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Phase and amplitude regeneration are necessary for degraded differential phase-shift keying communication sys-

tems. This paper proposes a regenerator based on semiconductor optical amplifier for differential phase-shift keying

signals. The key regeneration mechanism is theoretically analysed. The effectiveness of semiconductor optical amplifier

based regenerator is demonstrated by comparing the bit error rate and eye diagrams before and after regeneration for

40-Gbit/s differential phase-shift keying 1080-km transmission systems. The results show that regeneration effects are

very well. Bit error rate is less than 10−12 with the regenerator.
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1. Introduction

Differential phase-shift keying (DPSK) format is
widely used for long-haul optical fibre communication
systems, due to its advantages of 3-dB higher sen-
sitivity in combination with balanced detection and
enhanced chromatic dispersion and polarization mode
dispersion tolerance.[1,2] Excluding timing jitter, the
primary limitation of a DPSK system is the accumu-
lation of linear and nonlinear phase noise. When op-
tical amplifiers are used periodically to compensate
for fibre loss, linear phase noises are added at each
in-line amplifier due to amplified spontaneous emis-
sion (ASE), nonlinear phase noise is induced by the
interaction of amplitude noise and the fibre Kerr ef-
fect. Experiments have shown that when the non-
linear contribution to phase noise becomes dominant
the improvement in receiver sensitivity for balanced
DPSK detection can be lost.[3] Therefore, it is im-
portant to mitigate the phase noise by means of an
optical-signal-processing scheme for advanced DPSK
optical transmission systems.

Several schemes for DPSK phase regeneration
have been proposed, including mid-link spectral
inversion,[4] nonlinear optical loop mirror,[5] and

phase-sensitive amplifier.[6−8] But they are rather dif-
ficult to realize or have not been demonstrated experi-
mentally. For example, the regenerator based on PSA
requires a fairly powerful and coherent pump source,
it is difficult to implement in practice. A semicon-
ductor optical regenerative amplifier for phase noise
degraded DPSK signals was demonstrated that it was
the first practical phase regenerator.[9]

In this paper, a phase regenerator based on semi-
conductor optical amplifier (SOA) for DPSK signals
is designed and analysed, which realizes easily and
does not need local pump. A DPSK system with 40-
Gbit/s rate and 1080-km transmitted distance is set
up. The effectiveness of the proposed phase regenera-
tor is demonstrated in the setting systems.

2. The configuration of SOA-

based regenerator

The configuration of the proposed SOA-based re-
generator is presented in Fig. 1. An asymmetric
Mach–Zehnder interferometer (AMZI) converts input
DPSK signals into two mutually anti-symmetric on-
off keying (OOK) signals in arms 1 and 2 respectively.
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The two output arms are connected with polarization
controllers (PCs) and set an SOA among the two PCs
to form a Sagnac loop. PCs are set to make the loop
operate in its transmission mode. The SOA must be
placed in the middle of the loop exactly, which ensures
that the travel times of the pulses from the AMZI’s
outputs to the SOA in arms 1 and 2 are the same.
After being amplified by the SOA, the OOK signals
reenter the AMZI being converted back to the DPSK
signal, which exits through the constructive interfer-
ence port (c). The noise is partially drained through
the destructive interference port (d) and blocked by an
isolator, leaving less noise in the output signal at port
(c). As a result, the signal noise ratio (SNR) of the
DPSK signal passing through the SOA-based regener-
ator is improved, or under the same inputting signal
power conditions, bit error ratio (BER) of the DPSK
signal passing through the SOA-based regenerator is
decreased.

Fig. 1. Structure of the SOA-based regenerator.

Suppose that the input signal is E(t), then after
passing through AMZI first, the output signals in each
output port of AMZI are

E1(t) = [E(t)− E(t− T )]/2,

E2(t) = i [E(t) + E(t− T )]/2, (1)

where T represents one bit time delay, equation (1)
corresponds to the two mutually anti-symmetric OOK
signals. The two signals arrive at SOA at the same
time, after passing SOA, they become

E′
1 = G1E1, E′

2 = G2E2, (2)

where G1 and G2 are the gain for E1 and E2, respec-
tively. Then they reenter the AMZ and appear at
ports (d) and (c) as

Ed(t) = [E′
2(t)− E′

2(t− T )]/2

+ i [E′
1(t) + E′

1(t− T )]/2,

Ec(t) = i [E′
2(t) + E′

2(t− T )]/2

− [E′
1(t)− E′

1(t− T )]/2. (3)

3. The operation principle of the

SOA-based regenerator

The key mechanism of the SOA-based regenerator
which enables improvement of SNR is the discrimina-
tive gain provided by the SOA. Assume that E1 is a
mark and E2 is a space. When a mark reaches the
left edge of SOA, its counterpart space will reach the
SOA’s right edge at the same time. For a space prop-
agating from the right through the SOA, the gain is
partially depleted by its counterpart mark which tra-
versed the left region a little earlier. Meanwhile, the
mark gets more gain in the right region as its coun-
terpart space causes negligible depletion of gain. It is
this differential gain which allows noise discrimination
in the spaces.

