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Abstract—Duobinary signaling is combined with a proposed
electrical pre-equalization scheme to extend the reach of 10-Gb/s
signals that are transmitted over standard single-mode fiber. The
proposed scheme is based on predistorting the duobinary signal
using two T/2-spaced finite-impulese response (FIR) filters. The
outputs of the FIR filters then modulate two optical carriers that
are in phase quadrature. Simulation results show that distances in
excess of 400 km at bit-error rates less than 10~'5 are possible.
Incorporating a forward-error correction scheme can extend the
reach to distances in excess of 800 km. The reach limitation arises
not from chromatic dispersion but from fiber nonlinearity, relative
intensity noise due to phase-modulation-to-amplitude-modulation
noise conversion, and optical amplifier noise accumulation. To
demonstrate the feasibility of implementing the proposed scheme,
a test chip is implemented in a 0.5-pm SiGe BiCMOS technology.
The chip incorporates two 10-tap T/2-spaced FIR filters, which
are sufficient to equalize a 10-Gb/s duobinary signal that is trans-
mitted over distances in excess of 400 km. The pre-equalization
capabilities of the chip are tested by postprocessing the measured
chip output to mimic the effects of the optical channel.

Index Terms—Chromatic dispersion, duobinary modulation,
electrical equalizer, optical communication.

I. INTRODUCTION

HROMATIC DISPERSION is a major fiber impairment
C that limits the upgrade of standard single-mode fiber
(SSMF) to higher bit rates. This is particularly problematic
for systems operating in the 1550-nm band where the chro-
matic-dispersion limit decreases rapidly in inverse proportion
to the square of the bit rate. For example, systems running
at 2.5 Gb/s can cover distances of 940 km with only a 1-dB
power penalty due to chromatic dispersion, whereas at 10 and
40 Gb/s, the distance shrinks to only 60 and 4 km, respectively
[1]. Chromatic dispersion can be effectively compensated for
using optical techniques, which is only natural to expect given
that chromatic dispersion originates in the optical domain. The
most mature technique to compensate for chromatic dispersion
is by using dispersion-compensating fibers (DCFs) that have a
dispersion characteristic that negates that of the original fiber.
However, DCFs are expensive and bulky; for every 80—100 km
of SSMF, several kilometers of DCF are required and could
cost as much as the fiber for which it provides compensation
[2]. Since the DCF is added to compensate for fibers that are
already installed, its length does not add to the total length of
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the link. Instead, the DCEF sits at one end of the link on a drum.
This adds to the total attenuation of the link (the DCF has a
typical attenuation of 0.5 dB/km) so that additional amplifica-
tion may be needed. Furthermore, the narrow core of a DCF
renders it more susceptible to fiber nonlinearity effects. The
DCEF is also polarization sensitive. On the other hand, electrical
equalization can offer the advantages of more flexibility, a
lower cost, and a smaller size through integration within the
transceiver electronics.

For conventional direct-detection receivers, the linear dis-
tortion that is induced by chromatic dispersion in the optical
domain is transformed into a nonlinear distortion in the elec-
trical signal, which explains why only limited performance
improvements can be achieved by using a linear baseband
equalizer with only one baseband received signal. This also
explains why nonlinear techniques, such as decision feedback
equalization and maximum-likelihood sequence detection, are
more effective in combating chromatic dispersion in direct-de-
tection receivers [3]-[6]. On the other hand, in a coherent
detection system, chromatic dispersion is linear in the electrical
signal at the receiver, which is why fractionally spaced equal-
izers with “complex coefficients” can achieve a performance
that is limited only by the number of taps used within the
equalizer [7] (considering chromatic dispersion only). How-
ever, in spite of its potential and successful experimental trials,
coherent lightwave systems did not reach the commercial stage
so far. This is attributed mainly to the success of wavelength-di-
vision multiplexing (WDM) technology with the advent of
erbium-doped fiber amplifiers (EDFAs). Another reason is the
complexity of coherent transmitters and receivers [8].

The detrimental effect of chromatic dispersion in SSMF can
also be reduced by using reduced-bandwidth modulation for-
mats such as optical duobinary signals, which can extend the
reach of 10-Gb/s systems to distances in excess of 200 km,
compared with approximately 80 km for conventional nonre-
turn-to-zero (NRZ) ON—OFF keying (OOK) [9], [10].

In this paper, optical duobinary signaling is combined with a
proposed electrical pre-equalization scheme to extend the reach
of a 10-Gb/s system, which utilizes SSMF and operates in the
1550-nm band, to several hundred kilometers without any op-
tical chromatic dispersion compensation. In fact, the system
reach is influenced by other fiber impairments other than chro-
matic dispersion. The proposed scheme is based on exploiting
the linearity of a coherent lightwave system to move the equal-
ization process to the transmitter, where the data is still in its
uncorrupted form. More specifically, the duobinary signal is
pre-equalized using two tunable T/2-spaced finite-impulse re-
sponse (FIR) filters. The outputs of the FIR filters then modulate
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two optical carriers that are in phase quadrature. Thus, the ad-
vantages of coherent receiver equalization are still maintained
while utilizing a conventional noncoherent direct-detection re-
ceiver.

Although this paper focuses on duobinary modulation, this
choice is principally driven by the reduced-bandwidth advan-
tage, compared with conventional NRZ OOK modulation, and
the ability to use a conventional direct-detection receiver. In
principle, electrical pre-equalization can also be applied to other
modulation formats for potential improvements.

