
140 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 33, NO. 1, JANUARY 1, 2015

Digital Pre-Emphasis in Optical Communication
Systems: On the Nonlinear Performance

Danish Rafique, Talha Rahman, Antonio Napoli, and Bernhard Spinnler

Abstract—Digital signal pre-processing at the transmitter is a
key enabler for next-generation optical transceivers. One of the
major challenges faced by these transponders is the limited res-
olution and −3 dB electrical bandwidth of the digital-to-analog
converters (DAC), severely limiting the transmission performance.
On the other hand, these spectrally efficient flexible transport net-
works are extremely sensitive to nonlinear channel impairments,
essentially limiting the maximum system reach. In this paper, we
employ a simple digital pre-emphasis (DPE) algorithm to miti-
gate DAC-induced signal distortions, and further report on the im-
pact of DPE algorithm on nonlinear transmission performance. We
demonstrate, both numerically and experimentally, that DPE not
only counteracts DAC low-pass response, allowing for higher baud
rate transmission, but also enables better nonlinear channel toler-
ance. In particular, we first establish the maximum transmittable
baud rates in back-to-back configuration for polarization multi-
plexed m-state quadrature amplitude modulation (PM-mQAM)
formats, allowing up to 50, 46 and 44 Gbaud transmission for
PM-4QAM, PM-8QAM, and PM-16QAM, respectively assuming
typical DAC specifications of 16 GHz −3 dB bandwidth and 5.5 ef-
fective number of bits. Furthermore, we show that the performance
improvements from DPE increase with increasing modulation or-
der and decreasing span count, with maximum improvements of
up to ∼2.2 dB. In a conventional standard single mode fiber trans-
mission link with lumped amplification, employing DPE, we re-
port maximum reach of up to ∼10 000, ∼5000, and ∼3000 km,
for PM-4QAM, PM-8QAM, and PM-16QAM, respectively. More-
over, at pre-FEC bit-error-rate, relative reach improvements from
DPE are found to be up to 21%, 25%, and 27%, respectively. Fi-
nally, we show that DPE gains are constant beyond a minimum
required channel spacing, with minimum spacing requirements
of 1.1 × baud rate, 1.15 × baud rate, and 1.2 × baud rate for
PM-4QAM→PM-16QAM, respectively.

Index Terms—Coherent detection, digital-to-analog converter,
digital signal processing, Kerr effect, pre-emphasis, Nyquist.

I. INTRODUCTION

TODAY’s commercial long-haul optical products employ
100 Gb/s polarization multiplexed quadrature phase mod-

ulation (PM-QPSK) transponders with powerful receiver side
digital signal processing (DSP) algorithms, fully capable to
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mitigate linear channel response and phase noise effects [1],
[2]. The next-generation of optical transmission products not
only aims to employ advanced spectrally efficient modula-
tion formats (e.g., polarization multiplexed m-state quadrature
amplitude modulation, PM-16QAM), but also improve on the
flexibility of network architecture [3]–[6]. Flex-grid or software-
defined network architectures have thus gained substantial in-
terest, employing a switchable network configurator, allowing
to adapt to the appropriate modulation format, bit-rate, channel
grid, etc., for a given link configuration [7]–[10].

In this context, digital-to-analog converters (DAC) have be-
come a key constituent of cutting edge transmission systems
[11], as they allow for features like adaptive waveform gen-
eration, digital pulse shaping, digital pre-compensation of lin-
ear and nonlinear response, etc. [12]–[14]. Current generation
DACs typically have nominal resolution of 8 bits—effective
number of bits (ENoB) <5.5, specified −3 dB bandwidth of
less than 16 GHz, and sampling rates in the order of 65 GS/s
[15]–[17]. While sampling rates are adequate for negligible per-
formance penalties (∼1.2× baud rate with digital pulse shaping)
[18], the low pass response and limited DAC resolution induce
severe inter-symbol interference [19]–[20].

This is the key reason why maximum baud rates with inte-
grated commercial DACs are still limited to around 30 Gbaud
[2], [21], [22]. In order to enable higher baud rate transmission
systems, allowing for higher forward error correction (FEC)
overhead and/or saving on transponder count, DAC limita-
tions need to be addressed. Consequently, digital pre-emphasis
(DPE), a well-known concept in radio frequency communica-
tions [23], [24], has recently been used in DAC based coherent
optical systems, extending the maximum baud rates well beyond
typical channel rates [25]–[30] in conventional wavelength di-
vision multiplexed (WDM) system architecture.

