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Abstract. This report is a detailed study on the application of digital
back-propagation technique for wavelength-division multiplexing (WDM)
transmission of amplitude and differential phase shift keying (ADPSK)-
modulated signal. We find that the precompensation using digital back-
propagation increases the transmission distance by more than a factor
of two. We find that the performance improvement from digital precompen-
sation strongly depends on the dispersion map of the transmission link and
the optimum performance was obtained when about 3% to 5% of the span
dispersion is under-compensated by in-line dispersion compensators and
later compensated for at the end of the entire transmission link. We also
find that the precompensation is robust enough to the variation of various
link parameters which can occur in the deployment or operation of trans-
mission systems. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE).
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1 Introduction
Recently, various multi-level modulation formats have been
investigated because of their superior spectral efficiency
compared to binary formats.1–6 Multi-level amplitude shift
keying (ASK)1 and multi-level differential phase shift keying
(DPSK)2,3 were the first multi-level formats tested in optical
transmission. Since these formats use only one dimension
in the signal space, it is difficult to increase the number
of signal levels to more than 8 or 16. Therefore, modulation
formats utilizing both the amplitude and phase space (or
equivalently, the real and imaginary parts) of the signal
are being investigated. The most famous example of them
is quadrature amplitude modulation (QAM), in which both
quadrature components of a signal are amplitude-modulated
independently.4–6

QAM formats generally require coherent receivers to
separate two quadrature components.5 Although the realiza-
tion of coherent receivers has become easier thanks to the
advance of CMOS VLSI technology, still it would be
very attractive if we could detect two-dimensional signals
with direct-detection receivers. The amplitude and differen-
tial phase-shift keying (ADPSK) modulation format is a spe-
cial class of QAM modulation format, in which symbols are
arranged on concentric circles in the complex signal space so
that (D)PSK and ASK parts of the signal can be detected
independently.7–9 The most important advantage of the
ADPSK formats compared to conventional QAM formats
is that they allow direct detection of both the phase and
amplitude parts of the signal. Note that phase-modulated

signals can be detected using one-bit-delayed Mach-Zhender
interferometers (MZIs).

A fundamental challenge in the use of any multi-level
modulation format is to secure adequate optical signal to
noise ratio (OSNR). When the number of levels is increased,
the OSNR required for a given target bit error rate (BER)
increases. However, if we increase the signal power to satisfy
the increased OSNR requirement, then the impairments from
fiber nonlinearities degrade the system performance. The
systems which use the ADPSK format with direct detection
are especially vulnerable to the amplitude-symbol-dependent
phase-shift due to self-phase modulation (SPM),9 which
severely degrades the DPSK-part performance. To overcome
this difficulty, a number of remedies have been proposed.
This author previously proposed a receiver with multiple
delayed-arm interferometers of different relative phases
between the arms.10 Tran and Lowery proposed a scheme
in which the SPM-induced phase rotation is precompensated
at the transmitter.11

Recently, the nonlinearity compensation using digital
back-propagation was proposed and demonstrated.12–15 In
this scheme, the signal distortion from fiber nonlinearities
is compensated for by passing the signal through a digital
system of which the characteristic is the reverse of the trans-
mission link. The reverse transmission can be performed by
numerically solving the well-known nonlinear Schrödinger
equation.16 Then, the predictable impairments from the
fiber nonlinearities can be perfectly compensated for, and
signal-optical noise and optical noise-optical noise interac-
tions ultimately limit the system performance.

In thiswork,wenumerically studied the applicationofdigi-
tal back-propagation technique to wavelength-dimensional0091-3286/2012/$25.00 © 2012 SPIE
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multiplexing (WDM) transmissions of ADPSK-modulated
signals using direct detection. In general, the back-
propagation can be applied either as precompensation at
the transmitter (TX) or as post-compensation at the
receiver. However, since the employment of the back-
propagation as post-compensation requires the use of
coherent detection, it was used as precompensation in
this work. We found that significant improvement in WDM
as well as in single-channel transmission performance
could be obtained by applying the back-propagation. The
performance improvement strongly depended on the disper-
sion map of the transmission link. We also studied the sen-
sitivity of the performance to the variation of various link
parameters and found that the precompensation scheme tol-
erated the variation of parameters expected in the operation
of real systems.