This paper is organized as follows. Section II gives an
overview of the considered system. Section III describes the
system modeling approach. Duobinary signaling, which is the
chosen modulation format, is described in Section IV. The
proposed pre-equalization scheme is described in Section V.
Simulation results are presented in Section VI. Section VII
demonstrates the implementation feasibility of the proposed
pre-equalization scheme. Finally, conclusions are given in
Section VIII.

II. SYSTEM OVERVIEW

Fig. 1 shows a schematic of the system that is considered
in this paper. The system is similar to a typical single-channel
point-to-point optical link. The main difference between it and
a conventional system is that the transmitted signal is predis-
torted by a transmitter filter (Tx filter) in order to replace the
optical dispersion compensation modules. The transmitter filter
also accounts for the limited bandwidth of the transmitter elec-
tronics. An external modulator is used to avoid the detrimental
effect of chirping that is normally associated with direct laser
modulation. More specifically, the modulator is chosen of the

Mach-Zehnder type, since its unique characteristics will be ex-
ploited to generate the required duobinary signal. Since the pro-
posed scheme extends the reach of the system to several hundred
kilometers, inline optical amplifiers are needed to compensate
for the link attenuation. The optical amplifiers are assumed to
be erbium-doped fiber amplifiers (EDFAs) that have a gain that
exactly compensates for the attenuation of each fiber section.
An optical bandpass filter is used at the receiver side to limit the
noise power detected in the receiver due to the optical amplifiers.
The receiver is taken as a conventional receiver, comprised of a
p-i-n diode and a low-pass filter which has a bandwidth of ap-
proximately 7.5 GHz.

III. SYSTEM MODELING

The system model is shown in Fig. 2. All system-level sim-
ulations are performed using a discrete-time representation of
the equivalent complex baseband system. The signals are over-
sampled at 32 x the bit rate to mimic the actual continuous-time
signals and to avoid spectrum aliasing at any part of the system.

A. Fiber Modeling

To calculate the transfer function of the pre-equalization filter,
a linear fiber model is utilized. For system performance evalua-
tion, both a linear and a nonlinear fiber model are utilized.

1) Linear Fiber Model: 1In the absence of nonlinearities and
polarization-mode dispersion, the equivalent baseband transfer
function of a fiber of length L can be taken as [11], [12]

Hs(f) = o—i[(3)B2271)*+(5) B3 (27 1)°] L (1)
where the constant phase terms and the phase terms linear in
f are omitted since they do not introduce distortion. 3o, the
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group-velocity dispersion parameter, is related to the dispersion
parameter D through the expression

2me

D= _VﬂZ ()

where c is the free-space speed of light and A is the operating
wavelength. 3, the third-order dispersion, can be related to D
and the dispersion slope Sy = 9D /9 through the relation

2

= A28y + 2AD). 3

o= rgr 250 +2AD) 3)

For a non-dispersion-shifted fiber operating in the
1.55-um band, typically D ~ 17 ps/km/nm  and
Sy~ 0.072ps/(km.nm?). Thus, for a 10-Gb/s signal,

we find that (1/6)33(27f)? < (1/2)B2(27 f)?, and hence the
fiber transfer function can be approximately written as

)\2

Hy(f) = ei¢F”, ¢=nD"L. )

2) Nonlinear Fiber Model: In general, the signal propaga-
tion through an optical fiber can be modeled using the nonlinear
Schrodinger equation given by [13]

D*A
or1*

24
T2

0A

. /3

P .
+ ﬁga +SA=ilAPA )

where the nonlinearity coefficient +y is given by

NoW,

T A (6)
where n is the nonlinear refractive-index coefficient, A.g is the
effective fiber area, and w, is the light carrier angular frequency.
A is a slowly varying pulse envelope (commonly known as the
complex envelope) of the passband signal. A is normalized such
that |A|? represents the optical power. « is the fiber loss, and
T =t — z/v, is a frame of reference moving with the pulse at
the group velocity vy. The signal envelope A(z,t) is calculated
by solving (5) numerically using the split-step Fourier method
[13]. A variable step size is implemented according to the non-
linear phase rotation method [14]. The step size is bounded by
restricting the maximum nonlinear phase shift per step to 0.01
rad. Reducing the step size any further does not produce signif-
icant differences in our results.

B. Noise Modeling

1) Optical Amplifier Noise (Amplified Spontaneous Emission
Noise): The amplified spontaneous emission (ASE) noise is
modeled as an additive white Gaussian noise (AWGN) in the
frequency range of interest. Its one-sided power spectral den-
sity in a single polarization is given by [15]

Nase = Nophv(G — 1) @)

where Ng;, is the spontaneous emission factor, h is Planck’s con-
stant, v is the optical carrier frequency, and G is the optical am-
plifier power gain. In the equivalent baseband representation,
ASE noise is treated as a complex Gaussian random variable,
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whose real and imaginary parts are independent and have the
two-sided power spectral density Nasg/2 [16], [17]. For sim-
ulation, the real and imaginary noise terms are generated such
that their variance is

1.Q T fs ()

where f; is the simulator sampling frequency. Noise is then
added to the signal after each optical amplifier.

2) Relative Intensity Noise From Phase-Modulation-to-Am-
plitude-Modulation Noise Conversion: Laser phase noise can
be converted to intensity noise by fiber chromatic dispersion
(phase-modulation-to-amplitude-modulation (PM—AM) noise
conversion occurs), which can result in a significant relative
intensity noise (RIN) in the detected optical intensity [18], [19].