On the other hand, channel nonlinearities are known to limit
the maximum potential transmission performance, even more
critically for multi-level advanced modulation formats [31],
[32]. Recently, various techniques have been proposed to mini-
mize such effects, e.g., digital back-propagation [33], [34], spec-
tral inversion [35], [36], perturbation based nonlinear mitigation
[37], [38], etc., however, either at the cost of additional hardware
complexity [39]–[41] or modification of network architecture
and control plane.

In this paper, we present the second part of our recently pub-
lished work on the DAC requirements for Terabit applications
[42], and investigate the impact of DPE on nonlinear channel
performance, both numerically and experimentally. In particu-
lar, we establish maximum potential baud rates for PM-mQAM
formats, and report on the maximum transparent reach, with and
without DPE, at a given pre-FEC threshold. Furthermore, we
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also establish minimum channel spacing requirements for high
baud rate transmission systems, and show that DPE gains are
independent of channel spacing beyond the minimum required
channel grid. In Section II, the principle of digital pre-emphasis,
and the proposed algorithm are briefly explained. In Section III,
the numerical transmission setup is described with various pa-
rameter settings and system configurations. Section IV reports
on maximum transportable baud rates, and presents numerical
results, establishing DPE gains as a function of transmission
reach for various modulation formats. In addition, performance
tradeoffs between baud rate induced performance degradation
and maximum attainable FEC are discussed. Furthermore, we
establish channel spacing requirements, both with and without
DPE. In Section V, the experimental setup is explained, and
Section VI discusses experimental confirmation of numerical
observations, for a 36 Gbaud PM-16QAM 1.15 Tb/s WDM
transmission system. Finally, Section VII draws conclusions.

II. PRINCIPLE OF DIGITAL PRE-EMPHASIS

In this section we briefly introduce the digital pre-emphasis
algorithm to mitigate the low pass response of DAC, taking into
account the finite resolution of this device. A signal, S(f), at
the transmitter was passed through a pre-emphasis stage, before
inflowing to the DAC, with output signal D(f). The pre-emphasis
filter function P(f) was approximated using a modified minimum
mean square like criterion, given as follows:

P (f) =
DDAC,DESIRED (f)
DDAC,REAL (f) + no

(1)

where no is the noise adjustment term, DDAC,REAL (f) is
the real transfer function of DAC, and DDAC,DESIRED (f)
is the desired DAC transfer function. In our simulations we
implemented the pre-emphasis filter in the frequency do-
main using the overlap/save technique with an overlap size of
128 taps keeping the focus mainly on performance and not
on complexity. In practice, the filter structure may be cho-
sen to balance increasing complexity and performance im-
provements [18]. We modeled the realistic and desired DAC
response using third order Bessel and Gaussian functions, re-
spectively. Note that DAC transfer function was chosen based
on commercial DAC measurements and available literature
[43]. In case of DDAC,REAL (f) and DDAC,DESIRED (f), the
−3 dB DAC bandwidth, BDAC , was set to BDAC,REAL and
BDAC,DESIRED , respectively. Fig. 1 shows a typical optimiza-
tion contour, between BDAC,DESIRED and no , for 44 Gbaud
PM-16QAM signal after 400 km transmission, with −3 dB
DAC bandwidth of 16 GHz and ENoB of 5.5 bits. It can be seen
that the minimum required BDAC,DESIRED was found to be
∼>23 GHz with subtle dependency on the noise optimization
coefficient. The optimum desired bandwidth depends upon the
DAC specification, the baud rate, and the modulation format.

The calculated pre-emphasis filter response, using Eq. (1),
was tuned using feedback from receiver in back-to-back system
configuration. Note that this optimization only needs to be done
at system startup or during factory calibration. More details of
the presented model can be found in [42].

Fig. 1. Pre-emphasis filter response optimization (Q-factor as a function of
joint optimization of desired DAC bandwidth and noise adjustment coefficient).
PM-16QAM (44 Gbaud) after 400 km, with real DAC parameters of 16 GHz
bandwidth and 5.5 effective number of bits. Blue arrows show the minimum
required optimum bandwidth.

Fig. 2. Simulation setup for back-to-back and link transmission of m-state
PM-QAM using digital pre-emphasis. Various baud rates are generated for each
modulation format (30 to 62 Gbaud). Also, different reach and channel spacing
values are considered. (DAC specifications are assumed to be 16 GHz and 5.5
ENoB).

