

Using (15) and assuming exp(/) >> 1, we can simplify (12)
and derive a linear differential equation

Te d n 513111 (t)
14 ——=— ) 6h(t) = —————=, 16
( 1+?7dt) © L+n Py (1o
where 7 is a gain compression factor [42]
_ P - -
~h fhzi(eh—1>z in oh (17)
K ! Psat Psa‘t

which describes the steady-state saturated gain relative to the
unsaturated gain of the amplifier. Equation (16) is a first-order
differential equation, with a solution given by

n (6P (1))

Pin

— , 18
147 (18)

oh(t) =
where (Py, (t)) denotes an exponentially weighted moving av-
erage of the input power with a window

w(t) = (1+ ) exp (— (14 n) ”‘) ut),  (19)

Te
and can obtained by the convolution (P, (t)) = Py (t) % w(t).
Equation (19) shows that the small-signal response of the gain
to input power variations is similar to a low-pass filter with
time constant 7. /(1 4 n). Hence, for SOAs with carrier lifetime
much larger than the symbol duration, the amplifier gain is
almost constant, and is determined by the average power.
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Fig. 6. BER versus input power in presence of transient gain saturation in

a single-wavelength 100 Gbit/s 4-PAM link. The dashed line corresponds to
the BER in the absence of gain saturation. Results assume a saturation power
Psat = +15dBm and a carrier lifeitme 7. = 200 ps.

Using the small-signal response of the gain, we can derive a
simple expression for G:
Dot In —.

(P (6) = 52 In S

Note that for links with multiple WDM channels, (P, (t)) is
the sum of the average powers of individual channels. Assuming
symbols in different channels are uncorrelated, the gain fluctua-
tions are smaller than for a single channel with the same average
power. Therefore, gain fluctuations become increasingly negli-
gible as the number of WDM channels increases. In high-speed
WDM links, typically, crosstalk due to gain variation is neg-
ligible and steady-state gain reduction is the dominant effect,
whereas ISI due to self-gain modulation becomes important in
signal-wavelength links [39].

Using the model described above, we evaluate the impact
of self-gain modulation in single-wavelength 100 Gbit/s links,
comparing numerical analysis to Monte Carlo simulation. We
assume a typical SOA with carrier life time of 200 ps [43],
corresponding to ~10 symbol intervals assuming 4-PAM.

For the Monte Carlo simulation, we use (20) to calculate
the instantaneous gain of the amplifier and then calculate the
output power by P, (t) = G(t) P, (t). To capture the effect
of the long memory of the SOA, we simulate detection of a
pseudorandom bit sequence of length 22° — 1 generated by a
linear feedback shift register with 20 taps.

For the analysis, we numerically solve the differential equa-
tion (16) to calculate the nonlinear response of the SOA to an
arbitrary modulated input signal and expand the output signal
using KLSE method to obtain the MGF of the detected samples.
To calculate the BER, we use M-ary De Bruijn sequence of order
n=>5.

Fig. 6 shows the BER of a single-wavelength 100 Gbit/s link
as function of input power. We show only results for 4-PAM,
as De Bruijn sequences with order sufficient to span the long

Gy

(20)
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Fig. 7. Receiver sensitivity improvement versus modulator 3-dB bandwidth
for 4- and 8-PAM systems with equal and optimized level spacings. We consider
an SOA with unsaturated gain Go = 20 dB and noise figure F;, = 6 dB and
a modulator with extinction ratio of rox = —10dB.

SOA memory are prohibitively long for 8-PAM. As illustrated in
Fig. 6, gain saturation significantly degrades dynamic range of
the optical power. If the dynamic range (~15 dB in Fig. 6)
is insufficient, the link can employ a variable optical attenua-
tor to limit the received power. Alternatively, the interference
caused by transient gain saturation can be mitigated using a
gain-clamped SOA [20], [44] or an SOA with increased carrier
life time [43].

2) Modulator  Bandwidth: In  present 100 Gbit/s-per-
wavelength links, modulator bandwidths are significantly lower
than the symbol rate, causing ISI that necessitates digital
compensation of the modulator frequency response to mitigate
performance degradation.

In SOA-based receivers with wideband optical filtering, the
modulator bandwidth is the dominant source of bandwidth lim-
itation. Since the bandwidth of the optical filter is typically sig-
nificantly higher than the optical signal bandwidth, we neglect
the effect of this filter on the received pulse shape in computing
the matched filter.