Laser phase noise can be assumed to be a Gaussian random
process that has a power spectral density Ra(f), given by [19]

Av
Tf2’

where Av is the spectral linewidth. The resulting PM—AM RIN
was shown in [19] to have a single-sided power spectrum density

given by
[Z‘U ( ZAI/) s (1 2Ay>
f 7r

2
sin {;(Zn +1)(27f)? ’\—2DL}] (10)

where J,,(z) is the Bessel function of the first kind of order n
and argument x.

For frequencies above a few hundred kilohertz and source
linewidths of a few megahertz, which represents the cases of
practical concern, (10) can be simplified to [20]

Ro(f) = 0< f<oo )

l\DI»—~

4A
N(f) = rf;/ sin(472f2Fp) (11)
where F'p is a dispersion parameter given by
)\2
Fp=— (12)
4dre

Assuming a receiver with an ideal brick-wall frequency re-
sponse with bandwidth B., the total RIN power within the
bandwidth of the receiver can be shown to be [20]

RIN _ 2Aw
PM—AM — TI'BE
[cos (872 Fp B2) + 4t Bey/FpFresnelS(4B.v/ ) — 1]

13)

where FresnelS is the Fresnel sine function.

The laser phase noise is simulated by multiplying the trans-
mitter output by ¢/®, where ® is a Gaussian random variable
that has the power spectral density given by (9).

3) Receiver Shot Noise: The rate of electron-hole genera-
tion in the photodiode is modeled as a Poisson process with the
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parameter A = P(t).R/q, where P(¢) is the instantaneous re-
ceived optical power, R is the photodiode responsivity, and g is
the electron charge. A Poisson distribution is defined as

/\/\n

n!

p(n) = (14)
where 7 is the rate of electron-hole pairs generation at a certain
time, and A is the average rate of electron-hole pairs generation
at that time. The resulting noise is referred to as signal shot
noise. Similarly, the dark current shot noise can be modeled as
a Poisson process with parameter A = I4.,k/q, where L., is
the average dark current flowing through the p-i-n diode.

4) Receiver Thermal Noise: Thermal noise is modeled as a
white Gaussian random process with a two-sided power spectral
density given by

2KTF

St(f) = 7y

15)

where K is the Boltzmann constant, 7" is the absolute tempera-
ture, and Ry, is the load resistor in the front end of the receiver. F'
is the receiver noise figure, which accounts for the excess noise
introduced by the various components of the receiver.

C. Mach—Zehnder Modulator Modeling

The transfer characteristic 9)(¢) of the Mach—Zehnder modu-
lator (MZM) is modeled by the following equation [20], [21]:

1;5?)) + lexp <J7rv2215'i)>

(16)
where V. is the MZM’s half-wave voltage, vy (t) and v2(t) are
the voltages applied to the electrodes associated with each arm
of the MZM, and the parameter v accounts for asymmetry be-
tween both arms of the MZM. The parameter -y varies within
the range 0 < v < 1 and is related to the MZM extinction ratio
through the relation

B 010 2(0) = g ex0

_Vi-1
Vet

where ¢ is the ratio of maximum power to minimum power,
measured at the output of the MZM under static conditions.
The optical field at the output of the modulator is then given
by E,1)(t), where E, is the amplitude of the continuous-wave
source input to the MZM.

7)

D. Bit-Error-Rate Simulation

In optical communication, the target BER is typically lower
than 10—, which implies that the time required for Monte Carlo
simulations is, practically, not feasible. Instead, quasi-analyt-
ical approaches can be used to drastically reduce the simulation
time. A common approximation that is employed in the ana-
lytical derivations is the Gaussian approximation, in which the
probability density function (pdf) of the noise at the receiver is
assumed to be Gaussian. Strictly speaking, the pdf of ASE-dom-
inated noise is not Gaussian but is best described by a chi-square
distribution [22], [23]. However, the Gaussian approximations

can still yield accurate results with only small errors compared
with the more accurate methods [24], [25].

Under the assumption of a Gaussian pdf, the probability of
error for a one or zero is simply calculated as

1 |1,0 — Len|
Py = —erfc | =2
10 =5 < V2oro

where 1110 and o1 ¢ are the mean and standard deviation of the
one and zero, respectively, and Iy, is the decision threshold. To
take into account the bit pattern effects due to intersymbol in-
terference (ISI), (18) is calculated for every 1 and 0 in the pseu-
dorandom binary sequence (PRBS), and then the BER is simply
calculated as the average of all those calculations as shown here-
after [20], [26]:

|per — Ith|>
BER = erfc <
Z Toon

where N is the number of symbols in the PRBS. To obtain the
best BER results, it is imperative to adjust the decision threshold
for optimum performance. Specifically, the decision threshold
has to be lowered toward the logic zero level, since the logic
ones are more noisy due to the optical amplification process.

