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Nonlinear Electrical Dispersion Compensation
in Optical Communication System

Gilad Katz1 and Dan Sadot2 , Non-members

ABSTRACT

We introduce the Radial Basis Function (RBF)
network for electronic dispersion compensation in op-
tical communication systems with on-off-keying and
a direct detection receiver. The RBF method in-
troduces a non-linear equalization technique suitable
for optical communication system. A bit error rate
performance comparison shows that the RBF equal-
izer out performs the conventional linear feed-forward
equalizer. Finally, the feasibility of the RBF method
is validated by experimental results.
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1. INTRODUCTION

Compensation methods for inter-symbol interfer-
ence (ISI) caused by chromatic dispersion (CD) and
polarization-mode dispersion (PMD) together with
optical amplification have significantly improved per-
formance of high capacity transmission systems. The
demand for reducing cost per gigabytes is one of the
main reasons for using electronic equalizers [1, 2],
which are very cost effective.

It is well known that the application of linear filters
in optical communication system for channel equal-
ization is sub optimum, especially due to the square-
law operation of the photodiode in direct detection
systems. Substantial performance improvements may
be achieved by using nonlinear methods.

Here we introduce a nonlinear filter based on the
Radial Basis Function (RBF) network technique and
compare the performance of such a filter to conven-
tional ones. The RBF network is structurally equiv-
alent to an optimal Bayesian equalizer [3], [4] and
this intimate connection can be exploited to develop
fast training algorithms for implementing a Bayesian
equalizer.

2. MATHEMATICAL CHANNEL MODEL

The link distance is assumed to be up to a couple of
hundreds of km where ISI dominates, but the signal
is still recoverable. The output of the single mode
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fiber u(t) is obtained by convolving the data stream
In with the convolution of the laser shape with the
linear channel impulse response. In direct detection
systems the photodiode forms a square-law operation
and the received electrical signal is given by:

y(t) = |u(t) + ns(t)|2 + e(t) (1)

where e(t) is the receiver additive white noise which
is assumed to be a zero-mean, Gaussian with vari-
ance σ2

e and ns(t) represents the additive spontaneous
emission noise. An equalizer follows the photodiode
in order to mitigate the corrupted signal. The equal-
izer output is followed by a decision circuit with out-
put of values 1 or 0 which classifies the equalizer sig-
nal sampled output. The channel state cj is defined
by using the noise free version of y(t).

3. THE RBF EQUALIZER

An RBF with m inputs r = [y(i − 1) . . . y(i −
m)]T and a scalar output implements a mapping ac-
cording to [3]:

ŷ(i) = f(r(i)) = w0 +
K−1∑

j=1

φj(r(i)) · wj , (2)

where w = [w0w1 . . . wK−1] the filter’s weights and
φj(.), 1 ≤ j ≤ K − 1, are the hidden nodes which
introduce the nonlinear transformation. These non-
linear expansions are known by the neural networks
community as the hidden layer. The outputs of the
hidden nodes are given by :

φj(r(i)) = φ(‖(r(i)− sj‖/αj), 1 ≤ j ≤ K − 1 (3)

Where sj ← R′′′are called the RBF centers, αj are
positive scalars known as width, and ‖.‖ denotes Eu-
clidean norm. For general applications, the nonlin-
earity can be chosen from a wide class of nonlinear
functions.
1. The Bayesian decision equalizer

The equalization process can be viewed as a clas-
sification problem in which the equalizer’s task is to
partition the input space r(k) ← R′′′into two distinct
regions, given that the transmitted symbols are bi-
nary. The boundary points that separate these two
regions are referred to as the decision boundary. The
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partitioning which results in the minimal probabil-
ity of misclassification is known as the Bayesian so-
lution. As explained above, in order to minimize
the probability of misclassification, given that the re-
ceived vector is r(k), the estimated symbol should
be chosen by determining which transmitted signal
I has the maximum a posteriori probability (APP)
p(I(k − d) = s|r(k)) . This leads to the following
decision rule:

Ĩ(k − d) = sgn(fb(r(k))) =
{

1, fb(r(k)) ≥ 0
0, fb(r(k)) < 0 ,

(4)
where d is the channel delay and fb(r(k))compares
the APP of the binary transmitted symbols.