This paper is organized as follows: Section 2 describes the
optical transmission system and the simulation setup used in
this work. Section 3 details the performance of the precom-
pensation in single-channel and WDM transmissions.
Section 4 reports the sensitivity of the performance of
the precompensated transmission on the link parameter
variations.

2 System Description
In this work, we used a 32-level ADPSK modulation format
with four amplitude levels and eight phase levels. Figure 1
shows the constellation diagram of the ADPSK format.
The ratio of powers of different amplitude symbols was
1∶2.47∶4.56∶7.26, which was identical to that used in
Ref. 11. If we use a larger contrast ratio, then the perfor-
mance of ASK-part improves at the expense of the DPSK-
part performance, and vice versa. Whereas the true optimum
ratio depends on the transmission distance and signal power,
we have found that the system performance is not very sen-
sitive to small variations of the ratio around the above value.
The raw symbol rate was 24 Gbaud which corresponds to
120 Gbit/s of bit rate. This represents 20% of forward
error correction (FEC) overhead when used for 100 Gbit/s
transmissions.

Figure 2 shows the schematic diagram of the transmission
link studied in this work. The transmission fiber was the
standard single-mode fiber (S-SMF), of which the loss,
dispersion (D), dispersion slope (dD∕dλ), effective area
and nonlinearity constant (n2) were 0.25 dB∕km,
17 ps∕ðnm · kmÞ, 0.07 ps∕ðnm2 · kmÞ, 80 μm2, and
2.6 × 10−8 μm2∕W , respectively. An amplifier span consists
of 80 km of transmission fiber, an optical amplifier, an
optical filter and a dispersion compensating unit (DCU).
The gain and noise figure of the optical amplifier are
20 dB and 6 dB, respectively. The in-line optical filters,
which have the bandwidth of 750 GHz, were used mainly
to prevent aliasing back into the signal band of the high
frequency optical noise generated by mixing of ASE com-
ponents in the numerical simulation.

In this work, several dispersion maps were examined
by changing the dispersion of the in-line DCU (DCU1)
from −1360 ps∕nm (100% in-line dispersion compensation)
to 0 ps∕nm (0% in-line dispersion compensation). When
DCU1s did not completely compensate for the dispersion
of the transmission fiber, an additional DCU was placed
at the end of entire transmission link (DCU2) so that com-
plete dispersion compensation was achieved. In this work,
we focused on the ultimate performance limit of the digital
back-propagation. Therefore, we assumed that the DCUs did
not have any loss or nonlinearities and that the dispersion
slope to dispersion ratio of the DCUs perfectly matched
that of the transmission fiber.

Figure 3(a) shows the schematic of the transmitter. Using
digital information to be transmitted as input, a digital
precompensator generated ideal signal waveforms and
digitally back-propagated them through a reverse transmis-
sion system. The ideal waveforms had carrier-suppressed
return-to-zero (CS-RZ) pulse-shape with 67% of duty-
ratio.17 The electric field of the ADPSK modulated optical
signal used in this work can be represented by Eq. (1),

eðtÞ ¼
X
k

Akejφk sin

�
π

2
cosð πt

Tsym
Þ
�
u

�
t − kTsym

Tsym

�
; (1)

where Ak, and φk are the amplitude and phase of the k-th
symbol, Tsym is the symbol period and uðtÞ is a unit pulse
function defined as in Eq. (2).

uðtÞ ¼
�
1; jtj < 1∕2
0; otherwise

: (2)

In the reverse system, the order of elements and the sign of
component parameters such as fiber loss parameter (α), fiber

Real

Imag

Fig. 1 Constellation diagram of the 32 level (4 amplitude levels × 8
phase levels) ADPSK modulation format used in this work.

