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An adaptive digital backward propagation (ADBP) algorithm is proposed and experimentally demonstrated
based on the variance of the intensity noise. The proposed algorithm can self-determine the unknown nonlinear
coefficient γ and the nonlinear compensation parameter ξ. Compared to the scheme based on the variance of
phase noise, the proposed algorithm can avoid the repeated frequency offset compensation and carrier phase
recovery. The simulation results show that the system’s performance compensated by the proposed method
is comparable to conventional ADBP schemes. The performance of the proposed algorithm is simulated in
40/112 Gb/s polarization-division multiplexing (PDM)-quadrature phase-shift keying (QPSK) and 224 Gb/s
PDM-16-quadrature amplitude modulation (QAM) systems and further experimentally verified in a 40 Gb/s
PDM-QPSK coherent optical communication system over a 720 km single-mode fiber.
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In recent years, both the system capacity and the spectral
efficiency have been significantly improved to meet the de-
mands of the ever-growing data traffic[1–3]. Optical trans-
mission schemes based on coherent detection and digital
signal processing (DSP) for polarization-division multi-
plexing (PDM) combined with advanced modulation
formats are being considered or deployed for the next
generation optical networks[2]. In principle, enhanced
DSP technology can perfectly compensate for all linear
impairments, such as chromatic dispersion (CD) and
polarization-mode dispersion (PMD)[4–7]. However, Kerr
nonlinear effects, including self-phase modulation (SPM),
cross-phase modulation (XPM), and four-wave mixing
(FWM), in optical fibers are viewed as the main obstacles
in the overall transmission capacity and performance.
So far, various nonlinear compensation methods have

been proposed, including phase-conjugated twin waves[8],
mid-link optical phase conjugation[9], a Volterra-series
nonlinear equalizer[10], digital backward propagation
(DBP)[11–21], and so on. Among them, DBP has attracted
significant attention since in principle, it can compensate
for any deterministic propagation impairment. DBP is
typically implemented by solving an inverse nonlinear
Schrödinger equation[22] with full knowledge of the link
parameters. However, the link information might not be
accurately gained in reconfigurable and time-varying sys-
tems. For these scenarios, semi-blind DBP or adaptive
DBP (ADBP)[19] may be desirable, preferably with a re-
duced computation complexity to meet the requirements
of real-time processing. An efficient ADBP algorithm[19],
which only self-determines the unknown fiber nonlinear

coefficient γ, was demonstrated based on phase-noise
variance.

In this Letter, we propose a new ADBP algorithm,
which uses the variance of the intensity noise to estimate
the optimized product γ � ξ. The proposed algorithm can
obtain the optimal value of γ � ξ even in the case of an in-
correct nonlinear coefficient and inaccurate fiber output
power. The proposed algorithm will be a new alternative
solution for estimating nonlinear coefficient γ and nonlin-
ear compensation parameter ξ. The performance of
the proposed algorithm is verified by both simulations
(i.e., 40/112 Gb/s PDM-quadrature phase-shift keying
(QPSK) and 224 Gb/s PDM-16-quadrature amplitude
modulation (QAM) transmission over different lengths
of single-mode fibers (SMFs)) and experiments (i.e.,
40 Gb/s PDM-QPSK over a 720 km SMF).

Figure 1(a) shows the block diagram of the proposed
ADBP. The received signal is first converted from analog
to digital by the analog-to-digital converter. The digital
signal passes through the ADBP compensator to compen-
sate for CD and nonlinear effects. Afterwards, the demul-
tiplexing of the PDM signal (PDM_DEMUX) uses the
constant-modulus algorithm to accomplish polarization
demultiplexing and PMD compensation. After the
PDM_DEMUX module, the intensity noise variance
function CF[23] is defined as σ2½δI ðnTÞ�, where the inten-
sity fluctuation can be expressed as

δI ðnTÞ ¼ jEdðnTÞj2 − jEdðnTÞj2; (1)

where EdðnTÞ is the output signal of the PDM_DEMUX
that performs the polarization demultiplexing. T is the
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symbol interval, and n is the number of samples.
jEdðnTÞj2 is the mean value of the power signal. When
the signal passes through a multi-span transmission sys-
tem, the intensity noise is converted to the phase noise
by SPM effect[23]. At the receiver, the intensity noise cor-
relates partially with the phase noise, and the variance of
phase noise is proportional to that of the intensity noise.
Therefore, compared to the scheme based on the variance
of the phase noise, the intensity noise variance is also an
effective indicator of signal quality. For example, the
signal quality becomes worse when the intensity noise
variance becomes larger. Meanwhile, the proposed method
can avoid frequency offset compensation and carrier phase
recovery (CPR).
Afterwards, the proposed algorithm makes a judgment

on whether CF is minimized. If the minimum is not found,
the proposed algorithm uses the update rule of the steepest
descent algorithm to search for the optimized product
γξ ¼ γ � ξ, which is expressed as