It is worth mentioning that, in principle, DAC induced im-
pairments may be compensated using a linear equalizer at the
receiver node. However, since the transmitted signal is impaired
by channel noise as well, a receiver based post-emphasis typi-
cally results in additional digitally enhanced noise, compared to
only quantization noise limitation in pre-emphasis stage. Fur-
thermore, as discussed in this article, the channel nonlinearities
may not be suppressed by the DPE filter, if the equalizer is
employed at the receiver. Nonetheless, there have been recent
reports on receiver based compensation of DAC effects, em-
ploying a series of algorithms, typically based on maximum
likelihood probability theory [19], [44].

III. NUMERICAL TRANSMISSION CONFIGURATION

Fig. 2 shows the simulation setup considered in this work.
PM-m-state QAM (m = 4, 8, 16) signals were generated at vari-
able baud rates, where both polarization states were modulated
independently using de-correlated bit sequences. We employed



142 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 33, NO. 1, JANUARY 1, 2015

WDM homogeneous transmission scenario, where the neigh-
boring channels were considered to be similar to central test-
channel, and the number of neighbors was always fixed to 12.
In order to minimize the impact of linear sub-carrier crosstalk,
and allow dense spectral grid, spectral shaping was applied in
digital domain, where the root-raised cosine (RRC) filter roll-off
coefficient was fixed at 0.2. Moreover, the spacing within the
subcarriers was also optimized, and fixed at ∼1.2 × baud rate
(unless mentioned otherwise). Each digital sequence was de-
multiplexed separately into two output symbol streams which
were symbol mapped, digital shaped, pre-emphasized using al-
gorithm described in Section II, and processed by DAC to gen-
erate drive signals for in-phase and a quadrature phase carriers.
Note that results are presented both with and without digital pre-
emphasis. DACs were modelled considering −3 dB bandwidth
of 16 GHz, ENoB of 5.5 bits, and sampling rate of 80 GS/s. Note
that the DAC sampling rate dependency is not investigated in
this study, and the selected sampling rate assures negligible per-
formance penalty for the highest baud rate considered (∼1.3 ×
62 Gbaud) [18]. The optical transmitters consisted of continuous
wave LASER sources, followed by two nested Mach-Zehnder
modulator structures for x- and y-polarization states. The two
polarization states were combined using a polarization beam
combiner.

The signals were multiplexed, and propagated over stan-
dard single mode fiber (SSMF), with loss coefficient of
0.21 dB/km, dispersion coefficient of 16.8 ps/nm/km, disper-
sion slope of 0.058 ps/nm2/km, polarization mode dispersion
of 0.06 ps/sqrt(km), and fiber nonlinearity coefficient of 1.14
1/W/km. As shown in Fig. 2, the transmission link consisted
of 80 km spans, no inline dispersion compensation and single-
stage erbium doped fibre amplifiers (EDFAs). Each amplifier
stage was modelled with a 5 dB noise figure and the total ampli-
fication gain was set to be equal to the total loss in each span. In
case of back-to-back transmission configuration, additive white
Gaussian noise was added at the receiver, and the received op-
tical signal-to-noise ratio (OSNR) was fixed at 15.2 dB, 19 dB
and 22 dB for PM-4 QAM, PM-8 QAM, and PM-16 QAM,
respectively, allowing theoretical bit-error-rate (BER) of ∼10−4

at lowest considered baud rate of 30 Gbaud.
At the polarization diversity receiver, the central channel was

de-multiplexed using coherent channel selection, and detected
using four balanced detectors to give the baseband electrical
signal. The signal was then digitized using analog-to-digital con-
verter (ADC), with same settings as the DAC. Transmission im-
pairments were digitally compensated using conventional DSP
blocks, clock recovery, frequency domain dispersion compen-
sation, polarization de-multiplexing, and carrier recovery [45].
Finally, the symbol decisions were made, and the performance
assessed by direct error counting (∼200 000 samples, converted
into Q-factor).

