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Abstract—We evaluate single-carrier modulation techniques for
100 Gb/s single-laser data center interconnects. We present numerical performance analysis for various single-carrier schemes
including pulse amplitude modulation (PAM), carrierless amplitude phase modulation, and orthogonal multipulse modulation in
the presence of optical modulator bandwidth limitations and nonlinearity, clipping, quantization noise, and fiber chromatic dispersion. The performance is evaluated in terms of the required average
optical power to achieve a target bit-error ratio for a given modulator bandwidth. We compare the complexity of different designs
in terms of the required resolution and sampling rate of digital-toanalog (DAC) and analog-to-digital (ADC) converters, as well as the
number of complex operations required for digital signal processing. We find that 4-PAM is the most power efficient scheme among
those considered, and that it can be implemented with DAC/ADC
resolution as low as 5 bits.
Index Terms—Carrier-less amplitude phase modulation, communications system performance, data center interconnects, direct
detection, intensity modulation, pulse amplitude modulation.

I. INTRODUCTION
URRENT standards for 100G links are based on modulating ten parallel optical lanes of 10 Gb/s or four lanes
of 25 Gb/s using conventional non-return to zero modulation
[1]. This approach, however, does not scale well to higher bit
rates, as 400 Gb/s links would require 16 lanes of 25 Gbs/s [2],
imposing severe drawbacks in terms of system cost, complexity
and power consumption [1]. Power efficiency and optical component costs are the two most important design parameters for
data center links.
Higher-order modulations have recently proposed [3], [4] to
increase spectral efficiency and thus reduce the number of optical lanes. The general idea is to transmit 100 Gb/s per wavelength and use parallel optics to enable 400 Gb/s and possibly
1.6 Tb/s links. Several modulation schemes have been studied for 100 Gb/s, including pulse-amplitude modulation (PAM)
[5], [6], carrierless amplitude and phase modulation (CAP) [7],
[8], digital quadrature amplitude modulation (QAM) with an
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optimized constellation [9], orthogonal multi-pulse modulation
(OMM) or orthogonal PAM [10], and discrete multi-tone [4].
Previous works have compared some of these modulation methods through extensive simulations [7], [11], [12] or experimentally [13], but no study to date has provided a detailed analysis
of these modulation techniques.
In this paper and a companion paper [14], we study various
modulation formats for single-laser 100G links using analytical
models. Here, we present a general system model for single-laser
100 Gb/s links based on single-carrier modulation. The model is
formulated for short-reach interconnects in short lengths (typically up to 2 km) of standard single mode fiber (SMF). The
model assumes intensity modulation with direct detection, in
light of the cost and power consumption limitations in data
center links.
We present numerical analysis for the performance and complexity of various single-carrier modulations and equalization
schemes proposed for single-laser 100G links. Specifically, we
study the effects of modulator bandwidth limitations and nonlinearity and clipping and quantization noises introduced by
digital-to-analog and analog-to-digital converters (ADC and
DAC) on system performance. We evaluate the performance
based on required optical power for achieving a target bit-error
ratio (BER) as a function of the modulator bandwidth. For optical powers near the ideal receiver sensitivity, the dominant noise
source is thermal noise [14], [15].
In order to accommodate power penalties from impairments
and receiver non-idealities and to provide margin for losses
from connectors and patch panels, the launched power can significantly exceed the ideal receiver sensitivity, and other noise
sources, such as clipping, quantization, shot noise and intensity
noise, become important. Hence, we initially consider a thermalnoise-limited receiver with infinite DAC/ADC resolution in our
analysis. Then, for the best modulation scheme, we present
simulation results including other effects such as shot noise, intensity noise, chromatic dispersion (CD), and modulator chirp
and nonlinearity. Finally, we establish design requirements for
sampling rate and resolution of DAC and ADC. The resolution
and sampling rate of DAC/ADC are of particular interest, since
these components are the dominant source of power dissipation
in data center interconnects [6].
The remainder of this paper is organized as follows. In Section
II, we present the system model used in our analysis.
In Section III, we highlight key trade-offs in the design of
a 100G link. We compare the requirements and complexity of
various system components in Section IV. In Section V, we
present simulations that confirm key assumptions made in the
analysis. We present conclusions in Section VI.
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OPAM transmitter with N parallel M-PAM mappers. The upsampling and digital pulse shaping blocks are not necessary for OPAM systems with N = 1.