Two approaches are used to calculate the receiver noise vari-
ance. The first calculates the receiver noise analytically using
the approach outlined in [20] which is based on the theory in
[27]. Simulations are just required to get the noise-free wave-
form at the receiver. Assuming an EDFA preamplifier with a
gain G, the variance of the noise current at time 7 is expressed
as

(18)

19)

(i%(7)) =RqG Y P(nARA(r — nAt)At
+ qlaark Z h?(nAt)At
+ PaseRq Z R (T — nAt)At
(PaseR)* >
+ To zn: h (T — TLAt)At
2PAspR2G
4 2Pase

B,
2KTeF

> P(nAt)L’ (T — nAt)At

Z hz(nAt)At + RINpym_aM
X <G% Z P2(nAt)h2 (1 — nAt)At  (20)

where R is the photodiode responsivity, ¢ is the charge of an
electron, P(t) is the received optical power before the optical
preamplifier, A(t) is the impulse response of the receiver, At is
the simulation sampling interval, and 4,1 is the photodiode
dark current. P5gg is the ASE noise power in an optical band-
width B, due to the inline EDFAs and the EDFA preamplifier.
T., F, R., and B, are the temperature in Kelvins, noise factor,
thermal noise resistance, and noise-equivalent bandwidth of the
electrical receiver, respectively. RINpy—an 18 given by (13).
The noise terms in (20) are identified as signal shot noise, dark



392

current shot noise, shot noise from ASE, spontaneous—spon-
taneous beat noise, signal-spontaneous beat noise, receiver
thermal noise, and RIN, respectively.

The other approach is based on measuring the signal statistics
(mean and variance) for each bit in the PRBS sequence from a
large number of simulation ensembles and then using them in
conjunction with (19) to find the final BER. Compared with an
analytical approach, this approach requires much more simu-
lation time. However, the simulation approach can, at times, be
more appropriate since it accounts for subtle system effects such
as the nonlinear interaction between noise (ASE and laser phase
noise on one side) and the optical signal on the other side [28],
[29], which are quite difficult to include in the analytical calcu-
lations.

Our BER calculations, with their underlying Gaussian ap-
proximation, are verified in Section VI-B by Monte Carlo sim-
ulations for BERs as low as ~ 1076,

IV. DUOBINARY SIGNALING

Duobinary signals belong to the general class of partial-re-
sponse signals that were first described by Lender [30]. By
introducing correlation between successive bits in a binary
signal, the signal spectrum can be forced to be more concen-
trated around the optical carrier. Since chromatic dispersion
grows as the square of the frequency, reducing the signal band-
width helps to increase the reach of the system. A duobinary
signal can be obtained by passing the binary antipodal signal
through the delay-and-add filter shown in Fig. 3. Assuming
the input binary sequence is made up of ideal NRZ pulses
with height A and period 7', the power spectral density of the
duobinary signal is given by

S(f) = A*T'sinc?(2fT) 1)
which has a power spectral null at a frequency that is equal to
half the bit rate (f = B/2), as opposed to f = B for an NRZ
signal. However, the spectral content of the optical duobinary
signal past the f. + B/2 band, where f. is the optical carrier
frequency, is still significant enough to offset the gain obtained
from the bandwidth reduction. Thus, if a delay-and-add filter
is to be used, it becomes imperative to use an analog filter to
band-limit the duobinary signal to one half the bit rate in order to
obtain an improvement in the dispersion-limited distance [31].
The duobinary filter can also be realized with a low-pass filter
having a bandwidth of approximately 25-30% of the bit rate.
Bessel filters work particularly well in generating a duobinary
signal from an NRZ binary input [20], which makes them the
preferred choice for implementation.

In general, duobinary filters generate three-level signals from
the input binary stream. Thus, a receiver would normally have
to resolve the received three levels and decode them instead of
just the two levels of a binary signal, which incurs a sensitivity
penalty. However, by exploiting features that are specific to op-
tical links with direct-detection receivers, this sensitivity penalty
can be eliminated [32]. The idea is to encode the three levels in
both the amplitude and the phase of the optical carrier. If the
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Fig. 5. Simulated receiver eye diagrams for a 10-Gb/s optical duobinary
system for different lengths (L) of SSMF. The duobinary signal is generated
by a 2.5-GHz fifth-order Bessel filter. (a) L = Okm, (b) L = 100 km,
(¢) L = 150 km, and (d) L = 200 km.

data is differentially encoded before the duobinary filter,' the
carrier phase information becomes redundant, and hence, the
received data can be decoded using a conventional binary di-
rect-detection receiver. This duobinary signal can be generated
by applying a baseband, three-level electrical duobinary signal
to a MZM that is biased at maximum extinction, as shown in
Fig. 4. Fig. 5 shows an example of a duobinary signal generated
by a 2.5-GHz fifth-order Bessel filter.

V. PROPOSED PRE-EQUALIZATION SCHEME

In general, chromatic dispersion is a time-varying impair-
ment mainly because of temperature variations [34]. Implica-
tions can be quite critical for 40-Gb/s systems that have tight
chromatic dispersion tolerances [35]. For example, the range of
allowable net dispersion in 40-Gb/s systems is approximately
60 ps/nm. The dispersion in a 40-Gb/s 1000-km link can easily

In general, if binary antipodal data is differentially encoded before being
applied to the duobinary filter, then the decoder operates by decoding a 0 level
as logic 0 and the levels A and —A as logic 1 [33].
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exceed this value (depending on the type of fiber) just by the
temperature-induced dispersion variation, even if the accumu-
lated chromatic dispersion is perfectly compensated for at a cer-
tain temperature [36]. For 10-Gb/s systems, the chromatic dis-
persion tolerance is far less stringent than 40-Gb/s systems (ap-
proximately 1000 ps/nm for a 1-dB power penalty [1]). Experi-
mental results in [37] showed that the dispersion parameter D in
SSMFs operating in the 1550-nm band has a temperature depen-
dence dD/d1 approximately equal to —1.5x 10~ 3ps/nm/km/K.
This was shown in [38] to cause a variation of approximately
0.15 ps/nm/km in D over the temperature range from —40 °C
to 60 °C. Compared with a typical value for D of 17 ps/nm/km,
these variations can be neglected. Therefore, it can be assumed,
for our immediate purposes, that chromatic dispersion is a static
impairment that can be accurately modeled, and hence static
equalizers can be utilized.