Assuming that the conditional PDF is Gaussian
the Bayesian decision function becomes [4]:

fb(r(k))=
1

Ns

∑

cjεc+
c

(2πσ2
e)
−m/2exp

(−‖r(k)− cj‖2/2σ2
e

)

− 1
N s

∑

cjεc−d

(2πσ2
e)
−m/2exp

(−‖r(k)− cj‖2/2σ2
e

)
(5)

where cj = [cj(k) . . . cj(k −m + 1)], 1 ≤ j ≤ Ns

are the vector channel states, and each element cj is
the noise free version of y(t), i.e. cj(k) = |u(kT )|2,
T is the bit duration time, 1/Ns is the a priori prob-
ability of cj , Ns being the number of vector channel
states. It is obvious by comparing (2) and (3) to (5)
that the structure of the RBF network realizes ex-
actly the Bayesian decision function.
The RBF in optical communication system

The Bayesian equalizer and RBF networks struc-
tures are identical and are specified by three compo-
nents, the channel state locations, noise variance and
nonlinearity φ(.). In order to implement RBF net-
works in an optical communication system the three
components need to be set correctly. Two cases are
considered, without and with optical amplification.
In the case of a system without optical amplification
the PDF is a mixture of multi-variable Gaussian as
presented in (5). In an optically amplified system the
conditional PDF is a non-central chi-square [5], and
the Bayesian decision function can be expressed by:

fb(r(k))=
∑

cjεc
−
d

(
r(k)
cj

)(N−2)/4

exp−(cj +r(k))
2 · σ2
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σ2
o
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(6)
where In(x) is the n-th order modified Bessel func-

tion of the first kind, σ2
o = PASE/N, PASE PASE

is the amplified spontaneous emission (ASE) noise

power, B is the ASE noise bandwidth, T is bit dura-
tion time and N is the number of chi-square degrees
of freedom, where N = 2BT .

4. NUMERICAL RESULTS

Computer simulations were carried out with the
mathematical model given above. The summary of
the system parameters in our simulation is as follows:
The laser transmitter is assumed to be chirp free with
Gaussian envelope shape given in [6] and its FWHM is
0.1ns; the bit rate is 10-Gbit/s with OOK format and
a 214 pseudorandom bit sequence; The fiber model is
taken from [6], with CD parameter 17 ps/nm/km and
the fiber length is 100 km. According to the physical
link parameters the ISI spans three symbols.

Figs. 1-3 present the RBF equalizer comparison
analysis using BER curves versus SNR with the physi-
cal parameters given above and with RBF parameters
of channel delay d = 1 and number of bits observation
inputs m = 3.

Fig.1: BER versus SNR with fiber length of 100km,
without optical amplification

Fig.2: BER versus SNR with fiber length of 120km,
with optical amplification and 6 degrees of freedom in
the noncentral chi-square

In Figs. 1 and 3 the RBF equalizer is compared
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with feed-forward equalizer (FFE). The FFE contains
three taps and is adapted by using the LMS method
[7]. FFE with four and five taps didn’t show any per-
formance improvement. In Figs. 1 and 2, the RBF
is also compared with the Maximum Likelihood Se-
quence Estimation (MLSE), which is known to be
the optimal sequence estimation equalizer. Fig. 2
and 3 represent BER curves for an optically ampli-
fied system. Fig. 3 presents the performance differ-
ence between the noncentral chi-square and Gaussian
function as the RBF nonlinear functions. In addition,
Fig. 3 compare the performance of the RBF equalizer
for m = 3 and m = 5 observation inputs.

Fig.3: BER versus SNR with fiber length of 100km,
with optical amplification and 4 degrees of freedom of
the noncentral chi-square (N).

5. EXPERIMENT SETUP AND RESULTS

In order to examine the proposed RBF methods,
transmit-receive experiment with fiber length of 80km
was carried out. The experimental set up is shown
in Fig. 4. The BER tester output at data rate of
9.953 Gbit/sec is connected to MZ modulator with
zero chirp, 12dB extinction ratio and 5 dBm optical
output power of a DFB laser. The MZ modulator
is followed by an 80 km standard single mode fiber
which gives a GVD value of 1360 ps/nm. The sin-
gle mode fiber is followed by VOA and EDFA with
optical output power of 17 dBm and NF of 7 dB.
An optical filter with 0.15 nm noise equivalent band-
width is following the EDFA. A digital communica-
tion analyzer scope with an optical module is used as
the receiver, triggered by the BER tester. The scope
electrical filter is a 4th order Bessel Thompson filter
with 7.5 GHz bandwidth. The scope output electri-
cal signal is loaded into the computer, and in turn, is
processed and equalized offline.

The resulting signal processing of the experiment
discussed above is shown in Fig. 5. There are
three BER curves in the Figure. The two lowest
curves represent RBF equalizer performance for com-
puter simulation (dots) and experimental measure-

ments (squares). In the experimental results the RBF
equalizer was obtained by using the histogram esti-
mation method. The highest BER curve of Fig. 5
represents experimental results with no equalization.
The comparison in Fig. 5 indicates very good agree-
ment between the simulation and laboratory exper-
imental results. It is clear that the RBF equalizer
is feasible and achieves good results. In this experi-
ment the amount of signal samples was limited to a
few thousands. However, in practical implementation
the histogram estimation might perform better since
it can accumulate more signal samples and therefore,
the tail regions of the histogram can be estimated
more accurately.