IV. NUMERICAL RESULTS AND DISCUSSIONS

A. Back-to-Back Transmission

In this section, we aim to establish maximum transmittable
baud rates for various modulation formats, for a given absolute

Fig. 3. Q-factor as a function of baud rate for PM-mQAM signals, both with-
out (red circles) and with (blue squares) digital pre-emphasis. (a) PM-4QAM,
(b) PM-8QAM, (c) PM-16QAM. Inset shows the normalized Q-penalties.

performance penalty. Fig. 3 shows the Q-factor as a function of
increasing baud rate, both without and with digital pre-emphasis,
assuming a typical DAC specification (16 GHz, 5.5 bits). Also
shown in the figures is the theoretical performance degradation,
assuming no filtering and quantization effects.
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TABLE I
SUMMARY OF BAUD RATES FROM FIG. 3

Modulation ∗9 dB Q-factor ∗∗8 dB Q-factor

(5.5 bits, 16 GHz) (5.5 bits, 16 GHz) (5.5 bits, 16 GHz) (5.5 bits, 16 GHz)
DPE OFF DPE ON DPE OFF DPE ON

PM-QPSK 40 44 44 50
PM-8QAM 37 40 42 46
PM-16QAM 34 38 40 44

∗Maximum ∼0.5 dB bound on device induced penalties, normalized to theory and B2B
implementation. (0.6 dB, 0.05 dB), (0.52 dB, 0.14 dB) and (0.26 dB, 0.06 dB) for PM-
4QAM, PM-8QAM, and PM-16QAM, respectively—(DPE OFF, DPE ON).
∗∗ Maximum ∼1 dB bound on device induced penalties, normalized to theory and B2B
implementation. (1.15 dB, 0.44), (1.1 dB, 0.32 dB) and (0.71 dB, 0.2 dB) for PM-4QAM,
PM-8QAM, and PM-16QAM, respectively—(DPE OFF, DPE ON).

It can be seen that for any given modulation order, doubling
the baud rate, in theoretical sense, degrades the performance by
∼3 dB (30 to 62 Gbaud), due to higher optical signal-to-noise
ratio (OSNR) requirements with increasing baud rates. Overall,
numerous observations can be ascertained from Fig. 3. (1) The
absolute performance, with or without DPE, is worst for higher
order formats. For instance, for the lowest considered baud rate
(30 Gbaud), system performance degrades, by ∼2 dB without
DPE and ∼1 dB with DPE, compared to ideal channel response.
This is mainly attributed to increasing hardware implementation
penalties, with respect to theory, with increasing modulation
order. (2) Increasing baud rate degrades performance due to
limited DAC BW and ENoB. This degradation is slightly more
pronounced for higher order modulation formats, compared to
lower order formats, due to multi-level drive signals—see in-
sets. (3) DPE partially addresses the DAC limitations, and that,
at a given absolute performance penalty, PM-4QAM achieves
the maximum gains from DPE, followed by PM-8QAM and
PM-16QAM, respectively. Note that as the baud rate increases,
the net performance without DPE significantly diverges from
the theoretical curve. Indeed this performance deviation is re-
duced by the DPE filter, however the degradation remains due
to substantial information loss at higher baud rates, owing to
limited DAC bandwidth of 16 GHz.

In Table I, we summarize the maximum transmittable baud
rates at absolute Q-factor values of 9 and 8 dB, corresponding
to �0.5 dB and �1 dB normalized Q-penalties, respectively,
due to bandwidth and quantization limitation itself. As men-
tioned earlier, for lower-order formats, the lower implementa-
tion penalty combined with low-level drive, allows to tolerate
greater signal distortion, enabling higher baud rate transmission.
In particular, at 9 dB (8 dB) Q-factor, maximum baud rates em-
ploying DPE are found to be 44 Gbaud (50 Gbaud), 40 Gbaud
(46 Gbaud) and 38 Gbaud (44 Gbaud) for PM-4QAM, PM-
8QAM and PM-16QAM, respectively. For the rest of the paper,
we employ the baud rates established in this section, allowing
up to ∼0.5 and ∼1 dB Q-penalties.

B. Link Transmission

Having established the maximum potential transmission rates
enabled by DPE, hereafter we investigate the impact of DPE on
nonlinear transmission performance. Fig. 4 shows the Q-factor

Fig. 4. Q-factor as a function of launch power per channel for PM-16QAM
WDM transmission after 400 km. (a) 38 Gbaud, (b) 44 Gbaud. Circles: DPE
OFF, Squares: DPE ON.