The ideal zero-forcing equalizer is simply the inverse of the
channel transfer function given in (4). Thus, the required equal-
izer transfer function H.q(f) is given by

Heo(f) = H7 ' (f) = e77%". (22)
However, this transfer function does not maintain conjugate
symmetry, that is
Heq(f) # Hio(—1)- 23)
Thus, the impulse response of the equalizing filter is complex.
Consequently, this filter cannot be realized by a baseband equal-
izer using only one baseband received signal, which explains the
limited capability of linear equalizers that are used in direct-de-
tection receivers to mitigate the chromatic dispersion. On the
other hand, it also explains why fractionally spaced linear equal-
izers that are used within a coherent receiver can potentially ex-
tend the system reach to distances that are only limited by the
number of equalizer taps [7]. However, it is important to note
that the simulations in [7] did not take into account nonidealities
such as the laser phase noise and the fiber nonlinearity, which
will eventually set a limit on the maximum achievable transmis-
sion distance. Nevertheless, results will be substantially better
than those that are achieved by using electrical equalizers in di-
rect detection receivers.

Therefore, instead of building the equalizer in a coherent re-
ceiver, most of the complexity can be avoided by building the
equalizer at the transmitter, where the data is still in its uncor-
rupted form. Of course, because the required filter has complex
coefficients (from a mathematical point of view), the pre-equal-
ized data have to modulate two optical carriers that are in phase
quadrature. Although the concept of using two optical carriers
that are in phase quadrature is not a conventional one, its prac-
tical feasibility was shown in [39] where two orthogonal optical
carriers were used to obtain an optical differential-quadrature
phase-shift-keying (0DQPSK) transmission system.

To determine the required equalizer coefficients, the simula-
tion setup in Fig. 6 can be used, where an adaptive algorithm
is used to adaptively adjust the FIR filter coefficients to their
optimum values. The adaptive algorithm adjusts the FIR filter
taps to compensate not only for chromatic dispersion, but also

Distorted
Signal
Analog
Filter Linear Optical-Fiber\ .1

N

Delay Reference

Signal

Digital Duobinary
Filter

Fig. 6. Simulation setup for determining the pre-equalizer coefficients.

for the inadequacies of the duobinary filter. Once the filter taps
converge to their optimal values, the linearity of the system al-
lows transferring the filter to the transmitter side, where it acts
as a pre-equalization filter.

The proposed pre-equalization scheme is depicted in Fig. 7.
The optical modulator is composed of a 3-dB optical power
splitter, two parallel MZMs, an optical phase shift, and an op-
tical power combiner [39]. The MZMs are biased for minimum
optical transmission and driven by the pre-equalized data from
the FIR filters. The optical signals from the MZMs are recom-
bined with a relative phase shift of 7 /2. The duobinary filters
can be implemented either digitally within the FIR filters or
using the shown analog filters. In any case, the analog filters also
account for the limited bandwidth of the signal path between
the pre-equalizer and the MZM electrodes. The tap spacing of
the FIR filter can be as high as a whole bit period. However,
reducing the tap spacing to half the bit period doubles the fre-
quency band over which equalization can be applied, which
translates into a substantial improvement in signal quality, but
at the expense of a higher clock speed.

Alternatively, the FIR coefficients can be computed mathe-
matically using, for example, the minimum mean-square-error
criterion. This is accomplished by solving the Wiener—Hopf
equation, following an approach that is similar to that outlined
in [40]. Defining the equalizer tap inputs and tap-weight vectors
as (see Fig. 8)

x(n) = [z*(n) z*(n—1) 2*(n — N + 1)]"
= [z(n) =z(n—1) z(n—N+1]" (24
and
w=[wy wp wN—l]H
= [wg wi wiv_1]’ (25)

where H denotes the Hermitian transpose. The equalizer output
is then expressed in a matrix notation as

y(n) = wrx(n).

(26)
Note that the samples of the equalizer input, 2:(n), and output,
y(n), are at T/2 intervals. However, in the optimization of the
equalizer tap weights, only the output samples at T intervals are
of concern. Thus, the error signal is defined as

e(n) = d(n) - y(2n) @7)
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x(n) T x(n-1) T T x(n-N+1) and
2
p = E[d"(n)x(2n)]. (34)
w,
It can also be shown that
x(2n) = Hs(n) + v(2n) (35)
d(n) E where
- N T
Fig. 8. Fractionally spaced FIR filter. s(n) = s(n) s(n _ 1) ... 8 <n E——— 1>:| (36)
2
and thus the performance function to be minimized is written as ho hy hy he hons—2 0
- 0 hi hs hs har—3  har-1 -
J=E [ez(n)] (28) =10 hy he hg har—a  har—o
where )
and v(2n) is a vector of noise samples. The noise, taken to
(29) be white noise, is added to avoid excessive filter gains at the

d(n) = Z vis(n — 1)

where -y; is the impulse response of the digital duobinary filter,
padded with enough zeros to account for the delay of the trans-
mitter filter and optical fiber, and s(n) is the uncorrupted data
sequence. The fractionally sampled channel response (includes
both the transmitter filter and optical fiber) is expressed as

h=1[hy M har—1]" (30)
where M is a sufficiently large integer such that the values of h;
fori > (M — 1) are negligible. The optimum tap weights are
obtained by solving the Wiener—Hopf equation, which follows
from