II. SYSTEM MODEL
A. Orthogonal PAM Architecture
A general block diagram for an orthogonal PAM transmitter is
shown in Fig. 1. PAM, CAP, and OMM all can be implemented
using this architecture. At the receiver, multiple independent
streams of input bits are mapped into M-level PAM symbols
by N parallel modulators. Symbols might then be up-sampled
and passed through the digital pulse shaper. Non-rectangular
pulse shaping is only necessary if the system has more than
one subchannel, and can be avoided in PAM. Note that while
Fig. 1 shows a digital implementation, orthogonal PAM can be
implemented using either analog [10], [16] or digital filters [7],
[9].
After filtering, shaped signals are combined and converted
into analog signals. A dc bias is required to make the signal
nonnegative to drive the optical modulator. We consider both
directly modulated lasers (DMLs) and electro-absorption modulators (EAMs). DMLs offer lower cost and power consumption.
DMLs are commercially available only with bandwidths up to
about 25 GHz, although devices with bandwidths up to about
35 GHz have been demonstrated experimentally [17]. EAMs
generally have higher bandwidth, but known to be sensitive to
temperature variation [18].
DMLs can be modeled by a second-order linear system, which
follows directly from solving the laser rate equations. For EAMs,
the bandwidth-limiting factor is parasitic capacitance and inductance. EAMs are typically modeled as lumped-element circuits
with two dominant poles [19]. Hence, both DMLs and EAMs
are modeled here by a two-pole linear system Hm o d (f ), with
cutoff frequency f3dB and damping constant of unity. Since the
cutoff frequency f3dB is significantly less than the bit rate, the
modulator poses a significant bandwidth limitation, which is the
major impairment of 100G links. Modulator nonlinearity is not
included in our analytical model, but is included in the system
simulations presented in Section V.
After propagating through the fiber, the received signal is
direct detected, and amplified by the transimpedance amplifier
(TIA). Typical TIAs have 3-dB cutoff frequencies
√ of 20–70 GHz
and input-referred noises In ,in of 20–50 pA/ Hz, where the
input-referred noise is related to the power spectral density of
the thermal noise by N0 = In2 ,in [38].
The CD of fiber is expected to be negligible, as 100G interconnects operates near the zero-dispersion wavelength in short
lengths of fiber. The simulations in Section V confirm that CD

has negligible impact even in 400G links using four wavelengths
over a transmission distance of 2 km.
The received signal is then sampled and quantized by an
ADC. The signal might be clipped to reduce the dynamic range
required of the ADC. Since the transmitted pulse shapes in different subchannels are orthogonal, a bank of matched filters
is used in an effort to separate the subchannels. Digital signal processing (DSP) is further required to compensate for the
interference introduced by modulator bandwidth limitations.
As in the transmitter, the receiver matched filters can be implemented in the digital or analog domain. A digital implementation can exploit fractionally spaced equalization, at the cost of
higher sampling rate and higher power consumption. Although
digital and analog implementations of the receiver differ significantly in complexity and component requirements, they have
similar performance on bandwidth-limited AWGN channels.
B. Discrete-Time Model
As mentioned before, for optical powers near the receiver
sensitivity, thermal noise is dominant. Therefore, we consider a
thermal noise limited receiver with infinite DAC/ADC resolution for calculation of receiver sensitivity, and include quantization noise subsequently. Neglecting fiber and modulator nonlinearity, the system can be modeled as a linear system. As we show
in Section V, including other effects such as intensity noise, shot
noise, chirp, and CD has a little impact on system performance.
Ignoring distortion caused by anti-aliasing filter and finite
DAC resolution, the transmitted signal can be written as
s (t) =

N

n

ain hi (t − nTs ),

(1)

i=1

where {ai } is the sequence of transmitted symbols in the ith
orthogonal subchannel, 1/Ts is the symbol rate, and hi (t) =
gi (t)∗ hm o d (t). Assuming an ADC with Nyquit-rate sampling,
we can interchange the order of sampling and the matched filter.
Hence, the sampled output of the ith orthogonal subchannel is
given by
rki

=

aik

+


n = k

(ii)
ain xk −n

+

N 

j =1
i= j

(ij )

ajn xk −n + ηki ,

(2)

n

where xij is the sampled cross-correlation of hi (t) and hj (t)
and η i is the colored Gaussian noise sequence at the matched
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PO O K ,r eq = −16.1 dBm. Hence, assuming link attenuation up
to 5 dB, penalties up to 14 dB are tolerable.
III. SYSTEM DESIGN TRADE-OFFS

Fig. 2. Equivalent discrete-time block diagram of OPAM sampled at the symbol rate.