γξði þ 1Þ ¼ γξðiÞ þ μadap∂CFðiÞ; (2)

where γξðiÞ and ∂CFðiÞ represent the optimized product
γξ and the gradient of CF at the iteration i, respectively.
The parameters γ and ξ are the nonlinear coefficient
and nonlinear compensation parameter. The convergence

speed factor μadap used in the proposed algorithm is 0.01.
The formula ∂CFðiÞ is defined as ∂CFðiÞ ¼ ½CFðiÞ−
CFði − 1Þ�∕½γξðiÞ− γξði − 1Þ�. When the sign of ∂CFðiÞ
is observed with a positive and negative change, the mini-
mized CF is obtained. Therefore, the algorithm will stop,
and then the optimal product of γ � ξ can be obtained. The
nonlinear compensator in the proposed algorithm can be
defined as H ¼ expð−jξγPLeffÞ, as shown in Fig. 1(b),
where P is the signal power after CD compensation. In this
case, the signal can be out of the loop and enter frequency
offset compensation and CPR, as shown in Fig. 1(a). The
number of iterations is mostly less than 5 in our experi-
ments, and is generally determined by the level of inaccur-
acy of the nonlinear coefficient. Meanwhile, the CPR
module uses the Viterbi–Viterbi phase estimator to com-
pensate for the laser phase noise. Finally, the data decision
module is applied to evaluate the system’s performance by
counting the bit errors.

To compare the performance between experiments and
simulations, we firstly simulate the 40 Gb/s PDM-QPSK
coherent optical communication system over a 720 km
SMF transmission, as shown in Fig. 2. At the transmitter,
the light from the external cavity laser oscillating
with ∼100 kHz linewidth at ∼1550.0 nm is modulated
by an in-phase/quadrature (IQ) modulator with a
10 Gb∕s 231 − 1 pseudo-random bit sequence (PRBS)
to generate a 20 Gb/s QPSK signal. The encoded signals
are polarization multiplexed to generate 40 Gb/s PDM-
QPSK signals by employing an interleave scheme that
is composed of a coupler, two polarization controllers
(PCs), a variable optical attenuator (VOA), a 1 km
SMF, and a polarization beam combiner (PBC). Here,
the two PCs, 1 km SMF, and the VOA are used to
generate two data streams with orthogonal states of
polarization, decorrelate two data streams, and balance
the optical power between two arms, respectively. The
transmission optical link is comprised of 9 × 80 km spans
of SMFs (720 km), whose dispersion parameter, attenua-
tion, and nonlinearity factor are D ¼ 16.5 ps∕nm∕km,
α ¼ 0.2 dB∕km, γ ¼ 1.27 km−1 •W−1, respectively. It is
noted that the dispersion D is known in all simulations
and experiments. The fiber loss of each span is completely
compensated per span using an erbium-doped fiber

(a)

(b)

Fig. 1. (a) Block diagram and (b) principle of proposed ADBP
algorithm. ADC: analog-to-digital conversion; FOC: frequency-
offset compensation.

Fig. 2. Flowchart of the proposed ADBP.
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amplifier with a noise figure of 5 dB. At the coherent
homodyne receiver side, the received signal and the local
oscillator are combined using the optical 90° hybrid. The
electrical signals passing through a pair of balanced photo-
diodes are processed using a MATLAB code in the offline
DSP module.
Figure 3(a) depicts the normalized intensity noise vari-

ance for the 40 Gb/s PDM-QPSK system with different
products γ � ξ under the different fiber output powers p.
In traditional DBP algorithms, accurate fiber output
power is an important parameter to achieve a high com-
pensation performance. But in practical systems, such a
value would vary with time or usually changes in different
applications. As shown in Fig. 3(a), different fiber output
powers p correspond to different minimum intensity noise
variances when the launch power is 5 dBm. Therefore, the
proposed algorithm utilizes the intensity noise to search
for the optimal products γ � ξ. The corresponding constel-
lation diagrams with different intensity noise variances
under different products γ � ξ are shown in Fig. 3(a).
Figure 3(b) shows the simulated bit error rate (BER) per-
formance by employing different compensation schemes
for the 40 Gb/s PDM-QPSK system. The system
performance with an inaccurate product (i.e., γ � ξ ¼ 2.1)
would degrade significantly. Compared to linear equalizer
(LE) compensation (i.e., only CD compensation), the

power penalty improvement of up to ∼2 dBm is achieved
when the BER is 10−3. The normalized intensity noise
variance is defined as nCFðiÞ ¼ CFðiÞ∕maxðCFÞ.