Vwd =0 (€29)

which yields the optimum tap-weight vector wg, given by
wo=R7'p (32)
where

R = E [x(2n)x"(2n)] (33)

frequencies where the magnitude of the channel frequency re-
sponse is very small. Equation (29) may also be rewritten as

d(n) = 7s(n)

wherey =[0 ... 011 ... 0]T is a column vector of the target
impulse response. Note that the length of « is appropriately se-
lected by appending extra zeros at its end so that it would be
compatible with s(n). From (33) and (35), and using the fact
that s(n) takes the values of 1 and —1 only

(38)

R =E[Hss"H"Y] + ¢%I

—HIH" + 2T =HH" + 5’1 (39)

where o2 is the variance of the added noise, and I is the identity
matrix. Similarly, from (34) and (35)

p =E[Hss']

=HIy=Hp~. (40)

Thus, the desired optimum T/2-spaced FIR equalizer is written
as

w, = (HH" + o21) "Hy. (41)
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TABLE 1
SIMULATION PARAMETERS

Parameter | I Value

Dispersion parameter, D 17 ps/(nm.km)

0.072 ps/(nm? km)

Dispersion slope, S

Laser wavelength, A 1550 nm
Laser linewidth, Av 4 MHz
MZM extinction ratio, £ R 20 dB
Optical amplifier gain, G 20 dB
ASE factor, Nsp 2
Responsivity, & 0.8 A/W

Nonlinear refractive index coeffi- 2.336-20 m2/W

cient, no

Fiber effective area, A, 80 pum?
Fiber attenuation, o 0.25 dB/km
Optical filter bandwidth, B, 100 GHz

Analog duobinary filter bandwidth 3.5 GHz (3" order Bessel filter)

The output of the pre-equalizer is an analog signal that is
adversely affected by the nonlinearity of the MZM transfer
function. As a result, driving the MZM involves two conflicting
requirements. Maximizing the drive voltage reduces the power
penalty that results from the MZM’s finite extinction ratio,
whereas reducing the drive voltage helps to reduce the dis-
tortion that results from the nonlinearity of the MZM transfer
function. It is found, through simulation, that restricting the
maximum input voltage to 70% of the allowable 2V, range
minimizes the power penalty incurred.?

VI. SIMULATION RESULTS

For all the simulation results presented, the pre-equalizer co-
efficients are obtained by solving the Wiener—Hopf equation as
shown in the previous section. Unless stated otherwise, the fiber
parameters used for simulation are those listed in Table I.

A. Chromatic Dispersion Compensation Capability

Fig. 9 shows the typical simulated noise-free eye diagrams
at the receiver for different fiber lengths. Pre-equalization is
performed using two 10-tap T/2-spaced FIR filters. The analog
duobinary filter is arbitrarily set to a third-order Bessel filter
with a 3-dB bandwidth of 3.5 GHz. The results indicate that
400 km is well within the reach of 10 taps. Beyond 400 km, the
quality of the received signal starts to deteriorate, implying that
more filter taps are required for pre-equalization.

Fig. 10 shows the effect of increasing the FIR filters’ tap
spacing, to a whole bit period, on the receiver eye diagrams.
Obviously a 10-tap T-spaced equalizer has a larger equalizing
time span, and thus, a longer fiber reach is possible. However,
the eye diagrams show that for fiber lengths up to 400 km, the
quality of the received signal (in terms of jitter and vertical eye
opening) is greatly improved by utilizing a T/2-spaced filter.

Fig. 11 shows a plot of the simulated receiver sensitivity
versus the fiber length for the conventional NRZ, duobinary,

2t is possible to eliminate the power penalty due to the MZM nonlinearity by
properly predistorting the input signal. This nonlinear signal processing can be
achieved by using lookup tables instead of linear FIR filters.
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Fig. 9.
duobinary data. Pre-equalization is performed using two 10-tap, T/2-spaced FIR
filters. (a) L = O km, (b) L = 200 km, (c) L = 300 km, (d) L = 400 km,

Simulated receiver eye diagrams of noise-free predistorted 10-Gb/s

(e) L = 500 km, and (f) L = 600 km.
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Fig. 10. Simulated receiver eye diagrams of noise-free predistorted 10-Gb/s
duobinary data. Pre-equalization is performed using two 10-tap, T-spaced FIR
filters. (a) L = Okm, (b) L = 200 km, (¢c) L = 300 km, (d) L = 400 km,
(e) L = 500 km, and (f) L = 600 km.
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Fig. 11. Receiver sensitivity versus channel length for conventional NRZ,
duobinary, and pre-equalized duobinary signals.

and pre-equalized duobinary signals. Only the receiver thermal
and shot noise are taken into account. The fiber is assumed to
be linear and lossless in order to remove the optical amplifiers
from simulations. This serves to isolate the impact of chromatic
dispersion at different fiber lengths, thus establishing a common
ground for comparing the different modulation schemes. The
results show that, given an enough number of pre-equalizer
taps, chromatic dispersion can be reduced to acceptable levels
for arbitrarily long distances. However, it should be noted
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Fig. 12. Transmitter peak-power-to-average-power ratio versus pre-equalized
channel length (L) for a 22-tap T/2-spaced pre-equalization filter.

that additional effects such as the nonlinear fiber effects, the
accumulation of optical amplifier noise, and the RIN due to the
PM—-AM noise conversion, become more pronounced as the
fiber length is increased, and eventually, limit the capabilities of
pre-equalization. One particular side effect of pre-equalization
schemes, which is common to all communication channels, is
the increase in the peak-power-to-average-power ratio at the
transmitter. While conventional NRZ has a peak-power-to-av-
erage-power ratio of approximately 3 dB, Fig. 12 shows
that increasing the pre-equalized fiber length causes a corre-
sponding steady increase in the peak-power-to-average-power
ratio. Since fiber nonlinearities depend on the instantaneous
power level, pre-equalization has the negative effect of lowering
the maximum allowable average power input to the fiber.