TX
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OA DCU2

x no. of spans

RXOFDCU1

Fig. 2 Schematic diagram of the transmission system. TX: transmit-
ter, RX: receiver, TF: transmission fiber, OA: optical amplifier, OF:
optical filter, DCU1: in-line dispersion compensation unit, DCU2:
dispersion compensation unit at the receiver site.
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nonlinearity parameter (n2), fiber dispersion parameters (D
and dD∕dλ) and the gain of optical amplifiers (in dB)
were reversed. The only exception to this was in-line optical
filters, in that identical filters were used for both forward
transmissions and back propagations. However, since the
bandwidth of the optical filters used in this work was
much broader than that of the signal, it had negligible effect.
It should be noted that noiseless optical amplifiers were used
in the back-propagation.

In a real transmission system, an arbitrary waveform gen-
erator (AWG) would receive the output of the precompensa-
tor in a (multi-bit) digital format and convert it into analog
electrical waveforms, which drive an ADPSK modulator.
The ADPSK modulator could be a dual drive MZI modulator
biased at a null point for a linear transfer function. In this
work, however, since numerical simulations were used for
both forward transmission and back-propagation, no distinc-
tion was made between the outputs of precompensator,
AWG, and ADPSK modulator, assuming that the nonlinear
(sinusoidal) response of the MZI modulator could be com-
pensated for digitally. The precompensated optical signals
from multiple WDM channels were combined by a WDM
multiplexer (MUX) and launched into the transmission
link. The bandwidth of WDM MUX was optimized for
each channel-spacing between 50 GHz to 70 GHz.

Figure 3(b) shows the configuration of the receiver. A
WDM demultiplexer (DEMUX), which had the bandwidth
of 30 GHz, selected the signal from the desired channel.
The selected signal was then split into three parts and fed
into an ASK receiver and two DPSK receivers. The ASK
receiver consisted of a photo-diode, an electrical low-pass
filter (LPF) of 24-GHz bandwidth and an analog-to-digital
converter (ADC). The DPSK receivers have one-bit delayed
MZIs, of which the relative phase between arms is þπ∕4 or
−π∕4. The output of an MZI was input to a pair of balanced
photo-diodes, low-pass filtered and then digitized by an

ADC. By combining the outputs of two ADCs of DPSK
receivers using a simple logic circuit, the phase part of
the transmitted information was recovered. In this work,
the electrical noise generated by receivers was not consid-
ered, assuming that the optical amplifier noise dominated.

To simulate the signal propagation through fiber, we
used a nonlinear Schrödinger equation solver based on the
split-step Fourier method.16 In the simulations, we used
221 points to represent 215 symbols. Therefore a symbol was
represented by 26 points in the time domain. In the frequency
domain, the free spectral range was 24 GHz × 26 ¼
1536 GHz. We used the same solver for forward and back-
ward transmission simulations. In this work, BER was used
as the measure of system performance. It was calculated by
counting the number of errors after transmissions of 215

symbols. With this number of symbols, a BER of 3 × 10−3

corresponds to 490 errors, which is large enough for statis-
tical confidence. Note that with the FEC overhead of 20%,
a raw BER of 3 × 10−3 can be converted to a BER of less
than 1 × 10−15 after error correction.18 Also note that we
are assuming the use of a Gray coding so that a single symbol
error leads to a single bit error most of the time.