after 400 km WDM transmission of PM-16QAM signals, em-
ploying 38 Gbaud (Fig. 4(a)) and 44 Gbaud (Fig. 4(b)) config-
urations. Note that results are presented both with and without
DPE. The general trend is consistent with well-known bell-curve
behavior, where the performance is initially limited by OSNR,
up to the nonlinear threshold (NLT)—at optimum launch power,
beyond which channel nonlinearities limit the transmission per-
formance. As expected, performance without DPE is worse,
compared to the case with DPE. However, quite interestingly,
it can also be observed that, compared to the linear transmis-
sion (or back-to-back configuration), DPE enabled performance
improvements are greater at the optimum launch power. In par-
ticular, one may observe ∼1.3 and ∼2 dB improvements, for
38 and 44 Gbaud systems, after nonlinear transmission, com-
pared to ∼0.6 and ∼1 dB improvement in back-to-back trans-
mission, respectively, as shown in Fig. 3(c). Consequently, the
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Fig. 5. Q-factor as a function of transmission reach. (a) Diamond: 44 Gbaud PM4QAM, Triangle: 40 Gbaud PM8QAM, Circle: 38 Gbaud PM16QAM.
(b) Diamond: 50 Gbaud PM4QAM, Triangle: 46 Gbaud PM8QAM, Circle: 44 Gbaud PM16QAM. Open: without DPE, Solid: with DPE. Horizontal lines
represent pre-FEC Q-threshold (see text). Each data point at optimum launch power.

additional DPE improvements at optimum launch power in
Fig. 4 are attributed to mitigation of channel nonlinearities. Note
that performance similar to back-to-back configuration may also
be observed in the optical signal to noise ratio limited lower
launch power region (e.g., −8 dBm) in Fig. 4. As discussed,
this trend may be attributed to channel nonlinearity mitigation
by the DPE filter, owing to enhanced higher frequency compo-
nents by the DPE filter. This effect will be further discussed in
upcoming paragraphs.

In order to confirm the linear and nonlinear performance
improvements available from DPE across transmission reach,
next we establish the maximum attainable distance by differ-
ent modulation formats at baud rates established in Section IV
A. Note that for various transmittable baud rates, we assumed
28 Gbaud of data, including overhead, and allocated the addi-
tional baud rate to increase the FEC overhead (FEC-OH). FEC-
OH was calculated assuming soft-decision codes, allowing for
net coding gain equivalent to hard-decision Shannon limit [46].
In particular, the FEC-OH corresponding to the used baud rates
are: Fig. 5(a): 44 Gbaud (64%), 40 Gbaud (48%), and 38 Gbaud
(40%) for PM-4QAM→PM-16QAM, respectively. Fig. 5(b):
50 Gbaud (88%), 46 Gbaud (72%), and 44 Gbaud (64%) for PM-
4QAM→PM-16QAM, respectively. The pre-FEC Q-thresholds

are highlighted in the figure with solid horizontal lines. It is
worth mentioning that FEC-OH beyond 50–60% may not be
practical today due to hardware limitations, however we present
up to 88% of OH to show the potential of our algorithm.

Fig. 5(a) shows the Q-factor as a function of transmission
reach, where each data-point is taken at NLT, from plots similar
to Fig. 4. It can be seen that the maximum distance, without DPE,
that could be traversed by PM-4QAM, PM-8QAM and PM-
16QAM channels, at pre-FEC threshold, is ∼8600, ∼4100 and
∼2400 km, respectively. Furthermore, when DPE is employed,
the reported distance may be extended to ∼10000, ∼5000 and
∼2900 km, respectively. These results confirm the twofold ad-
vantage of our simple DPE approach. (1) The increased baud
rate allows for higher FEC-OH, and lower pre-FEC threshold.
(2) DPE partially mitigates channel nonlinearities across any
given distance.

The presented results are of utmost importance and confirm
that given up to ∼0.5 dB DAC induced penalties are accepted
(see Table I), the FEC-OH may be adequately enhanced, al-
lowing to bridge long-haul and ultra-long-haul distances for
advanced modulation formats.

Fig. 5(b) shows results similar to Fig. 5(a), however for higher
baud rates, allowing up to 1 dB of back-to-back Q-penalty due to
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TABLE II
ABSOLUTE REACH [KM]

Modulation Fig. 5(a) Fig. 5(b)

Reach @ Pre-FEC Reach @ Pre-FEC Reach @ Pre-FEC Reach @ Pre-FEC
BER (DPE,OFF) BER (DPE,ON) BER (DPE,OFF) BER (DPE,ON)

PM-QPSK 8608 9976 8080 9720
PM-8QAM 4160 5008 4752 5920
PM-16QAM 2424 2928 2896 3680

TABLE III
REACH IMPROVEMENT [%]

Modulation Fig. 5(a) Fig. 5(b)