In order to understand the operation principle
more clearly, we have a definition of the discrimina-
tive gain ratio η = |Gm(T )|/|Gs(T )| and simulate its
values varying with the input signal power. The fol-
lowing dynamical equations in the SOA in the regime
of colliding pulses are used to obtain the discrimina-
tive gain ratio.

∂E1

∂z
+

1
v

∂E1

∂t
=

1
2
[ g(1− iα)E1 − γE1], (4)

−∂E2
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+

1
v

∂E2

∂t
=

1
2
[ g(1− iα)E2 − γE2], (5)

∂g

∂t
=

g0 − g

τc
− 1

Psatτc
(|E1|2 + |E2|2)g, (6)

where z, t, and v are the distance, time and group
velocity in the SOA, respectively; g is the local gain
coefficient which is varied with time and propagat-
ing distance; α is the line width enhancement factor,
which is also called Henry factor, the typical value
of α is 3–5, here we take α = 4; γ is the linear loss
coefficient in the SOA, we neglected it in numerical
simulation, which does not qualitatively change the
signal dynamics in the SOA; τc is the gain relaxation
time to its steady-state gain; g0 is the local gain coeffi-
cient for small signal power and Psat is the saturation
power. Transferring to the retarding time T = t∓z/v

in Eqs. (4), (5) and (6), respectively, and integrating
them, we can express the electric field E1 and E2 after
passing the SOA

E′
1(T ) = Gm(T )E1(T ), E′

2(T ) = Gs(T )E2(T ), (7)

where

Gm,s(T ) = exp
[∫ L

0

0.5g(±z, T )(1− iα)dz

]
. (8)
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Using the finite difference method, we com-
plete the numerical simulations of the colliding wave
Eqs. (4) and (5). Results of the discriminative gain ra-
tio η versus input signal power are obtained, as shown
in Fig. 2, which is consistent with the saturation gain
theory of SOA.

Fig. 2. The discriminative gain ratio η versus input signal

power.

4. Effectiveness investigation

In order to investigate the effectiveness of the pro-
posed SOA-based regenerator, 40-Gbit/s carrier sup-
pressed returning to zero (CSRZ) DPSK transmis-
sion systems are set up in Optisystem software, the

schematic diagram is shown in Fig. 3. A continu-
ous light at 1552.45 nm passes through a dual par-
allel modulator driven by the 40-Gbit/s differentially
encodes non-return to zero (NRZ) data stream, the
optical NRZ-DPSK signals is generated. To generate
CSRZ-DPSK formats, a Mach–Zehnder (MZ) modu-
lator is placed just after the dual parallel modulator
as pulse carver, which is driven by 20-GHz clock sig-
nal with amplitude 2Vπ. A variable optical attenuator
(VOA) is followed by CSRZ-DPSK transmitter, which
is used to vary the SNR by adjusting the input signal
power. The transmitted links are comprised of sin-
gle mode fibre (SMF), dispersion-compensating fibre
(DCF) and erbium-doped fibre amplifier (EDFA). The
DCF is used to compensate the chromatic dispersion
of SMF and EDFA is to compensate loss of fibre. The
parameters of the transmission line are given in Table
1. In this case, linear and nonlinear phase noises are
all considered, linear phase noise comes from the ASE
of EDFA and nonlinear phase noise is induced by Kerr
effect. The DPSK receiver is comprised of a one bit-
delay interferometer and a balanced detector. After
the 1080-km propagation, the signals were sent into
the receiver directly, or entered into the SOA-based
regenerator firstly, then were sent to the receiver. The
sampling oscilloscope is used to observe the eye dia-
gram and BER detector is used to measure the BER.

Fig. 3. Schematic diagram for experimental setup.

The effectiveness of SOA-based regenerator is verified by comparing the BER measurements and eye di-
agrams before and after regeneration. The comparison of BER is shown in Fig. 4. It is shown that, after
regeneration, BER are all less than 10−12, the regeneration effects are very well. Eye diagrams are also com-
pared between before and after regeneration, as shown in Fig. 5. We can see that, after regeneration, the eye
diagrams opened larger.
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Table 1. Transmission line parameters.

fibres 1 and 3 (SMF) dispersion/(ps/nm·km) 17

length/km 75

attenuation/(dB/km) 0.2

effective area/µm2 70

n2/m2·W−1 2.6× 10−20

fibre 2 (DCF) dispersion/(ps/nm·km) –85

length/km 30

attenuation/(dB/km) 0.5

effective area/µm2 27

n2/m2·W−1 2.6× 10−20

amplifier (EDFA) gain/dB 15

noise figure/dB 6 Fig. 4. Comparison of BER before and after regeneration.

Fig. 5. Comparison of eye diagrams before and after regeneration (a) input –10 dBm signal power, (b) input

–5 dBm signal power.

We also verified the effectiveness of SOA-based regenerator in other forms of DPSK systems, such as non-
return to zero DPSK and return to zero DPSK. There are same regeneration effects as in CSRZ-DPSK system
we will not show the results again.

5. Conclusion

We proposed a novel configuration SOA-based regenerator, whose working principle is based on the dis-
criminative gain for strong mark and weak space. The effectiveness of the proposed SOA-based regenerator is
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verified in 40-Gbit/s DPSK 1080-km transmission system. After regeneration, the BER are all less than 10−12.
It shows that the regeneration effects are very well and we can put it into practice.
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