In order to increase the bit rate per wavelength and therefore
reduce the number of optical lanes, one can increase the constellation size, or the multiplexing factor of an orthogonal PAM
system. In this section we highlight the key trade-offs in the
design of 100G links.
A. Equalization

filter output. Fig. 2 shows the discrete-time model of an orthogonal PAM system. As indicated by (2), received samples
are corrupted by inter-symbol and inter-channel interference in
addition to the Gaussian noise. As in any practical system, we
assume that the interference affects a finite number of symbols. Hence, we assume that xn = 0 for |n| > L, where L is the
memory length of the channel.
In the absence of the interference, the symbol error rate of
orthogonal PAM, can be derived analytically as a function of
the average optical power [20]:


log2 M R2 P 2
2 (M − 1)
Q
,
(3)
SER =
M
N (M − 1)2 Rb N0
where Rb is the bit rate and R is the photodiode responsivity.
For comparison of various schemes, we consider the required
average optical power of the system with Rb = 100 Gb/s (excluding coding overhead) to achieve a target BER of 10−12 . The
system is assumed to use a Reed-Solomon code with a coding
gain of 5.6 dB and requiring an input BER of 1.8 × 10−4 to
achieve an output BER of 10−12 [21].
In order to eliminate the dependency of the results on the
thermal noise characteristics of the receiver, we normalize the
average optical power by the optical power required for a coded
OOK system. The normalized required optical power, assuming
an optical modulator with ideal extinction ratio, can be approximated by

P r eq
N
.
(4)
= (M − 1)
log2 M
P O O K ,r eq
The extinction ratio rex is defined as the ratio between the
minimum and maximum modulator output powers. A non-ideal
extinction ratio causes an additional penalty of approximately
ΔP ex =

1 + rex
.
1 − rex

(5)

in the thermal-noise-dominated regime. The penalty due to a
finite rex is independent of PAM order, and is negligible for
modulators with rex of −12 to −15 dB [6].
The average optical power is limited to 9.4 dBm due to the
eye-safety restrictions [22]. Therefore, for 400G links with four
WDM channels the maximum average optical power per channel is limited
√ to 3.4 dBm. Assuming an input-referred noise
of 30 pA/ Hz, and a target BER of 1.8×10−4 , we have

Digital equalization is necessary to eliminate the interference
introduced by optical modulator bandwidth limitations. Bandwidth limitations can be compensated either by transmitter-side
pre-emphasis filtering or receiver-side digital equalization. In
numerical analysis, we assume a symbol-rate equalizer, which
is optimum if the matched filter is matched to the received pulse
shape, i.e., the overall response of the pulse shaper and optical modulator. However, a symbol-rate receiver is sensitive to
sampling time error. Moreover, the exact response of the modulator might be unknown. Hence, in practice, the receiver filter is
often matched to the transmitted pulse shape and the sampling
rate is adjusted for this suboptimum filter. With high enough
oversampling rate, a fractionally spaced equalizer (FSE) has
performance similar to the optimum receiver [23]. In the case
of FSE, the discrete-time matched filter and equalizer are generally combined into a single filter. In our analysis, we assume
symbol-rate equalization with perfect knowledge of the channel. We consider both maximum likelihood sequence detection
(MLSD) and much simpler linear equalization (LE) or decisionfeedback equalization (DFE) with symbol-by-symbol detection.
It is well known that the optimum detector for PAM in additive
Gaussian channels with bandwidth limitation is MLSD, which
can be implemented using the Viterbi algorithm preceded by
a noise whitening filter [24]. At high SNR, the probability of
symbol error for PAM can be well approximated by