3 Transmission Performance

3.1 Single-Channel Transmissions

As the first step, we performed simulations of single-channel
transmissions with and without precompensation (i.e., back-
propagation). Figure 4 shows the maximum transmission
distance, which was defined as the distance by which
BER grows to 3 × 10−3, as a function of optical input
power (Pin) into each span for each dispersion map.
When the precompensation is not used (hollow symbols),
the longest transmission distance was only 740 km and it
was achieved with 100% in-line dispersion compensation
at Pin ¼ 1 dBm. When the nonlinear impairments were
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Fig. 4 BER performance of single-channel transmissions vs. input
power to each span. with precompensation (solid symbols) and with-
out precompensation (hollow symbols). Each type of symbol repre-
sents a different ratio of dispersion compensation by in-line DCU in
each span. “100%” means complete in-line dispersion compensation,
while “0%” means entire dispersion compensation at the end of the
transmission link.
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precompensated for by back-propagation (solid symbols),
the transmission performance was greatly improved. The
maximum transmission distance was extended to over
2500 km when 0% in-line dispersion compensation (i.e.,
100% postcompensation) was used. The improvement was
smaller when other dispersion maps were used. However,
in all cases, the maximum distance exceeded 1700 km.
Figure 4 also shows the OSNR-limited transmission
distance, which was obtained by repeating the simulations
without fiber nonlinearities (n2 ¼ 0). We can observe that
when the precompensation is not used, the transmission
distance begins to depart from the OSNR limit at Pin ¼
−1 dBm. However, when the precompensation is used,
the transmission distance remains close to the OSNR-limit
even at Pin ¼ 2 dBm due to the improved resilience against
the nonlinear impairments.

3.2 WDM Transmissions

Next, we investigated the performance of the digital back-
propagation in 5-channel WDM transmissions. Figure 5(a)
shows the performance of the WDM transmission with pre-
compensation. The channel spacing was 100 GHz. In this

work, all WDM channels were co-polarized and no polar-
ization related effects were considered. Figure 5(a) also
shows the single-channel results already shown in Fig. 4.
Figure 5(b) plots the maximum transmission distances of
single-channel and WDM transmissions as functions of
in-line dispersion compensation ratio. We observe that the
performance improvement from the precompensation is
reduced when applied to WDM transmissions. This is
because our digital back-propagation does not compensate
for the inter-channel nonlinear processes.19 Nevertheless,
when the link with 95% or 98% in-line dispersion compen-
sation (i.e., 5% or 2% under-compensated spans) was used,
transmission distances around 1600 km were obtained. That
is very close to the maximum distance obtained in the single
channel transmission from the same link, and more than one
half of the best single-channel transmission distance
obtained with 0% in-line dispersion compensation. In con-
trast, when the link with 0% in-line dispersion compensation
is used in a WDM system, a transmission distance of less
than 900 km was obtained, which was only one third of
the single channel transmission distance obtained from
that link.

Figure 6 compares the transmission distances obtained
from different WDM channel spacings (Δf ch). For Fig. 6,
the link with 95% in-line dispersion compensation was
used. At Δf ch ¼ 50 GHz, there is linear overlap between
the spectra of neighboring channels, which causes a severe
performance degradation. If we exclude this, we can observe
that the maximum transmission distance decreases very
slowly as the channel spacing is reduced. Even at Δf ch ¼
60 GHz, a transmission distance of 1400 km was obtained.
It is noted that the optimal input power decreased slightly
from 5 to 4 dBm because the strength of the inter-channel
nonlinearities grows as the channel spacing is reduced.

Up to this point, all WDM signals were constructed with
an identical set of relative phases between WDM channels to
maintain a consistency in the performance comparison.
However, there can be some concerns regarding this. It
can be suspected that different sets of relative phases
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between channels might produce wildly different results.
Then, our results from a single phase set might not be repre-
sentative. To demonstrate that our results were indeed valid,
we repeated our simulations with WDM signals constructed
with different sets of relative phases between the channels.
The results of the Monte-Carlo simulations with 32 iterations
are shown in Fig. 7. The channel spacing, optical input
power per channel, and the transmission distance were
60 GHz, 4 dBm and 1360 km, respectively. We observe
that the BER varies by less than 20% between the maximum
and the minimum. Thus, we can conclude with confidence
that our results obtained with a single set of relative phase
can properly represent the WDM system performance.

