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a b s t r a c t

In this paper, we present Wiener model (W-model), Hammerstein model (H-model), and parallel Hammerstein
model (PH-model) based equalization schemes, which are the reduction of general Volterra series model, for the
nonlinear distortions compensation in short reach optical transmission. The principle of each model is presented
and the performance of these Volterra-class models based NLEs are investigated through pulse amplitude
modulation (PAM) and carriless amplitude and phase modulation (CAP) simulation system. A 28 Gb/s CAP16
experiment system over 15 km fiber link is also demonstrated using the proposed NLEs. Finally, a comparison of
performance and complexity using different NLEs is conducted.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The fast growth of demands for data center and optical intercon-
nect has driven the development of cost-effective short reach optical
transmissions. With higher data rate and modulation order, linear and
nonlinear distortions become serious in low-cost direct detection system
using direct modulated laser (DML) or external modulated laser (EML).
Linear distortions have been widely investigated and compensated
through many advanced digital signal processing algorithms [1–6].
However, nonlinear distortions are hard to model and solve, because
the nonlinear sources behave quit differently, such as modulation chirp
in DML, saturated power amplification and square law detection for
the signal with chromatic dispersion (CD). Volterra series model with
polynomial kernels [7–10] and maximum likelihood sequence estima-
tion (MLSE) [11,12] offer two different ways to improve the system’s
performance further. In this paper, we focus on the nonlinear model
that is the reduction of a general Volterra series model to describe the
nonlinear response of short reach optical communications. The general
model using Volterra series consists of a large number of nonlinear
coefficients, especially when the memory length and nonlinear orders
increase. Investigation of simple model is necessary and a simplified
Volterra series model, also called parallel Hammerstein model (PH-
model), is proposed in our previous work [13]. We will present some
other Volterra-class nonlinear models and perform comparison analysis
through pulse amplitude modulation (PAM) and carriless amplitude and
phase modulation (CAP) simulation system. Then a 28 Gb/s CAP16
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experiment system over 15 km fiber link is demonstrated and nonlinear
equalization (NLE) using different models are investigated. Finally,
comparison of performance and complexity using different NLEs is
conducted.

2. Operating principle

After the fiber link, the detected signal after square-law detection can
be expanded into Taylor series on the square-root terms as follows [14].
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Here, 𝑠(𝑡) is the transmitted optical signal, 𝐴 is the DC bias. Note
that 𝑠 (𝑡) = 𝑠∗ (𝑡) in above equation, Since 𝑠(𝑡) is of real value. The
equivalent transfer function in the frequency domain is 𝐻𝑒𝑞−𝑓𝑖𝑏𝑒𝑟 (𝑓 ) =
cos

(

𝜋𝐷𝜆2𝐿𝑓 2∕𝑐
)

. 𝐷 is the chromatic dispersion, 𝜆 is the wavelength of
optical carrier, 𝑓 is the frequency offset from the optical carrier, 𝐿 is the
fiber length and 𝑐 is the speed of light in vacuum.

It can be observed that Eq. (1) is consisted of the DC bias, linear term
and nonlinear term after square law detection. In addition, the second
order nonlinear terms are much larger than other nonlinear terms,
because the DC bias 𝐴 is usually large when amplitude modulation is
employed.
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Fig. 1. Schematic diagram for nonlinear models, (a) Wiener model, (b) Hammerstein
model, (c) parallel Hammerstein model.

Beside the direct detection, Modulation nonlinearity in external
modulator, saturated power amplification and modulation chirp in di-
rect modulated laser (DML) also contribute to the nonlinear distortions
in direct-detection short reach optical transmissions. The characteristics
of these nonlinear sources behave differently and a behavioral model is
necessary to describe a system’s response including linear and nonlinear
response. Volterra series have been chosen to describe direct detection
system’s nonlinear response. It is expressed as below.
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It is observed that the output of system’s response 𝑦(𝑖) is the sum of
multiple polynomials. The terms on the right side of Eq. (2) represent
the first order, the second order and higher order respectively. 𝐻𝑘, ℎ𝑘𝑙
and ℎ𝑘𝑙𝑚 are the coefficients for each polynomial term with different
orders. 𝑁 is the memory length.

With the increasing number of nonlinear order and memory length,
the number of parameters in Volterra series based model becomes large
and are hard to obtain with training sequences or blind equalization
algorithms. In this regard, reductions of Volterra series can be used [15],
as shown in Fig. 1.

Wiener model (W-model), Hammerstein model (H-model), and par-
allel Hammerstein model (PH-model) is expressed in Eq. (3), Eq. (4) and
Eq. (5) respectively.
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For each nonlinear model, 𝑁 is the memory length and 𝑁𝐿 is the
nonlinear order. 𝐻 ∗ and 𝑃 ∙ represent linear and nonlinear response of
the target system respectively. The number of coefficient that needs to
be identified for W-model, H-model and PH-model is 𝑁 +𝑁𝐿, 𝑁 +𝑁𝐿
and 𝑁 ∙ 𝑁𝐿. So the NLE using PH-model has much more coefficients
with increasing of memory length and nonlinear order, which will
significantly enhance the computational complexity.

3. Simulations

To investigate the nonlinear equalization schemes, simulations of
short reach optical communication system using carriless amplitude and
phase (CAP) modulation and pulse amplitude modulation (PAM) are
performed. The main parameters are shown in Table 1. A blind modified
cascaded multi-modulus algorithm (MCMMA) is employed to identify
the coefficients of the nonlinear equalizer in CAP system [13], while
least mean square (LMS) algorithm with training symbols is used for
PAM system [7]. To achieve the best performance, long memory length
and convergence time are set in each NLE using different models in Part
2. The bit error counting is performed over 2 × 105 bits.

Fig. 2 shows the comparison analysis of different NLEs in PAM
system. Fig. 2(a) is the BER performance over different fiber length.
With the help of NLE, the nonlinear distortions induced by chromatic
dispersion (CD) and direct detection can be mitigated. PH-model and
H-model based NLE perform better, but W-model one just has slightly
improvement when CD is below 310 ps/nm. Fig. 2(b) is the probability
distribution for each NLE scheme at CD of 308 ps/nm. The ideal PAM
levels are (−3, −1, 1, 3) and the signal after NLE is normalized. It is
clearly found that the NLE with the better BER performance has higher
probability around the ideal levels and the lower around the level (−2,
0, 2).

The different NLEs are also investigated in CAP system, as shown
in Fig. 3. PH-model and H-model based NLEs show better BER perfor-
mance, while W-model based NLE just slightly outperforms the scheme
without NLE. The Insets A–D in Fig. 3 denotes the constellations after
NLEs at CD of 320 ps/nm. Compared to the scheme without NLE, each
nonlinear model can obviously change the profile of constellation to a
square.

The Saleh model is adopted to simulate the nonlinear amplitude
distortion caused by saturated power amplifier, which is expressed

Fig. 2. (a) Investigation on performance of different nonlinear model based equalizations with different chromatic dispersion in PAM modulation system, (b) probability distribution for
each scheme when CD is 308 ps/nm, Inset A and B are the details after zooming in.
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