log2 M R2 P 2 2
δm in ,
(6)
SER ≈ kδ Q
(M − 1)2 Rb N0
⎛
⎞2
∞
∞


⎝
δm in = min
fj εi−j ⎠ ,
(7)
{ε k }

i=0

j =0

where kδ is a weighting factor describing the average number
of symbol errors per sequence, fn is the response of the noise
whitening filter to xn and minimization is performed over all
possible error sequences {εk } starting at time zero. For low
SNR we rely on simulation to estimate the optical penalty.
MLSD for systems with more than one channel has been studied in the context of multiuser interference cancellation [25],
[26]. Although MLSD can optimally decode multiple subchannels in parallel, its computational complexity grows exponentially with the channel memory length L and the number of
channels N. Such large computational complexity is not practical in data center interconnects having tight power consumption
budgets. Suboptimal equalization techniques, such as LEs and
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DFEs are significantly less complex and consequently, more desirable for interconnects applications. Detailed analysis of performance of different equalization techniques for PAM is given
in [23]. Here we generalize the analysis in [23] for orthogonal PAM systems. Assuming a minimum mean-square error LE
(ij )
with coefficients cn for i, j = {1, . . . , N }, the output of the
equalizer can be written as
(ii)

âik = q0 aik +


n = k

(ii)

ain qk −n +

where
q (ij ) =

N


(ij )

ajn qk −n + υki ,

(8)

i,j =1
i= j



x(k j ) ∗ c(ik )

(9)

k

and ν i is a white Gaussian noise with the variance of
σi2 = N0

N 

j =1

)
c(ij
n

2

.

(10)

Fig. 3. Normalized optical power penalty for 4-PAM systems with different equalization techniques. The dashed line corresponds to the optical power
penalty on an ideal AWGN optical channel given by (4).

n

For a particular symbol sequence of length l, the conditional
probability of error for the ith subchannel is given by
⎛
⎞
2
(q
−
D)
M
−
1
0
⎠,
Q⎝
(11)
Pe(i) (D) = 2
M
σi2
where
D=


n = k

(ii)

ain qk −n +

N


(ij )

ajn qk −n .

(12)

i,j =1
i= j

By averaging over all possible sequence and subchannels,
assuming sequences of equiprobable symbols, we have
⎞
⎛
N
2


M −1
1
(q
−
D)
0
⎠.
SER = 2
Q⎝
M N · M l i=1
σi2
all p ossible
sequence

(13)
Fig. 3 shows the optical power penalty for 4-PAM with different equalization techniques. We can observe that the penalty of
using suboptimal equalizers is not significant and the complexity
of MLSD can be avoided at a small cost. While the performance
of DFE is better than LE, it is subject to error propagation. Error
bursts can reduce the coding gain provided by FEC. Precoding at the receiver or block interleaving can break up the error
bursts, but the additional latency might not be acceptable. Also,
implementing a feedback filter with multiple taps at such a high
rate might not be practical [9]. Hence for the rest of the paper
we assume LE at the receiver.
B. Symbol Rate
One of the main challenges of 100G links is performing DSP
at very high sampling rates. Hence, systems with lower symbol
rate are generally more desirable. One can reduce the symbol
rate by increasing the constellation size. Systems with higher
constellation size require less bandwidth and thus, are more
tolerant of modulator linear distortion. Fig 4 shows the optical

Fig. 4. Normalized optical power penalties for different PAM orders using
LE. Dashed lines correspond to the optical power penalty on an ideal AWGN
optical channel given by (4).

power penalty for 100G M-PAM systems with different constellation sizes. It can be seen that as we increase M, the interference
penalty becomes negligible to the point that we might be able to
avoid equalization. However, high-order PAM systems have a
high optical power penalty and, as we show in Section IV, have
more stringent ADC/DAC resolution requirements.
One can also reduce the symbol rate by increasing the number of orthogonal subchannels N. The optical power penalty is
proportional to the square root of N, while it is almost linear in
M. In fact, a system with the highest number subchannels has
the lowest power penalty among OPAM systems with the same
symbol rate. However, systems with more subchannels require
significantly more bandwidth, and are more prone to modulator
bandwidth limitations. For example, as shown in the Appendix,
OMM requires a bandwidth exceeding 100 GHz. Throughout
the paper, we assume an OMM system with four 2-PAM modulators, and rectangular waveforms based on Hadamard codes.
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TABLE I
PULSE SHAPING PENALTY FOR VARIOUS PULSE SHAPES
Modulation
PAM
PAM
PAM∗
CAP
OMM
∗

Fig. 5. Normalized optical power penalty for OPAM systems with different
number of subchannels using LE.