4 Sensitivity to the Link Parameter Variation
In a system deployed in the field, the values of parameters
such as input power and fiber dispersion might be different
from their nominal values. There might be inaccuracy
involved with the installation or fluctuations due to tempera-
ture variations. Therefore, the sensitivity of the precompen-
sation to the link parameter variation has to be addressed.
First, transmission simulations were performed varying the
input power to each span from the nominal value randomly
according to Gaussian distribution. The simulations were
performed using three precompensated signals, each of
which were optimized for 1200 km, 1280 km or 1360 km
of transmission distances, respectively. They all had WDM
channel spacing of 60 GHz, and nominal input power of
4 dBm. Figure 8 shows the BER as a function of the standard
deviation of the input power variation. We observe that the
BER after 1360-km transmission rises from 2.6 × 10−3 to
3.0 × 10−3 when the variation of the input power grows to
0.12 dB. The BER after 1280-km or 1200-km transmission
becomes larger than 3.0 × 10−3 when the variation exceeds
0.35 dB or 0.65 dB, respectively. Since the input power to
spans can be controlled by optical amplifiers rather tightly,
the input power variation is not expected to be a big issue in
the implementation of digital back-propagation.

Next, we examined the BER degradation due to random
variation of the chromatic dispersion of the transmission

fiber. In this work, we assigned a random dispersion to
each amplifier span and assumed that the dispersion was
constant over the length of a span. Any residual accumulated
dispersion of the entire transmission link was compensated
for by the DCU at the receiver (DCU2) so that we did not
simply measure the tolerance of the ADPSK modulation for-
mat against the linear impairment from the chromatic disper-
sion. Figure 9 shows the simulation results. The limits of the
random deviation of fiber dispersion for BER < 3 × 10−3

are is 0.1 ps∕ðnm · kmÞ, 0.23 ps∕ðnm · kmÞ, or 0.41 ps∕
ðnm · kmÞ for 1360-km, 1280-km or 1200-km transmission,
respectively. The chromatic dispersion of a fiber changes
mainly due to temperature change and the temperature coef-
ficient (TC) of the chromatic dispersion of most single mode
fibers is smaller than 0.004 ps∕ðnm · kmÞ∕°C:20 Therefore,
even when the random temperature variation across the trans-
mission link is as large as 100 °C, the dispersion variation
will not exceed 0.4 ps∕ðnm · kmÞ. Therefore, we expect
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Fig. 7 The variation of BER when the relative phase and delay
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1360 km, P in 4 dBm, channel spacing 60 GHz).
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that the random variation of fiber dispersion will not degrade
the transmission performance significantly.

In the simulations of Fig. 10, the fiber dispersion fluctu-
ated around the nominal value of 17 ps∕ðnm · kmÞ so that
the average remained unchanged. However, it is also possible
that the average dispersion of the entire transmission fiber
drifts from its nominal value. Figure 9 shows the simulation
results for this case. Again, any residual dispersion was com-
pletely compensated for at the end of the link. We observe
that the limit of the dispersion drift for BER BER < 3 × 10−3

is 0.025 ps∕ðnm · kmÞ, 0.05 ps∕ðnm · kmÞ and 0.075 ps∕
ðnm · kmÞ for 1360 km, 1280 km or 1200 km of transmis-
sion length, respectively. For TC ¼ 0.004 ps∕ðnm · kmÞ∕°C,
ΔD ¼ 0.075 ps∕ðnm · kmÞ is translated into ΔT ¼ 19°C.
This kind of temperature variation around a year is quite
common. Therefore, if a fiber with such a large temperature
coefficient is to be used, some measure, such as separate
back-propagation for each temperature range, should be
adopted. However, since this average temperature variation
is a very slow process, and the relation between the tempera-
ture and the fiber dispersion is relatively well known, it is not
expected to be a major problem.