B. Performance of Pre-Equalized 400-, 640-, and 800-km
Optical Links

To test the capabilities of the proposed pre-equalization
scheme under more realistic transmission impairments, three
case studies are considered. Fiber lengths of 400, 640, and
800 km are pre-equalized using 10-, 18-, and 22-tap FIR filters,
respectively. The corresponding PRBS lengths are taken as
271,28 —1,and 219 — 1, respectively, which are found to be
sufficiently long to include the relevant bit patterns that result in
signal distortion. Similar to terrestrial 10-Gb/s systems, running
over SSMF and operating in the 1550-nm band, each optical
link is divided into 80-km sections. Inline EDFAs of 20-dB
gain each are placed between every two sections to exactly
compensate for the section attenuation. An optical bandpass
filter having a bandwidth of 100 GHz is placed immediately
before the receiver p-i-n diode.

Fig. 13 shows the BER curves that are obtained by varying the
optical power launched into the fiber. Simulations are performed
for various laser linewidths. For comparison, the BER curves are
also shown for the three links assuming that ideal optical dis-
persion compensation modules are inserted every 80 km (i.e.,
periodic dispersion maps [8]). The results are obtained using a
nonlinear fiber model. The noise statistics are measured from
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1000 simulation ensembles, and the BERs are calculated from
(19). The results demonstrate that effects such as fiber nonlin-
earity (signal distortion due to self-phase modulation causes the
BER curves to bottom out), the RIN due to the PM-AM noise
conversion, and the accumulation of optical amplifier noise be-
come more pronounced as the fiber length is increased.

As the link is increased in length, more optical amplifiers are
added to compensate for signal attenuation, which has the nega-
tive effect of increasing the ASE noise that is accumulated along
the link. As a result, the signal power has to be increased to
maintain a certain BER. In general, this increase in power does
not go unchecked, since it eventually leads to nonlinearity-in-
duced signal distortion that accumulates along the link because
of the repeated signal amplification. In the absence of nonlin-
earity, the total accumulated chromatic dispersion can be com-
pensated at one point along the link without degrading the per-
formance. This is not the case when the nonlinear effects are
not negligible. The degradation in the signal quality grows in
proportion to the fiber length to the extent that pre-equaliza-
tion or postequalization, alone, fails to work for the given link
setup? [8]. Another contributing factor to signal degradation in
the considered pre-equalization scheme is the increase in the
peak-power-to-average-power ratio, which accelerates the onset
of signal distortion.

In the optical domain, the effect of nonlinearity can be
effectively reduced by periodically distributing the DCFs along
the link such that the total dispersion over each period is close
to zero [8]. This way, the signal is periodically corrected before
nonlinearity causes significant distortion, thus extending the
reach to several thousands of kilometers. This explains why the
BER curves of the optically compensated links do not show
any sign of degradation within the considered power range.
Optically compensated systems are also far less sensitive to
PM-AM noise conversion since the average dispersion is kept
close to zero.

Despite the aforementioned limitations, the proposed
pre-equalization scheme can substantially increase the reach
of 10-Gb/s signals running over SSMF. For a 400-km link, the
minimum achievable BER (less than 1071%) is low enough so
as not to be of any significant practical concern. On the other
hand, the 640- and 800-km links are affected by the nonlin-
earity-induced distortion and the RIN due to the PM—AM noise
conversion to the extent that the links become practically unac-
ceptable. A simple and very effective solution is to reduce the
transmitted power so as to avoid the nonlinearity problems and
use the coding gain of an FEC scheme to make up for the initial
increase in BER. Modern FEC schemes can produce BERs
below 10715 from raw BERs in the 10~3 range at the cost of a
few percent overhead. A much more expensive solution, which
is commonly used in undersea links, is to reduce the optical
amplifier spacing so that the transmitted power per section is
reduced, which in turn reduces the nonlinear effects [41].

Finally, to test the validity of the Gaussian approximation that
is used for the BER calculations, the results from Monte Carlo
simulations* are compared to those of the quasi-analytical ap-

3This argument holds for both optical and electrical pre-equalization/poste-
qualization.

4BER is calculated after detecting at least 100 errors.
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Fig. 14. BER curves obtained by Monte Carlo simulations versus quasi-analytical approach: (a) L = 400, 640, and 800 km and Av = 4 MHz, and (b) L =

1600 km.

proach.s Fig. 14(a) shows the results for the three fiber lengths
that are considered. The BERs are limited to the order of 10~°
to keep the simulation times within reasonable limits. To test the
approximation under the effect of fiber nonlinearity, an extreme
case of 1600 km of fiber is considered, as shown in Fig. 14(b).6
The results show that the accuracy of the Gaussian approxima-
tion is well within the needs of this investigation.