Pulse shapes

Shaping penalty (dB)

Root-raised-cosine with β = 0.2
Root-raised-cosine with β = 0.1
Root-raised-cosine + pre-emphasis filter
Root-raised-cosine with β = 0.2
Coded pulses

2.9
3.7
3.1
2.4
0

Assuming 4-PAM and modulator bandwidth of 30 GHz.

The dc bias is particularly important as it determines the
average optical power at the modulator output. The minimum
required dc bias for the driver signal is equal to minimum negative excursion of the signal at the output of the DAC. Ignoring
distortion caused by the anti-aliasing filter and finite DAC resolution, we have
P̄ = − min

N


{a k },t

n

) (k )
a(k
(t − nTs ).
n g

(14)

k =1

The minimum occurs when the largest symbols, i.e., ± (M−1)
are sent. Hence,
P̄ = (M − 1) · max
t

N

n

g (k ) (t − nTs ) .

(15)

k =1

By normalizing (15), we can quantify the pulse shaping
penalty as

1
g (k ) (t − nTs ) ,
· max
t
N
n
N

Fig. 6. Overlapping root-raised-cosine pulses with roll-off factor β = 0.2
over several symbol intervals. Individual pulses are shown by dashed lines. The
solid line corresponds to a superposition of the individual pulses.

ΔP̄shapin g =

and we can rewrite (4) as
Fig. 5 shows the performance of three systems with symbol
rate of 25 GBd and different numbers of subchannels. As we
can see, for high modulator bandwidths, OMM has the best performance. However, as we decrease the modulator bandwidth,
systems with fewer subchannels become more power efficient.
C. Pulse Shaping
For systems with multiple subchannels, pulse shaping is necessary to make the subchannels separable at the receiver. Pulse
shapes are constructed based on an orthogonal basis functions
so that subchannels can be decoupled using a filter bank. In
standard implementation of CAP, pulse shapes are based on
root-raised-cosines multiplied by sinusoids. In PAM systems,
pulse shaping is not required, but can be used to reduce the
interference either by reducing the signal bandwidth or by precompensating for the modulator frequency response. However,
shaped pulses can overlap in time and increase the peak value of
the signal. Therefore, the required DC bias for the driver signal
can increase. Fig. 6 shows overlapping root-raised cosine pulses
over a period of several symbols. As can be seen, the minimum
required dc bias is almost twice the peak value of individual
pulses.

(16)

k =1

P r eq
P O O K ,r eq

= (M − 1)


N
· ΔP̄shapin g .
log2 M

(17)

Table I summarizes the pulse shaping penalty for different
pulse shapes. Note that pre-emphasis filter, while significantly
reducing the interference caused by the modulator, increases the
required optical power by 3.1 dB, which is much more than the
penalty obtained using receiver-side equalization.
Fig. 7 shows the optical power penalty for 4-PAM with different pulse shapes. It can be seen that in systems with pulse
shaping, the power penalty arises mainly from pulse shaping
penalty, rather than interference. Hence, one should avoid nonrectangular pulse shaping unless it is necessary, such as with
CAP modulation.
IV. SYSTEM COMPLEXITY
In this section, we establish requirements for the resolution
and sampling rate of the DAC and ADC. We also evaluate the
complexity of the DSP required for various schemes.
Resolution and sampling rate requirements of the DAC/ADC
are particularly important, as these components along with the
DSP dominate the system power consumption.
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makes analog implementation the only viable realization of this
scheme.
The resolution required of the DAC and ADC are important,
as the precision of the samples affects DSP performance. For
systems without digital pulse, shaping such as standard PAM,
ADC has more stringent requirements than the DAC. Hence, we
focus on the ADC resolution requirements. Finite ADC precision introduces additional additive noise to the samples, which
is typically modeled by a uniform distribution [27]. Therefore,
we model quantization as an additive white noise uniformly
distributed between ±b with variance of b2 /3, where b is half
the ADC level spacing. Assuming an ADC with resolution of
ENOB and dynamic range of ΔXA D C , we can write the noise
variance as
Fig. 7. Normalized optical power penalty for 4-PAM systems with root-raisedcosine pulse shaping using LE.

