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All-optical phase and amplitude regeneration
of return-to-zero differential phase shift keying data
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We report a novel implementation of an all-optical rephasing, reshaping, and reamplification differential
phase shift keying (DPSK) regenerator. The rephasing is based on converting phase noise into amplitude
noise by using an interferometric configuration and then eliminating the amplitude noise by using a semi-
conductor optical amplifier (SOA). The reshaping is performed using gain competition and gain compression
in a saturated SOA. The scheme was tested using 10 Gbit/s, 223−1 pseudorandom bit sequence return-to-
zero DPSK data. The measurement shows removal of the degraded data error floor with a 6 order-of-
magnitude improvement in bit-error rate. The measured negative power penalty is about 4 dB. Mathemati-
cal analysis shows a reduction in DPSK phase-noise power by half. © 2007 Optical Society of America
OCIS codes: 070.4340, 060.2330, 060.4510.
Recently, differential phase shift keying (DPSK)
modulation formats have found many applications in
optical communication and long-haul transmission.
The DPSK format is more robust to nonlinear impair-
ments than the on–off key (OOK) format. Also, DPSK
gives better receiver sensitivity in the case of bal-
anced detection.1 However, phase information in
DPSK data can suffer degradation in long-haul
transmission because of fiber nonlinearities, inter-
channel four-wave mixing, amplified spontaneous
emission–induced amplitude noise, and self-phase
modulation.2 Therefore DPSK regenerators are re-
quired to maintain error-free operation. Recently sev-
eral techniques for and analysis of all-optical DPSK
regeneration techniques have been reported.3–5 In
this work we report on a new system implementation
of a DPSK regenerator along with its theoretical
analysis. The system performs rephasing, reshaping,
and reamplification of DPSK data. It consists of a
polarization-maintaining fiber (PMF)–polarization
beam splitter (PBS) delay interferometer (DI) fol-
lowed by a saturated semiconductor optical amplifier
(SOA) and a bandpass filter (BPF). By rephasing we
mean reducing both linear (Gaussian) and nonlinear
(non-Gaussian) phase noise2 (PN). This is accom-
plished by using an interferometric configuration to
convert part of the input DPSK PN into amplitude
noise. During this process, the interferometer also
converts the DPSK data into an OOK while preserv-
ing the original phase information inside the 1 bits.
The reshaping is performed on the OOK data by us-
ing gain compression for the 1 bits and gain competi-
tion between 1’s and 0’s inside the SOA to get rid of
the amplitude noise. Then a suitable BPF is utilized
to reduce SOA-ASE noise and SOA-chirp-induced
PN.6 Finally, a low-noise erbium-doped fiber ampli-
fier (EDFA) is used to reamplify the DPSK data.

Figure 1 shows the experimental setup for the
DPSK regenerator. A mode-locked laser pulse
�1542.5 nm� running at 10.42 GHz with a pulse width
of �3.5 ps was modulated using a �8 GHz�
Mach–Zehnder modulator (MZM) to generate 223−1

pseudorandom bit sequence (PRBS) return-to-zero
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DPSK data. The modulator was biased at the trans-
mission null point, and the input voltage full swing
was set to 2V�. The first stage of the regenerator is a
1-bit DI similar to that in Ref. 7. It consists of a po-
larization controller (PC) followed by a PMF and a
PBS. The PMF length is �62.3 m ��n�4.5�10−4�,
which corresponds to a 100 ps delay. Using the input
PC, the input signal is split into two orthogonal po-
larizations along the fast (f) and slow (s) axes of the
PMF and arrive at 45° with respect to (w.r.t.) the PBS
axes (x and y). The f and s polarizations interfere
along the x and y axes, respectively, giving two or-
thogonal and complement-OOK data streams (Fig. 1
inset). At this point, some of the input DPSK PN has
been converted into amplitude noise, which appears
in both complement-OOK streams as incomplete con-
structive (1’s) and destructive (0’s) interference. The
original DPSK phase modulation is still preserved
and carried inside the l bits of the OOK data streams
(Fig. 1 inset). Therefore the reproduced DPSK data
at the regenerator output has the same PRBS pat-
tern as the input. In Ref. 7, two PCs were utilized to
adjust the input signal polarization along the PMF
and PBS axes. We found that it is sufficient to use

Fig. 1. Experimental setup of the DPSK regenerator. The
insets show qualitative plots of the data streams and phase

constellation diagrams of the interferometer.