In order to apply the KLSE method, we use the overall re-
sponse of the matched filter and the equivalent continuous-time
impulse response of the discrete-time LE. Fig. 7 shows the
impact of modulator bandwidth in pre-amplified systems. Com-
paring to ISI-free system (Fig. 5), there is additional penalty
of about 1.5 dB for a 4-PAM system using a modulator with
30-GHz bandwidth, which is caused mainly by noise enhance-
ment. We observe that the improvement achieved by optimizing
the intensity levels and decision thresholds is smaller for lower
modulator bandwidths. This is mainly because in the presence
of ISI, the received signal-dependent noise in each sample de-
pends on a weighted average over several symbols and hence,
the optimized levels are closer to equally spaced levels.

As mentioned before, in practice, a fixed anti-aliasing filter
followed by an ADC with sampling rate slightly higher than the
symbol rate is used. Digital equalization can be done either in
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the time or the frequency domain. The performance of a well-
designed LE with fixed anti-alias filtering and oversampling can
approach the performance of the ideal symbol-rate LE analyzed
here. In simulations, we observe worst case penalty of 1 dB and
0.4 dB for oversampling ratios of 5/4 and 2 respectively.

B. APD-Based Receiver

In an APD-based receiver signal power scales with G2, while
shot noise variance scales with G2, as can be seen from (3). This
implies that increasing the APD gain after shot noise becomes
dominant hurts receiver sensitivity. Therefore, there is an opti-
mal APD gain that minimizes receiver sensitivity, and this gain
lies below the range at which shot noise becomes completely
dominant.

Moreover, in the avalanche buildup time limited regime, the
APD gain and bandwidth are coupled and relatd by the GBP.
Hence, to determine the optimal APD gain we must account for
APD bandwidth limitations.

The APD filters both signal and shot noise. Consequently, the
total noise (shot plus thermal noise) is not white. From Fig. 2(b),
the shot noise component of the decision variable y[n] is
given by

Yn,sh [k] =h (t) * Ngh (t) |t:kT5 )

where h(t) = happ(t) * he(t), and the electrical filter h, (t)
comprises of a noise-whitening filter, a matched filter matched
to the received pulse shape, and the continuous-time equivalent
of the discrete-time LE. ng, (¢) is the shot noise, whose PSD is
given by (3). It thus follows that

Var (yn,sh [k]) =

2L

[2¢G°Fa (G) (RP(t) + 14)]
s |h ()] 1=,

Note that the received intensity waveform P, (t) already
includes ISI caused by the modulator. Thus, P (t) = x(t) *
h mod (t), where x(t) is the ISI-free modulator drive signal, and
h mod (t) is the modulator impulse response.

If shot noise were signal-independent, the convolution in (22)
would reduce to simply scaling the noise variance by the energy
of h(t), leading to the well-known noise enhancement penalty.
Here, however, the convolution in (22) makes the noise vari-
ance dependent on the sequence of symbols within the memory
length of |h(t)|?. Fortunately, the memory length of |h(t)|? is
fewer than five symbols, even when the APD bandwidth is as
low as 20 GHz. The impact of |h(t)|* on the shot noise variance
is particularly noticeable on the lowest intensity levels. As an
example, the variance of the shot noise component ¥, g, [k] is
nonzero even when the symbol P, = 0 is transmitted (modu-
lation with an ideal extinction ratio), due to shot noise from
neighboring symbols.

In performing level spacing optimization, we adopt a conser-
vative approach and calculate (22) considering the worst-case
scenario, where all the symbols in the memory of |h(t)|? are the
highest level Py, ;.