TABLE II
SAMPLING REQUIREMENTS OF DAC/ADC
Modulation

M

Symbol rate (GBd)

Sampling rate (GS/s)

M-PAM

4
8
16
4
8
16
4
2

53.5
35.7
26.8
53.5
35.7
26.8
26.8
26.8

107
71.4
53.6
66.9
44.67
33.5
64.3
214

M- PAM + root-raised cosine∗

16-CAP∗
OMM
∗

ΔXA D C
.
12 · 2ENOB

(19)

The quantization noise variance is proportional to the dynamic range of the converter. Hence, efficient use of the ADC
requires some degree of scaling and clipping of the signal to
reduce the dynamic range of ADC. The threshold of clipping is
normally quantified by a clipping ratio
r=

ΔXA D C
,
2σ

(20)

where σ is the standard deviation of the transmitted signal. Clipping, while reducing the quantization noise, introduces signaldependent clipping noise. The optimal clipping ratio depends on
the modulator response and the input signal statistics. We empirically optimize the clipping ratio at each modulator bandwidth
to minimize the optical power penalty. As a general guideline,
the dynamic range of the ADC should be higher than the dynamic range of the signal in the absence of thermal noise, which
is given by

Assuming roll-off factor β = 0.2.

A. DAC/ADC
To generate M-PAM symbols, a DAC with a minimum resolution of log2 (M ) bits and sampling at the symbol rate is required.
DACs with higher sampling rate and resolution allow for digital
pulse shaping and pre-compensation of the modulator frequency
response. ADCs are generally characterized by their effective
number of bits (ENOB). ADCs with ENOB of 6 and sampling
rate as high as 65 GSamples/s are commercially available [4].
Although symbol-rate sampling is sufficient in an ideal optimal
receiver, in practice, an oversampling ratio ros slightly above 1
is necessary to compensate for timing errors and inaccurate estimation of the channel. Note that a FSE employing sub-Nyquist
sampling rate might still be susceptible to sampling time errors.
Hence, it is best to sample the received signal above the Nyquist
rate. As an example, for root-raised-cosine shaping with roll-off
factor β, the Nyquit sampling rate is given by
fA D C > 2 (1 + β) /Ts .

2
σQ
=

(18)

For rectangular pulse shapes, an oversampling ratio ros above
2 is sufficient to make aliasing effects negligible. Table II summarizes the symbol rates and the sampling rates assuming minimum oversampling of ros = 5/4 for various schemes. Note
that the sampling rate for OMM is prohibitively high, which

ΔXsig n al = 2 (M − 1)

L


(ij )

xl

.

(21)

i,j l=0

Fig. 8 shows the optical power penalty of M-PAM for different ENOB values. As expected, higher PAM orders require
higher resolution. We observe that 4-PAM can be implemented
with an ADC ENOB as low as 5 bits with almost no power
penalty, which is advantageous for low-power data center links.
ADCs with ENOB of 5 bits are more desirable as they can be
implemented using s flash architecture, which has low power
consumption, and has no error floors [4].
It is worth mentioning that quantization is only important in
systems using DSP. In the absence of bandwidth limitations and
digital equalization, one can minimize quantization noise by
aligning the ADC levels with PAM levels.
B. DSP Complexity
One of the major challenges of 100G links is performing
DSP at a high speed, so it is worth studying the complexity of
digital equalization. We quantify equalization complexity by the
number of complex multiplications per transmitted data symbol,
assuming the channel is known a priori.
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Fig. 8. Normalized optical power penalty for PAM systems with different
ADC resolutions using LE.
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Fig. 10. Number of complex multiplication as a function of channel memory
length measured in symbol intervals for frequency-domain LE of 4-PAM.

We consider performing the FFT and inverse FFT (IFFT) efficiently using a radix-2 algorithm, which requires approximately
NF F T log2 (NF F T ) /2 complex multiplications.
Note that, in practice, arbitrary ros may not be achievable
using power-of-two FFT sizes. Using the aforementioned approximation, we estimate the required number of complex multiplications per symbol to be
CM =
Fig. 9. Block diagram of fixed frequency-domain equalization of an OPAM
system with two subchannels.