Fig.4: Schematic of the measurement set-up.

Fig.5: BER versus SNR experiment and simulation
results for fiber length of 80km with 3-bit ADC for
RBF equalizer using histogram estimation method.

6. SUMMARY AND CONCLUSIONS

We introduce a nonlinear equalizer using the RBF
network for electronic dispersion compensation in op-
tical communication system. The RBF method intro-
duces a non-linear equalization technique suitable for
optical communication direct detection systems that
include a non-linear transformation at the photode-
tector. It has been shown that the RBF equalizer
can achieve BER superior to that offered by a lin-
ear FFE. The difference between the MLSE, which is
known as the optimal sequence estimation equalizer
and the RBF equalizer, has been shown. In addition,
the performance difference between a Gaussian ver-
sus noncentral chi-square, as the nonlinear function
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in the RBF equalizer, was performed in optically am-
plified systems. Finally, using experimental results
the feasibility of the RBF method is validated.

References

[1] J. Winters and R. D. Gitlin, “Electrical Sig-
nal processing techniques in long-haul fiber-optic
systems,” IEEE Trans. Commun., 38, 1439-
1453, (1990).

[2] T. Nielsen and S. Chandrasekhar, “OFC 2004
Workshop on Optical and Electronic Mitigation
of Impairments,” J. Lightwave Technol., 23, 131-
141, (2005).

[3] Chen, S. Mclaughlin and B. Mulgrew “Complex
radial basis function network, Part II: applica-
tion to digital communications channel equaliza-
tion,” signal processing, 36, 175-188, (1994).

[4] E. S. Chng, Application of nonlinear filters with
the linear-in-the-parameter structure, PhD the-
sis, University of Edinburgh, (1995).

[5] Humbelt, P. A., and M. Azizoglu..“On the Bit
Error Rate of Lightwave Systems with Optical
Amplifiers,” J. lightwave Technol., 9, 1576- 1582,
(1991).

[6] G. P. Agrawal, Fiber-Optic Communication Sys-
tems, 2nd ed., Wiley, (1997).

[7] J. G. Proakis, Digital Communications, New
York: McGraw-Hill, (1995).

[8] A. Farbert et al. “Performance of a 10.7 Gb/s
Receiver with Digital Equalizer using Maximum
Likelihood Sequence Estimation,” in Proc. Eu-
ropean Conference on Optical Communication
(ECOC 2004), Th.4.1.5 2004.

Gilad Katz received the B.Sc. and
M.Sc. in electrical and computer en-
gineering from Ben Gurion University,
Beer-Sheva, Israel in 1997 and 2000, re-
spectively. Between 1997-98 he worked
as a development engineer in Motorola
semiconductors. His M.Sc. was on the
subject of optical coherent multiplexing
CDMA. Between 2000-2003 he worked
as electrical engineer in the free space
optics field, developing advanced laser

transmitters and optical receivers. He has completed the PhD
studies, where he investigated electrical dispersion compensa-
tion for optical communication systems. Currently he develops
and researches OCDMA systems for PON. His current research
interests include optical CDMA, optical free space optics and
electrical compensations for optical communication systems.

Dan Sadot received his B.Sc., M.Sc.,
and Ph.D. (Summa Cum Laude) from
the Ben Gurion University of the Negev,
Beer Sheva, Israel, all in electrical and
Computer Engineering, in 1988, 1990,
and 1994, respectively. During 1994-
1995, he was a Post-Doctorate associate
in the Optical Communication Research
Laboratory at the Department of Elec-
trical Engineering of Stanford Univer-
sity. His Ph.D. studies were supported

by the Clore scholarship, and his post-doctorate was supported
by both the Fulbright and the Rothchild scholarships. At Stan-
ford University, he was involved in the STARNET broadband
coherent optical network project. In 1995, Dan Sadot joined
the Ben Gurion University in the Electrical and Computer
Engineering Department as a senior lecturer, and in 2001 he
was appointed as associate professor, where he is leading a
new research program in Optical Fiber Communications. In
1996 Dan Sadot was appointed to be the founder and chair of
the IEEE/LEOS chapter in Israel, and during 2000-2001 he
was appointed to be the department head of the communica-
tions systems engineering at the Ben Gurion University. Prof.
Sadot current activities include dynamic WDM networks, tun-
able lasers and filters, Optical burst/packet switching, optical
CDMA, passive optical networks (PON), and electronic com-
pensation schemes for impairments in optical fiber communica-
tions. Prof. Sadot is Chairman of the ECE Department, Vice
Dean of the Faculty of Engineering Science, and is the founder
and CTO of MultiPON Networks.