The effect of thermal noise can be computed in terms of its
equivalent one-sided noise bandwidth, since thermal noise is not

(22)

5549

= i — Equal level spacing pemmanasans
" |=== Optimized level spacing O
_. 6 GBP = 300 GHz
=
£ s GBP = 100 GHz 7
g 4 i ibela hilll ir Ty
3
7
% 2
—_—ts =0.1
1 —kq =02
—— 8-PAM, GBP = 300 GHz, k4 = 0.1
0 -
0 2 1 G 8 10 12 14 1G 18 20
APD gain (linear units)
Fig. 8. Receiver sensitivity improvement versus APD gain for 4-PAM and

ka = 0.1 (Si) and k4 = 0.2 (InAlAs) and two values of GBP: 100 GHz
and 300 GHz. The 8-PAM best-case scenario is shown for reference. Results
assume R}, = 107 Gbit/s, RIN = —150 dB/Hz, I3 = 100nA at G = 10,
rex = =10 dB, I, ;= 30pA/vHz, APD low-gain bandwidth of 20 GHz,

fmod 3¢5 = 30GHz. Circles indicate optimal gains.

signal-dependent. Hence, 0, = Sy, A fiy,, where

Af‘ch = /O |He (f)|2df7 (23)

and H,(f) is the electric filter frequency response. We have
assumed H,(0) = 1.

Fig. 8 shows the sensitivity improvements for 4-PAM as a
function of the APD gain for two different GBP scenarios:
100 GHz and 300 GHz. Curves for 8-PAM are included for the
best scenario only. We assume the APD has the same responsiv-
ity as the reference system, i.e., R = 1A /W, but the results in
Fig. 8 can be easily converted to R # 1 A/W by appropriately
shifting the curves vertically. For instance, for R = 0.5A/ W,
the sensitivity improvements would be 3 dB lower than those
presented in Fig. 8.

For GBP = 100 GHz, avalanche buildup time limits the band-
width when G > 5. In this regime, increasing the gain further
reduces the APD bandwidth, but this does not translate into an
increased noise enhancement penalty, since the APD filters both
signal and shot noise. As a result, the sensitivity improvement
remains almost constant.

For GBP = 300 GHz, the avalanche buildup time-limited
regime is reached at higher gains, when G > 15, and hence
higher sensitivity improvements can be achieved. For k4 = 0.1
we observe sensitivity improvements up to 6.3 dB for equal level
spacing, and up to 7 dB for optimized levels. Note, however,
that there is very little penalty by operating the APD at gains
substantially smaller than the optimal gain.

Although 8-PAM is more spectrally efficient than 4-PAM, its
poorer noise tolerance leads to significantly smaller sensitivity
improvements in both SOA- (Fig. 7) and APD-based systems
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Fig.10.  Receiver sensitivity improvement versus fiber length for 4-PAM. SOA

curves assume a SOA with unsaturated peak gain of Gy = 20dB and noise
figure F,, = 6 dB and an optical modulator bandwidth f3435 = 30 GHz. The
APD parameters assumed are listed in Table I and taken from [12]. All of the
other parameters assumed are listed in Table II.

(Fig. 8). Hence, as in systems using PIN-based receivers [1],
4-PAM outperforms §8-PAM.

V. WDM SYSTEM PERFORMANCE

In this section, we evaluate the performance of 100 Gbit/s-
per-wavelength WDM links. The performance of individual
channels could be different due to wavelength-dependent char-
acteristics of the system such as CD. The WDM analysis is
particularly important for receivers with SOAs to evaluate the
effects of wavelength-dependent gain and nonlinear crosstalk
caused by cross-gain modulation

The amount of dispersion that each channel experiences
depends on the channel spacing as well as the number of
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channels. The typical channel spacing for short-reach appli-
cations is 20 nm for CWDM links and 4.5 nm for LAN-WDM.
Although CWDM is often preferred, as it generally does not
require temperature-controlled lasers, LAN-WDW can accom-
modate more channels close to the zero-dispersion wavelength,
which is necessary for 1 Tbit/s and possibly 1.6 Thit /s systems.

The number of channels in the short-reach WDM links con-
sidered here, is typically constrained by transmit power limit
(and possibly SOA bandwidth), as opposed to chromatic dis-
persion. Here, we consider two systems: 10-channel LAN-
WDM with 4.5-nm channel spacing and 4-channel CWDM with
20-nm channel spacing. The average optical power launched in
to the fiber is limited to 9.4 dBm due to eye-safety restrictions.
Therefore, for 4- and 10-channel WDM links, the average trans-
mitted optical power per channel cannot exceed 3.4 dBm and
—0.6 dBm, respectively. Thus, even if the 4- and 10-channel sys-
tems have relatively similar receiver sensitivities, the 10-channel
LAN-DWM has ~4 dB lower link margin than the 4-channel
CWDM.