As was shown in the previous section, LE has a comparable
performance to DFE and MLSD with lower complexity. Hence,
we focus on systems using a feedforward LE. We consider linear frequency-domain equalization (FDE), as it has lower computational complexity than its time-domain. Counterpart [28],
[29]. In FDE, equalization is done by performing a fast Fourier
transform (FFT) on a block of NF F T samples and inverting
the channel in the frequency domain. One approach to process
each block independently is prepending a cyclic prefix of length
NC P to each block of NF F T /ros symbols before transmission.
The cyclic prefix is then discarded at the receiver before the
FFT operation. The cyclic prefix also simplifies realization of
an adaptive FDE [30]. However, using a cyclic prefix reduces
the throughput and the average power efficiency.
A second approach, adopted here, is to use overlap-save or
overlap-add convolution to avoid the cyclic prefix overhead [31],
[32]. In the overlap-save method, used here, the FFT is performed on sliding windows of NF F T samples. After equalization, overlapped samples are discarded from the equalized samples, and the remaining equalized samples are down-sampled
to the symbol rate. To reduce the complexity of FDE, unlike
previous works [13], down-sampling is realized by discarding
high-frequency components of the signal. Therefore, IFFT size
can be a factor of ros smaller than the FFT size.

1
{ N NF F T
NF F T − Nov er lap

1
ros NF F T log2 (NF F T )
2
N
(22)
+ NF F T log2 NF F T /ros  }
2
where the first term corresponds to channel inversion and the
second and third terms are for FFT/IFFT operations.
Fig. 10 shows the complexity of linear FDE as a function
of the channel memory length measured in symbol intervals.
The FFT block length is assumed to be the smallest power of
two greater that eight times the channel length [29]. For FFT
sizes of 64-256, the latency of FDE is 1–10 ns depending on the
baud rate, while the latency of FEC decoders for 100G links is
more than 100 ns [21]. Hence, FDE has a negligible impact on
receiver latency, which is dominated by FEC decoding.
In the absence of accurate channel estimation, the FDE coefficients must be computed iteratively. For an adaptive FDE,
the least mean squares algorithm can be used to minimize the
frequency error [30]. During adaptation, 2NF F T extra multiplications are required for calculating the frequency error and
updating the coefficients.
+

C. Coding
Due to the tight power budge of the 100G links, we have considered coded systems with coding gain of about 5dB. For interconnects application, complexity, latency, and over-clocking
requirements are as important as the coding gain in selection of
the FEC. References [21] and [33] highlight FEC requirements
for 100G applications.
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TABLE III
SIMULATION PARAMETERS

V. OVERALL SYSTEM PERFORMANCE
In this section, we evaluate the performance of WDM-based
400G links in the presence of linear and nonlinear fiber and
modulator impairments. We assume four WDM channels operating near the zero-dispersion wavelength (1310 nm). We assume coarse wavelength-division multiplexing (CWDM) with
20-nm channel spacing to avoid the need for laser temperature
stabilization [34]. We further assume an optical modulator with
3-dB bandwidth of 30 GHz. The performance obtained using
this modulator depends on the characteristics of laser frequency
chirp. The phase shift for transient chirp-dominated DMLs or
EAMs can be expressed as
α
(23)
Δφ (t) ≈ ln (p (t)) ,
2

DML

SMF
TIA
ADC
FDE

f3 d B
λ
RIN
α
S0
In , i n
ro s
ENOB
NF F T
No v e r la p

30 GHz
1250 nm
−150 dB/Hz
2
2
0.092 ps/(nm
√ · km)
30 pA/ Hz
1.28
5
128
16

where α is the chirp parameter. For commercially available
modulators, α is about 2–4 [35], [36]. Using (23) the dispersioninduced frequency response of the channel excluding the fiber
loss is described by
H (f, Lf iber ) ≈

1 + α2 cos θd (2πf )2 − θα ,

(24)

where Lf iber is the fiber length, θα = tan−1 α, and θd =
1/2β2 Lf iber . Based on (24), systems with αβ2 < 0 are subject to power fading. Hence, we assume the WDM channels are
operating at wavelengths shorter than the zero-dispersion wavelength, such that αβ2 > 0. We focus on the performance of the
sub-channel at 1250 nm, as it is subject to the highest dispersion
and hence has the worst performance.
Nonlinearity of the modulator is modeled by inserting an
instantaneous nonlinear voltage-to-intensity transfer characteristic governed by
Pou t (t) = Pin 10−α d B (V (t))/10 ,