2007 Optical Society of America



February 15, 2007 / Vol. 32, No. 4 / OPTICS LETTERS 353
only one PC before or after the PMF to accomplish
the same task. Because the PCs act as a combination
of � /4 and � /2 wave plates, using one PC can com-
pensate for small phase error introduced by inaccu-
rate PMF length and can align the input linearly po-
larized signal at 45° w.r.t. PBS axes. The two OOK
signals propagate back along the PMF axis of the two
PBS arms toward the 50/50 coupler. The coupler out-
put consists of the two orthogonal, complement-OOK
signals (Fig. 1 inset). The SOA utilized in this experi-
ment has a 20 dB gain at 1550 nm with �100 ps re-
covery time and �9 dBm output saturation power.
The SOA is polarization insensitive (PI) with polar-
ization sensitivity of �1 dB. It is biased at 120 mA,
and the input data average power is set to �
−5 dBm. That was the optimum power choice to re-
duce the pulse amplitude noise. As the input data
consist of an all-pulses pattern, the SOA gain varia-
tions are not large. Therefore SOA does not introduce
data pattern dependence, and its chirp-induced PN is
small. The SOA chirp results in a �0.1 nm redshift to
the data wavelength. A 1 nm BPF was utilized after
the SOA and tuned to the original data wavelength to
reduce this small chirp-induced phase error.6 We
found that the 1 nm bandwidth BPF is the optimal
choice to cut most of the ASE noise without affecting
the pulse spectrum. The saturated SOA averages the
data-pulse peaks using gain compression. Thus it
eliminates the original amplitude noise carried on
the input DPSK pulses and the converted phase-to-
amplitude noise on OOK 1 bits. Moreover, when two
orthogonally polarized pulses with different ampli-
tudes copropagate simultaneously inside a PI SOA,
they compete on its gain as they share a common car-
rier population.8 The pulse with higher power ex-
tracts more energy from the SOA than the weak
pulse and depletes its gain, thereby introducing a dif-
ferential gain8; thus the weak pulse is not amplified
because of that gain depletion. In our case, the total
gain of the SOA is divided between the orthogonal co-
propagating 1’s and 0’s, which results in a dramatic
reduction in the power of the 0’s w.r.t. the power of
the amplified 1’s. The polarization insensitivity of the
SOA also allows symmetrical amplitude clamping of
1’s and reduction of 0’s for both orthogonal polariza-
tions, which is essential for a good amplitude-noise
reduction. A second PC is utilized to align both or-
thogonal OOK signals at 45° w.r.t. the output polar-
izer axis to combine them into a single polarization
and reproduce the regenerated original DPSK data.
Finally the data are reamplified using a �30 dB
EDFA.

Figure 2(a) shows the waveform of the modulated
and amplified RZ-DPSK data at the regenerator in-
put. Figure 2(b) shows the eye diagram of the OOK
data produced at the PBS arm. To add PN to the in-
put DPSK data, an optical phase modulator with an
RF bandwidth of 8 GHz was introduced before the
regenerator.4 We applied an RF sinusoidal signal to
the phase modulator with a random electrical phase
(unsynchronized). The RF frequency was set to
7 GHz with a peak voltage of �V� /4. The high-