Next, we examined the effect of random deviation of span
length from the nominal value of 80 km. Figure 11 shows the
BER as functions of the span length variation. The output
power of the optical amplifiers was kept constant at 4 dBm
despite the span loss variation associated with the length var-
iation assuming that the optical amplifiers operated in fully
saturated regime. The tolerable length variation was about
2 km for 1200-km transmissions. For 1360-km transmis-
sions, it is reduced to 0.5 km, which is still an obtainable
value.

When the length of a span is changed, it changes the span
dispersion and span loss. However, if the span input power is
kept constant by optical amplifiers in the saturated regime,
then we can suppose that the main effect of the span length
fluctuation is the fluctuation of the accumulated dispersion of
fiber spans. To verify this, we compared the BER degrada-
tion from the span length fluctuation to that from fiber dis-
persion fluctuation for 1280-km transmissions. The empty

triangles in Fig. 11 represent the degradation from dispersion
variation, which were already presented in Fig. 10. Here,
however, we used an effective length variation defined by
Eq. (3):

ΔLeff ¼ ðΔD∕DTFÞLspan (3)

as the x-axis for the degradation from dispersion variation,
where DTF, and Lspan are the chromatic dispersion of
transmission fiber and the span length, respectively. This
effective length represents the extra transmission fiber length
to produce the same accumulated span dispersion fluctuation
as the one produced by dispersion fluctuation. We can
observe that the two curves for 1280-km transmissions are
almost identical. This suggests that the variation of the
fiber dispersion in a length scale smaller than the span length
does not affect the performance significantly as long as the
accumulated span dispersion remains the same, at least in the
operating regime tested in this work.

5 Conclusions
In this paper, we studied the application of digital back-pro-
pagation technique to the transmission of ADPSK signal using
direct detection. The performance of the ADPSK transmission
was greatly improved by using digital back-propagation. It is
very important that WDM as well as single-channel perfor-
mance was improved by employing the digital back-
propagation. In the absence of precompensation, the WDM
transmission distance was limited to below 800 km even
at channel spacing of 100 GHz. However, with the digital
precompensation, the transmission distance was extended to
1700 km at 100-GHz spacing, and to 1400 km even at
60-GHz spacing. The performance of digital precompensation
in WDM transmission strongly depends on the dispersion
map of the transmission link. The optimum performance
was obtained when about 5% of the span dispersion was
under-compensated for by in-line dispersion compensators

0.0 0.2 0.4 0.6 0.8
0

4

8

12

16

 L=1360km
 L=1280km
 L=1200km

B
E

R
 (

x1
0-3

)

Dispersion Variation (ps/(nmxkm))

Fig. 10 BER degradation due to random variations of the fiber
dispersion.

0 1 2 3 4
0

5

10

15

20

B
E

R
 (

x1
0-3

)

dL (km)

Span Length Variation
 L=1360km   
 L=1280km    
 L=1200km

Disp. Variation
 L=1280km

Fig. 11 Comparison of the BER degradations from span length
variation (black, red, and blue symbols) and fiber dispersion variation
(green inverted triangles). Input power to each span was kept
constant at 4 dBm in both cases. For the dispersion variation
case, the effective length variation defined in Eq. (3) is used as
the x -axis.

Park: Numerical study on wavelength-division multiplexing transmission of direct-detected amplitude : : :

Optical Engineering 025003-6 February 2012/Vol. 51(2)

Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 3/27/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



and later compensated for at the end of the entire transmission
link. To apply the precompensation technique in the field, it is
important to verify that the performance is not too sensitive to
the variations of the link parameters such as fiber dispersion
and loss. We studied the sensitivity of the performance of
the precompensation to the fluctuation of the link parameters
and found that the precompensation was robust enough to
provide the desired performance improvement in the field
environment.
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