(25)

after the linear filter representing the modulator frequency response. The EAM dynamic absorption αdB (V ) is modeled using a cubic spline fit to experimental data from Fig. 4 in [37]. To
compensate for the nonlinearity, the level spacing at the DAC is
adjusted based on the inverse of the modulator transfer characteristic, but no attempt is made to compensate at the transmitter
for the modulator’s linear frequency response.
We only consider 4-PAM, as it has the lowest power penalty
and complexity among techniques considered. Assuming a bit
rate of 107 Gb/s (including 7% coding overhead), the symbol
rate of a 4-PAM system is 53.5 GBd. Table III summarizes other
parameters used in the simulation.
Fig 11 shows the optical power penalty versus the optical
fiber length. The 5-dB gap between the penalty obtained using
the discrete-time model and based on simulation of a back-toback system is mostly caused by the non-ideal extinction ratio,
nonlinearity of the modulator, finite resolution and frequency
response of the ADC and DAC, and sub-Nyquist sampling rate
of ADC. Intensity noise, and shot noise, while important for
higher order modulation [6], [14], have a negligible impact on
the performance of 4-PAM.
We further observe that for short fibers up to 2 km, modulator
chirp and CD have a small impact on system performance. As

Fig. 11. Optical power penalty versus fiber length for a 4-PAM system using LE. Solid line: simulation including all impairments. Dashed line: based
on discrete-time model for thermal noise-dominated receiver, as described in
Section III. Colored bars: penalties from individual impairments at fiber length
of 2 km.

we increase the fiber length, the combined effects of chirp and
CD cause severe nonlinear distortion, which cannot be compensated by LE. Fortunately, data center applications target fiber
lengths up to about 2 km, where nonlinear distortion from CD
is negligible.
VI. CONCLUSION
We have evaluated the performance and complexity of singlecarrier modulation schemes for data center interconnects. We
evaluated performance using analysis and simulation based on
a discrete-time model. We highlighted the system design tradeoffs including equalization complexity, modulation order, and
number of subchannels. We further established requirements for
DAC/ADC resolution and sampling rates.
Among single carrier schemes, we found 4-PAM to be the
most promising scheme for short-reach data center interconnects, as it has the lowest optical power penalty. It can be
realized using ADCs with ENOB as low as 5 bits. We have
presented the simulation results for a 4-PAM system in the presence of CD, nonlinearity and non-ideal extinction ratio of the
modulator, finite resolution and frequency response of the ADC
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and DAC, intensity noise, shot noise, and quantization noise.
Most of these impairments have an impact that increases as the
modulation order is increased, which further favors 4-PAM for
data center interconnects. We have shown nonlinear distortion
caused by dispersion and chirp has a negligible impact for fiber
lengths up to 2 km. However, for longer distances, nonlinear
distortion becomes problematic, as it cannot be compensated by
LE.
We have verified that 4-PAM can meet the optical power
requirement imposed by eye safety. Assuming a 4-channel
CWDM system with 5-dB link attenuation, 4-PAM has a power
margin of about 4.9 dB for 2-km links. As we have shown here
and in the companion, paper both single and multiple carrier
systems have a small power margin, and further research is required to improve the power margin for short reach data center
interconnects.
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APPENDIX A
POWER SPECTRAL DENSITY OF ORTHOGONAL
MULTI-PULSE MODULATION
In can be shown [23] that s(t) is a cyclostationary random
process with a power spectral density
  N
E a2n 
Ss (f ) =
|Gi (f )|2 .
(26)
Ts i=1
For OMM, the ith pulse shape can be expressed as
gi (t) =

N



cil Π

l=1


N
t − (l − 1) ,
Ts

(27)

where Π(t) is a rectangular pulse of unit duration and C is a code
matrix, whose columns are mutually orthogonal. By taking the
Fourier transform of (25) we obtain
Gi (f ) =

N


cil

l=1

Hence



Ts
sinc
N



Ts f
N


e

j 2 π f T s ( l −1 )
N

.




Ts f
sinc
|Gi (f )| =
N


N

2πf Ts (l − k)
cik cil cos
.
N
2

Ts
N

(28)

2

2

(29)

k ,l=1

By substituting (27) in (24) we have
 


E a2n Ts
Ts f
2
sinc
Ss (f ) =
N2
N


N

2πf Ts (l − k)
cik cil cos
.
N
i,k ,l=1

(30)

The columns of C are mutually orthogonal. Hence

N

N if k = l
cik cil =
0
o.w.
i

(31)

Using (29) the power spectral density can be simplified to


Ts f
Ss (f ) = Ts sinc2
,
(32)
N
which is the same as the power spectral density of OOK with
the same bit rate.
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