To further investigate the performance of the proposed
algorithm, we simulate the transmission of the 112 Gb/s
PDM-QPSK and 224 Gb/s PDM-16-QAM signals.
Figure 4(a) shows the simulated BER performance by em-
ploying different compensation schemes, including an LE,
conventional DBP, and the proposed ADBP for the
112 Gb/s PDM-QPSK system. Here, the transmission dis-
tance and nonlinear compensation parameter ξ are 40 ×
100 km and 0.9, respectively. For the conventional DBP
algorithm, the compensation performance of the system
would degrade significantly when the product γ � ξ is in-
accurate (i.e., the upper triangle in black). Compare to the
LE compensation, the proposed algorithm can improve
the nonlinear compensation performance. Figure 4(b)
shows the normalized intensity noise variance for the
224 Gb/s PDM-16-QAM with different products of γ � ξ
when the launch power is 5 dBm. As indicated in Fig. 4(b),
the proposed ADBP algorithm based on the intensity
noise variance can also be applied to higher-order
modulation formats (i.e., 16-QAM). A previous ADBP
algorithm[19] effectively demonstrated the performance im-
provement in a multi-channel (i.e., 10-channel), 224 Gb/s
symbol rate, PDM-16-QAM data transmission over a
8 × 82 km link. Compared to the previous method
with N -time frequency-offset compensation (FOC) and
CPR process and self-determining unknown nonlinear

Fig. 3. Simulated performance: (a) normalized intensity noise
variance with different products of γ � ξ under the different fiber
output powers p for the 40 Gb/s PDM-QPSK; (b) BER versus
launching power over 720 km SMF link with LE compensation,
conventional DBP, and proposed ADBP.
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Fig. 4. Simulated performance: (a) BER versus launching power
over 40 × 100 km SMF link for LE, standard DBP, and proposed
ADBP for the 112 Gb/s PDM-QPSK. (b) Normalized
intensity noise variance with different products of γ � ξ and
corresponding constellation diagrams (20 × 100 km SMF link)
for the 224 Gb/s PDM-16-QAM.
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coefficient γ, the proposed algorithm performs only one
FOC and CPR process, and self-determines the unknown
nonlinear coefficient γ and nonlinear compensation
parameter ξ. Therefore, the proposed algorithm can
decrease the calculation complexity with the same perfor-
mance. Note that we only consider the single-channel case
with SPM effects. It is desirable to investigate the perfor-
mance of multi-channel case with SPM, XPM, and FWM
effects in the near future.
In order to further verify the proposed ADBP

algorithm, we experimentally investigate the system per-
formance of 40 Gb/s PDM-QPSK signals. The experimen-
tal setup is same as the simulation (Fig. 2) and has similar
system parameters (i.e., 720 km SMF fiber length,
D¼16.5 ps∕nm∕km, α¼0.2dB∕km, γ¼1.27km−1•W−1).
Figure 5 shows the experimental results of employing an
LE and the proposed ADBP. The proposed algorithm can
provide an adaptive compensation performance, even if
the initial value of γ � ξ is 2.7. Compared to the LE’s
compensation (i.e., only CD compensation), the proposed
method can improve the power penalty up to ∼2 dBm
when the BER is 10−3.5. Since the simulation is more ideal
than the experimental case, there is a ∼2 dBm launching
power (at the BER value of 10−4) difference between the
simulation (Fig. 3b) and the experiment (Fig. 5).
In conclusion, we propose an efficient ADBP algorithm

based on the variance of the intensity noise to estimate the
optimum product of γ � ξ. Even under the assumption of
incorrect nonlinear values and unknown received optical
power, the proposed algorithm can effectively obtain the
optimal product of γ � ξ. Whether accurate or not, our pro-
posed method can self-adjust to optimize the system per-
formance by deriving the correct product of γ � ξ. The
effectiveness of the proposed algorithm is validated with

different modulation formats (i.e., QPSK and 16-QAM)
and different distances (i.e., 720, 2000, and 4000 km).
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Fig. 5. Experimental results of BER versus launching power
over 720 km SMF for LE and new ADBP.
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