Reach Impr. @ Pre-FEC BER REACH Impr. @ Pre-FEC BER

PM-QPSK 15% 21%
PM-8QAM 19% 25%
PM-16QAM 21% 27%

DAC limitations (see Table I). Largely, similar conclusions can
be ascertained from this figure, except that higher FEC-OHs
are possible due to higher baud rates, lowering the pre-FEC
BER. However, one of the interesting observations is that while
PM-16QAM and PM-8QAM allow for longer reach compared
to Fig. 5(a), PM-4QAM shows up to 500 km reduced reach,
compared to Fig. 5(a). This trend can be explained consider-
ing that, at 50 Gbaud transmission, even though the relative
Q-penalty from DAC is limited to 1 dB at most, the net perfor-
mance is degraded due to theoretical penalties associated with
high baud rates. This phenomenon was recently studied in [47]–
[48], where it was shown that the optimum baud rates may be
identified based on the tradeoff between net performance reduc-
tion due to increasing overhead (or baud rate) and performance
gain due to corresponding FEC-OH.

Table II summarizes the maximum transmittable reach for
different configurations of Fig. 5. It can be seen that the max-
imum transportable distances for PM-4QAM, PM-8QAM, and
PM-16QAM are ∼10000, 5900, and ∼3700 km, respectively.
This result shows the potential of using currently commercial
components for long haul and ultra long haul transmission of
advanced higher level modulation formats. Here, it is worth
mentioning that long haul transmission for higher order formats
have been previously reported, however with the aid of advanced
transmission technologies, e.g., including Raman amplification
[49], [50], digital nonlinear mitigation [40], advanced DSP [51],
high effective area dispersion fibers [52], [53], etc.

Table III highlights the reach improvements at pre-FEC
threshold, relative to the configuration without DPE. As dis-
cussed earlier, greater improvements are available for higher
baud rate systems (from Fig. 5(b)). Moreover, the reach im-
provement increase with increasing modulation order. Note that,
consistent with Fig. 3, the net improvement in reach is still
greater for lower order formats, however the relative percentage
increase is greater for higher order formats due to relatively
shorter traversed distance.

Fig. 6. Q-improvement as a function of transmission reach. (a) Di-
amond: 44 Gbaud PM4QAM, Triangle: 40 Gbaud PM8QAM, Circle:
38 Gbaud PM16QAM. (b) Diamond: 50 Gbaud PM4QAM, Triangle: 46 Gbaud
PM8QAM, Circle: 44 Gbaud PM16QAM. Inset: Back-to-Back performance
improvements. Each data point at optimum power.

Having established maximum transmission reach at pre-FEC
threshold for various configurations, in Fig. 6 we explore the
DPE dependency on distance, and plot the Q-improvements,
enabled by DPE, as a function of transmission reach. It can be
clearly seen that DPE enables greater improvements at shorter
reach, and the performance benefits saturate as longer links
are traversed. In particular, in Fig. 6(a), PM-16QAM enables
maximum improvement of up to ∼1.6 dB, which saturates to
∼0.8 dB after ∼11 spans. On the other hand, PM-8QAM and
PM-4QAM almost show no dependency on reach due to higher
traversed reach, essentially higher accumulated dispersion dom-
inating the nonlinearity averaging effects due to rapidly broad-
ening pulses [54], [55]. However, in Fig. 6(b), this trend is more
pronounced, and clear improvements can be seen for trans-
mission below 11 spans, irrespective of the modulation order.
Also note that, similar to Fig. 4, even after DPE gain satura-
tion, the Q-improvement after nonlinear transmission is greater
than in back-to-back transmission (see insets). These results
may be attributed to channel nonlinearity compensation by the
DPE filter, where higher frequencies are enhanced to mitigate
low-pass DAC impact. In time-domain this translates to rapidly
dispersing pulses, allowing for better averaged intra-channel
nonlinear effects and larger walk off for inter-channel nonlinear-
ities. Here it is worth mentioning that, for shorter links without
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DPE, intra-channel nonlinearities are only partially mitigated
due to limited accumulated dispersion, allowing for larger net
Q-improvements from DPE. On the other hand, for longer links,
even though DPE enables performance improvements in initial
spans, similar to shorter links, the higher accumulated disper-
sion leads to substantial intra-channel nonlinear mitigation even
without DPE, leading to reduced net Q-improvement in this
case. In other words, in case of dispersion unmanaged long haul
transmission, nonlinear averaging may be intrinsically achieved
without DPE, however for shorter distances (<∼1000 km) such
averaging is largely achieved through higher frequency enhance-
ment by the DPE filter. Nonetheless, the overall performance is
worst for longer links due to reduced OSNR and additional per
span inter-channel nonlinearity contributions.