The performance degradation caused by dispersion depends
on the characteristics of laser frequency chirp. Transient chirp
is dominant in both high-speed DMLs [45] and EAMs [46].
In direct detection systems, the combination of chirp and CD
introduces nonlinear distortion. However, for short propagation
distances, their combined impact can be modeled as a linear
filter with small-signal frequency response of [47]

Hgy, (f; L) = cosf — asind, 24)

We use (24) in the design of the LE to partially compensate
for the impact of CD. Note that the linear approximation in (24)
is only valid when the signal and the parameter 6 are suitably
small. Hence, the LE is only effective for link lengths of a
few kilometers. For longer link lengths, however, modulator
chirp and CD cause severe nonlinear distortion that cannot be
compensated by the LE.

Note that for small propagation distances, based on (24), sys-
tems with aD(X) > 0 are subject to severe power fading. How-
ever, for systems aD(X) < 0, the second term in (24) is negative,
which provide some gain (see inset in Fig. 10). This gain can
potentially compensate the frequency response of the modulator
and APD. Therefore, we assume all of the WDM channels are
placed at wavelengths shorter than the zero-dispersion wave-
length (1310 nm for standard SMF), such that aD(A) < 0 is
satisfied for modulator with positive chirp.

SOA gain is another wavelength-dependent parameter that
can limit the performance of WDM links. As mentioned before,
a single SOA can amplify multiple WDM channels, but the
amplifier gain is different for each channel, as g depends on
wavelength. In order to model this dependence, we use a cubic
formula as suggested in [48]:

g(AN)=g(N) =71 (A —an)> + 72 (A — An)*,

where Ay is the wavelength of the peak gain, and ~; and v,
are constants determined to fit the experimentally measured
SOA in [19], which has 3-dB gain bandwidth of ~80 nm. We
further assume an SOA with peak gain of ~20 dB at a wave-
length at the center of the WDM spectrum, which can be

(25)
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TABLE II
SIMULATION PARAMETERS

R, 107Gb/ s
System PAM order 4
BERarget 1.8 x 1074
f3am 30 GHz
Text -10dB
Mod RIN —150dB/ Hz
« 2
SMF So 0.092 ps/ (nm? km)
Xo 1310 nm
. type 5" order Bessel
Optical filt
phcat iiter Bandwidth (BW) 400 GHz
Gy 20dB
Pgay +15dBm
Te 200 ps
SOA AN 1290 nm
Y1 7.7nm™2
Yo 0.02nm™*
R 0.74 A/ W
APD Low-gain BW 20GHz
Dark current 100nA @ G= 10
TIA 1, 30pA/VHz

achieved by choice of the active layer composition. Fig. 9
shows gain saturation curves for three different wavelengths.
Table II summarizes other parameters used in the analysis and
simulations.

Fig. 10 shows the receiver sensitivity improvement versus
the optical fiber length for both WDM links and both type of
receivers. For each system, we only show the performance at
the wavelength subject to the highest dispersion (1250 nm for
CWDM and 1270 nm for LAN-WDM, assuming one of the
channels is at the zero-dispersion wavelength). The results can
be simply scaled to evaluate the performance of a channel at a
different wavelength. For both WDM links, as shown in Fig. 10,
SOA-based receiver outperforms their APD-based counterparts,
mainly due to the limited responsivity of the APDs.

Another observation in Fig. 10 is that for short link lengths,
modulator chirp and CD actually improve the sensitivity of both
types of receivers. This is due to the gain in the dispersion-
induced frequency response of the channel, which partially
compensates the LE noise enhancement penalty. For a 5-km
link, the receiver sensitivity is improved by about 8 dB and 6 dB
for SOA- and APD-based CWDM receivers respectively with
equally spaced levels. The improvement is less significant for
LAN-WDM receivers as these systems experience less disper-
sion. For longer link lengths, however, modulator chirp and CD
cause severe nonlinear distortion that cannot be compensated
by a LE.

VI. PRACTICAL CONSIDERATIONS

Temperature sensitivity and power consumption are impor-
tant practical considerations in data center applications.

For SOAs, increasing temperature generally reduces the gain
and saturation power and shifts the gain peak toward longer
wavelengths. The gain of InGaAsP SOAs can vary as much as
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—0.3 dB/ °C with temperature [6], [7], whereas GaInNAs SOAs
have superior temperature stability with gain variations of about
—0.04 dB/°C [49], [50], which may enable CWDM links with
uncooled SOAs to operate over wider temperature ranges.