C. Sensitivity to Optical Link Parameters (400-km SSMF Case
Study)

Simulation results presented in this section are obtained by
utilizing a linear fiber and analytically calculating the noise vari-
ance. This simplification allows us to reduce the simulation time
substantially. Fig. 15 shows that negligible errors are to be ex-
pected around the 10~? BER, which is used to quantify the per-
formance of the system. The receiver sensitivity is calculated by
adjusting the received optical power, before the optical pream-
plifier, until the target BER is obtained.

For calculating the pre-equalization filter coefficients, it is
assumed that all the optical link parameters, affecting chro-
matic dispersion (A, D, and L) can be accurately measured.
Fig. 16(a) and (b) shows the power penalties resulting from
the inevitable differences between the actual link parameters

SIn this section, the noise variance is measured from simulation.

6PRBS length is taken as 2° — 1 to reduce the simulation time. Simulations
are only meant to assess the difference between the Monte Carlo approach and
the quasi-analytical approach.

10 : T : T : :
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Fig. 15. BER curves obtained by analytically derived and simulation-derived

noise variances for linear and nonlinear fiber models (L = 400 km and Ay =
4 MHz).

and their nominal/measured values (denoted by the subscript
nom) that are used for the design. Since the product of D
and L represents the total chromatic dispersion, measured in
picoseconds per nanometer, the variations in both D and L
can be combined together in one term, as shown in Fig. 16(b).
All simulations are performed by varying one parameter at
a time, while all other parameters are fixed at their nominal
values. Modern measurement equipments can measure these
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parameters with a high accuracy such that the measurement
errors can be considered to be negligible for our purposes.
For example, the uncertainty in Aoy is typically less than 0.1
nm, and the uncertainty in D can be kept below +2%. Even
if significant measurement errors occur, the somewhat relaxed
tolerance suggests that a feedback signal from the receiver to
the transmitter can be used to iteratively adjust the transmitter
for optimum performance. This adjustment process is required
only once for a given link setup.

VII. IMPLEMENTATION FEASIBILITY

To prove the feasibility of implementing the proposed archi-
tecture, a test chip is implemented in a 0.5-ym SiGe BiCMOS
technology. The chip incorporates two 10-tap, T/2-spaced FIR
filters, which are sufficient to equalize a 10-Gb/s duobinary
signal that is transmitted over distances in excess of 400 km
of SSMF. The filters’ coefficients are adjustable using 20
6-b digital-to-analog converters. Fig. 17 depicts a simplified
schematic of the chosen FIR implementation. Since the data at
the transmitter is in its binary form, data multiplication with the
filter coefficients is simply done by switching current sources,
representing the magnitudes of the FIR coefficients, to either
the positive output or the negative output. The current-source
couples Cy — C1,Cy — Cg3,...... ,Cs — Cg represent the

I channcl

1 channel
e

Fig. 18.

Eye diagrams for 400 km of SSMF: (a) measured at the chip output,
(b) expected chip output from system-level simulations, (c) receiver eye
diagram obtained by postprocessing the chip output, and (d) expected signal at
the receiver from system-level simulations.

magnitude of the two samples that are multiplexed within each
bit duration. At any instant, only one of each current-source
couple is directed toward the output, whereas the other is
directed away from the output and drained in the supply. This
multiplexing of currents operation is controlled by both the
high and low levels of a 10-GHz clock signal to effectively
achieve a sampling rate of 20 Gsamples/s.

Fig. 18(a) shows the measured eye diagrams at the outputs of
the chip. For comparison, the outputs from system-level sim-
ulations are shown in Fig. 18(b). The pre-equalization capa-
bility of the chip is tested by postprocessing the measured chip
output to mimic the effects of the transmitter, optical fiber, and
receiver. The resulting eye diagram at the receiver is shown in
Fig. 18(c). Compared with the receiver eye diagram resulting
from system-level simulations [shown in Fig. 18(d)], only a
small degradation is noticed. This is caused by the relatively
high low-cutoff frequencies of the bias-Ts (~20 MHz) that are
used to couple the chip output to the digital sampling oscillo-
scope input. This increases the jitter of the signals due to the
baseline wander effect [33]. This effect is verified by incorpo-
rating bias-T models in the system-level simulations. In prac-
tice, bias-Ts with a low-frequency cutoff in the kilohertz range
are available, which should alleviate this signal degradation.
Nevertheless, the overall behavior of the chip is in very good
agreement with system-level simulations.
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VIII. CONCLUSION

A proposed pre-equalization scheme is shown to substantially
increase the reach of duobinary signals, obviating the need for op-
tical dispersion compensation for distances up to several hundred
kilometers. It is shown that, for a 400-km link divided into 80-km
spans with EDFAs in between, an error-free transmission (BER
better than 10~ 1) is possible without the help of other dispersion
compensation techniques. For longer links, fiber nonlinearity be-
comes the main limitation, restricting the maximum power that
can be launched. An effective solution is to reduce the launched
power and use an FEC scheme to lower the BER to acceptable
levels. Such an arrangement would enable link lengths in excess
of 800 km. For even longer links, combinations of electrical pre-
equalization, electrical postequalization,and FEC shouldresultin
even larger improvements. The flexibility of electrical pre-equal-
ization can also make it play a complementary role to optical dis-
persion compensation. Moreover, since the receiver remains un-
modified, the postequalization techniques for polarization-mode
dispersion are still applicable.
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