These results provide an interesting and practical outcome of
DPE, confirming that transmitter based DPE not only mitigates
DAC induced signal distortion, but also enables better nonlinear
channel performance. Using Figs. 5 and 6, performance regimes
for different modulation and baud rates may be established,
where gain of DPE in terms of higher FEC-OH and nonlinearity
compensation may be recognized.

Next, we investigate the impact of channel spacing on the per-
formance improvements enabled by DPE algorithm, for all the
modulation formats and baud rates, allowing up to 0.5 and 1 dB
penalties, as established in Table I. Fig. 7(a) shows Q-factor as a
function of channel spacing, targeting reach at BER of 10−3 (Q-
factor of ∼9.8 dB) for PM-4QAM (42spans). It can be clearly
seen that the minimum required channel spacing is ∼1.1 ×
BaudRate, and that beyond this saturation point, transmission
performance, both with and without DPE, is independent of
channel spacing. However, when channel spacing is below 1.1
× Baud rate, the performance is severely limited by linear and
nonlinear channel crosstalk. In this case, the performance im-
provements from DPE are diminished, confirming that DPE is
not very effective to compensate inter-channel nonlinearities,
and that our algorithm does not work well in case of high linear
inter-carrier crosstalk. Furthermore, similar trends are seen for
both high and low baud rate transmission regimes.

Fig. 7(b) and (c) show results similar to Fig. 7(a), for PM-
8QAM and PM-16QAM, respectively. It is clear that the mini-
mum channel spacing requirement is increased to ∼1.15 × BR
and ∼1.2 × BR, however the DPE performance trend is simi-
lar to Fig. 7(a), where performance improvement is decreased
below the minimum saturation point.

The above analysis confirms that as far as channel nonlin-
earity mitigation is concerned, simple DPE filter is unable to
mitigate inter-channel fiber nonlinearities, however it works
well for intra-channel nonlinear mitigation. This is consistent
with our earlier hypothesis that higher frequency enhancement
leads to increased pulse spread, allowing for better intra-channel
nonlinear averaging. Recently, this phenomenon was also ob-
served in context of special pulse-design, termed as M-shaped
pulses [56], which further verifies our findings. Nonetheless,
our approach of DPE enables the nonlinear suppression at no
additional hardware cost.

Fig. 7. Q-factor as a function of channel spacing. (a) PM-4QAM after
3360 km, Circle: 44Gbaud, Square: 50 Gbaud, (b) PM-8QAM after 1360 km,
Circle: 40 Gbaud, Square: 46 Gbaud, (c) PM-16QAM after 560 km, Circle:
38 Gbaud, Square: 44 Gbaud. Open: without DPE, Solid: with DPE. Each data
point at optimum power.
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Fig. 8. Experimental transmission setup. (a) Terabit super-channel transmitter,
(b) Optical spectrum of 36 GBd × 4-subcarriers PM-16QAM super-channel,
(c) Re-circulating optical loop and receiver. WSS: Wavelength selective switch,
PS: Polarization scrambler, BPF: Band-pass filter, SSMF: Standard Single Mode
Fiber.

Fig. 9. Experimentally measured frequency response of a commercial digital-
to-analog converter and driver for four different ports.

V. EXPERIMENTAL TRANSMISSION CONFIGURATION

In order to confirm the nonlinear benefit of our DPE algo-
rithm, in this section we experimentally verify its performance.
The transmission experiment employed quad-carrier 1.15 Tb/s
PM-16QAM WDM transmission (36 Gbaud per carrier) [30].

As shown in Fig. 8, the transmit data was first mapped to
16QAM symbols followed by up-sampling and RRC filter-
ing with a roll-off factor of 0.2 to limit bandwidth and mini-
mize inter-carrier crosstalk. Using the experimentally measured
joint transfer function of the DAC and driver (see Fig. 9), i.e.,
DDAC,REAL (f), we applied pre-distortion of low pass filtering
effects using algorithm defined in Section II. Note that we scaled

the calculated P (f) with an additional ramp to compensate for
IQ-modulator effects. The slope of the ramp was optimized by
monitoring the BER at system startup.

A pair of IQ-modulators were used to modulate even and
odd carriers of four-subcarrier terabit super-channel. Each IQ-
modulator was fed by two integrated tunable laser assemblies,
coupled together using a polarization maintaining coupler to
retain the polarization properties. After modulation, both pairs
of subcarriers went through polarization multiplex emulation
(PME) stage where a single polarization signal was split in
two orthogonal polarizations by a polarization beam splitter
and then the two orthogonal polarizations were combined by a
polarization beam combiner after one of them had been delayed.
After PME, the even and odd subcarriers were combined by a
3 dB coupler to generate a four subcarrier super-channel, as
shown in Fig. 8(c).