In single-wavelength links, the combined red shift and de-
crease of the peak gain can be exploited to achieve gain vari-
ations of just a few dB over the temperature range 20-70
°C [49], [51], [52], which results in a negligible performance
penalty. For CWDM links the temperature sensitivity of SOAs
is paramount, as the gain for the shortest-wavelength channel
may drop abruptly with increasing temperature, particularly in
InGaAsP SOAs. In [49], [50], the gain decrease exceeded 10
dB at 50 °C, causing a power penalty of ~1 dB. Operation at
temperatures above ~50 °C would likely require SOA cooling.

Temperature sensitivity in APDs is more manageable than
in SOAs. Breakdown voltage variations over temperature can
be compensated through active APD bias control. The break-
down voltage thermal coefficient is 70%/°C for InAlAs-based
APDs, but only 0.05%/°C for Si-based APDs [11]. APD-based
systems can operate over wide temperature ranges with small
sensitivity variations, e.g., a commercial 10 Gbit/s receiver can
operate over a 0°C — 75°C range with only 1-dB penalty at BER
=10""2[9].

Compared to SOAs, APDs are low-power devices with power
consumption of the order of 1 mW for typical values of input
optical power P,y ~ —15 dBm and bias voltage V};.5 ~ —25V.
Commercial SOAs with TECs have power consumption of ~1
W [51], [53] while uncooled SOAs have power consumption of
few hundreds of mW [51].

VII. CONCLUSION

We have evaluated the performance of 4-PAM and 8-PAM
100 Gbit/s per-wavelength links using SOAs or APDs to im-
prove receiver sensitivity and using LE to compensate for ISI
caused by the modulator and APD. We have shown that, as
in PIN-based receivers, 4-PAM outperforms 8-PAM due to its
higher noise tolerance.

We modeled key link impairments including modulator band-
width limitations and chirp, fiber CD, transient SOA gain satura-
tion, excess shot noise and ISI caused by the APD. We found that
in a 4-PAM link using LE, an SOA with noise figure F;, = 6dB
can improve receiver sensitivity by up to 6 dB with respect to
an ideal ISI-free thermal-noise limited PIN receiver. Transient
gain saturation has a negligible impact on receiver sensitivity,
but limits the receiver dynamic range to about 15 dB for the
worst case of single-wavelength amplification.

APD-based receivers may provide sensitivity improvements
up to 4 dB for GBP = 100 GHz, and up to 6.2 dB for GBP =
300 GHz, assuming a low-gain bandwidth of 20 GHz, k4 = 0.1
(Si). APDs fabricated in InAlAs (k4 = 0.2) with otherwise the
same characteristics may provide sensitivity improvements up
to 5.3 dB. These sensitivity improvement values are with re-
spect to an ideal thermal-noise limited PIN receiver with same
responsivity. Unfortunately, however, current APDs still have
responsivities below 1 A /W, which reduce the achievable sen-
sitivity, e.g., by 3 dB for Ge-Si APDs having R = 0.5A/ W
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and by 1.3 dB for InGaAs-InAlAs having R = 0.74 A/W (Ta-
ble I). Hence, current resonant-cavity or waveguide InGaAs—
InAlAs APDs offer better tradeoff between k4, responsivity,
and GBP than Ge-Si APDs. As an example, the resonant-cavity
InGaAs—InAlAs from [12] has a sensitivity improvement of
4.5 dB over the reference system.

Optimization of the PAM level spacing and receiver decision
thresholds can provide about 1 to 2 dB additional sensitivity im-
provement for either SOA and APD-based receivers. Moreover,
by appropriately selecting wavelengths such that aD(X) < 0,
the receiver sensitivity is improved after a few km of fiber, due
to the combined effect of CD and modulator chirp.

SOA-based receivers offer higher sensitivity improvement
than APD-based receivers, owing particularly to the poor re-
sponsivity of current APDs. Moreover, SOAs can amplify
multiple WDM channels, helping amortize their higher cost
and power dissipation. Important practical considerations such
as cost, temperature sensitivity, and power consumption may
nonetheless favor APDs in practical systems.
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