The subcarrier spacing was set to 1.2 × baud rate, and the
quad-carrier terabit super-channel was placed in 200 GHz grid.
Note that we placed the Terabit super-channel in a 200 GHz
grid, in order to enable practical flex-grid scenario assuming
spectral buffer to accommodate filtering penalties.

The transmission setup consisted of 8 × 100 G PM-4QAM
signals evenly distributed to the left and right of terabit super-
channel in a 50 GHz ITU grid. The WDM signal was then am-
plified by an EDFA before going through a fast optical switch
based on variable optical attenuators. After passing through the
switch, the optical signal was passed through a re-circulating
optical loop which consisted of four spans of 95 km SSMF
followed by EDFA. In addition to fiber and EDFAs, a loop syn-
chronous polarization scrambler was placed at the beginning
of the loop to eliminate periodic signal conditioning by loop
components. Also a wavelength selective switch was employed
to minimize the out of band noise. After re-circulating in the
loop N times, the optical signal was filtered by a 0.6 nm tunable
band-pass filter. The optical signal was then mixed with the local
oscillator in the optical front-end, sampled by a 50 GSa/s oscillo-
scope, and finally saved for offline processing. The results were
evaluated using second subcarrier of the terabit super-channel
(centered at 1550.15 nm), as it showed the worst performance
(linear plus nonlinear crosstalk).

VI. EXPERIMENTAL RESULTS AND DISCUSSIONS

Fig. 10 shows the measured Q-factor (converted from BER)
as a function of transmission reach for 36 Gbaud quad-carrier
1.15 Tb/s PM-16QAM super-channel, co-propagating with
100 Gb/s PM-QPSK neighbors. The optimum launch power
was determined by a single span transmission of super-channel
including the WDM neighbors, found to be ∼1.5 dBm per chan-
nel. Moreover, the optimum launch power remained the same
with or without DPE.

As expected, DPE enables longer transmission reach, com-
pared to the case without DPE. Moreover, consistent with
numerical results, greater improvements are available after
nonlinear transmission, compared to back-to-back transmis-
sion, and that DPE gain increases with decreasing span count.
In particular, it can be seen that∼1.1 dB Q-improvement may be
attained after ∼380 km, and that DPE gain reduces to ∼0.9 dB
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Fig. 10. Q-factor as a function of transmission reach for 36 Gbaud quad-
carrier 1.15 Tb/s PM-16QAM WDM transmission over SSMF. Open circle:
without DPE, solid circle: with DPE. Each data point at optimum launch power.

at 740 km. These experimental results confirm the conclusions
drawn from our exhaustive simulation results that DPE filter en-
ables channel nonlinearity mitigation, in addition to DAC low
pass response cancellation. Note that, compared to the earlier
presented simulative analysis, DPE induced nonlinear perfor-
mance improvements are much lower in experimental settings.
This can be explained considering that DPE filter tends to mit-
igate intra-channel nonlinearities, with limited improvement in
case of higher inter-channel crosstalk, as shown in Fig. 7. In this
context, even though terabit super-channel sub-carriers were
spaced at ∼1.2 × baud rate, the LASERs were not frequency
locked, leading to inter-channel crosstalk, essentially limiting
DPE gains. Nonetheless, this effect can be overcome either
by increasing the subcarrier spacing or using frequency locked
LASERs.

VII. CONCLUSION

We conducted a comprehensive investigation on nonlin-
ear performance improvements enabled by a simple digital
pre-emphasis algorithm, selectively enhancing higher signal
frequencies. DPE is shown to enable two-fold advantages, (1) In-
creasing maximum potential transmission rates using currently
commercial components, (2) Improving nonlinear channel toler-
ance. In particular, we showed maximum baud rates of up to 50,
46, and 44 Gbaud for PM-4QAM→PM-16QAM, respectively.
Furthermore, we showed, for the first time to our knowledge,
that DPE mitigates intra-channel nonlinearities, with greater im-
provements for higher order formats and lower span count. We
verified our results in both numerical and experimental configu-
rations, and confirmed that DPE induced nonlinear performance
improvement may be attained without using any additional
hardware.

Our results suggest that next-generation transponders em-
ploying DPE will benefit from nonlinear performance gains,
which should be taken into account for system margin alloca-
tions, in addition to more conventional improved performance
due to DAC pre-emphasis.
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