frequency sinusoidal (nonlinear) electrical signal
adds deterministic PN, whereas unsynchronization
(low-frequency jitter up to a few MHz) adds some
random PN. Also, the system input EDFAs and the
available limited-bandwidth MZM add additional
amplitude/phase noise to the data. Thus the overall
emulated amplitude/phase noise in this experiment
is almost similar to that of a real system. This PN re-
sults in amplitude noise on 1’s and 0’s of OOK data
coming out of the DI (PBS arms), as seen in Fig. 2(d).
Figure 2(c) shows the data after joining the two de-
graded OOK orthogonal signals before the SOA. The
converted phase-to-amplitude noise on the 1 bits and
copropagating weak 0 bits is clearly seen in that eye
diagram. Figure 2(e) shows the SOA-BPF output,
where the amplitude noise is reduced due to SOA
gain-compression/competition. The data are then
reamplified and received using another DPSK re-
ceiver (DI) similar to that in Ref. 7. The received
OOK eye diagram with clear eye opening shown in
Fig. 2(f) indicates regeneration.

To evaluate the regenerator performance, bit-error-
ratio (BER) measurements are shown in Fig. 3. The
filled squares represent the received back-to-back
DPSK data directly after the transmitter, measured
at one PBS arm without adding PN. The receiver sen-
sitivity is �−26 dBm. The open squares represent the
BER of the received DPSK data after the regenerator
with a �1 dB negative power penalty. In this case,
the system regenerates the unavoidable amplitude
noise on the original input data that is introduced by
the limited-bandwidth MZM and the unavoidable
ASE-induced amplitude/phase noise produced by the
input EDFAs that are utilized. To add PN to the in-
put data, we applied an unsynchronized sinusoidal
RF signal �7 GHz� to the phase modulator with a
peak voltage of �V� /6. The asterisks represent the
BER of the received degraded data, in this case with
an error floor of 10−5 at �−22 dBm. The open circles
represent the regenerated data with the error floor
removed and a reduction in BER by �6 orders of
magnitude at −21 dBm. The estimated optical signal-
to-noise ratio improvement from the BER measure-
ment in this case is �2 dB. By extrapolating the BER
curve of the degraded data (dashed line), we esti-
mated the introduced PN power penalty to be �7 dB
at 10−9 BER and the improvement in power penalty
to be �4 dB. The upper inset in Fig. 3 shows the re-
ceived degraded data eye diagram, and the lower in-
set shows the eye diagram after regeneration.

Fig. 2. Eye diagrams of the DPSK and OOK data with/
without PN into/out of the regenerator �20 ps/div�. See the
text for detailed descriptions of (a)–(f).
In the following, we provide a simple mathematical
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analysis of the system to verify PN and amplitude
noise regeneration. This analysis is based on quanti-
fying the standard deviation of PN for our system
configuration. In our system, the input DPSK is split
between the orthogonal fast �Ef� and slow �Es� axes of
the PMF, where Ef is delayed by 1 bit period �T� w.r.t.
Es, keeping zero phase shift between the two signals,
thus

Es�t� = Ae−t2/2�2
e jwte j�d�t�e�n1, �1�

Ef�t� = Ae−t2/2�2
e jwte j�d�t+T�e�n2, �2�

where � is the input DPSK Gaussian pulse width.
�d�t� is the data-pulse phase (0 or �), �n is the PN
with general distribution (Gaussian/non-Gaussian)
and zero mean, and �n is the PN standard deviation.
The two signals in Eqs. (1) and (2) are aligned at 45°
w.r.t. the PBS axes. They interfere along its x and y
axes, producing OOK signals. Along the x axis we get
either E00 or E��, and along the y axis we get either
E0� or E�0, and vice versa. For different possible com-
binations of �d�t�, the electric field along the x or y
axis is given by

E00 =
A

�2
e−t2/2�2

e jwt�e j�n1 + e j�n2�

=
2A

�2
e−t2/2�2

e jwtcos��n1 − �n2

2 �e j��n1+�n2�/2,

E0� =
A

�2
e−t2/2�2

e jwt�e j�n1 − e j�n2�

=
2A

�2
e−t2/2�2

e jwtj sin��n1 − �n2

2 �e j��n1−�n2�/2,

E�0 = − E0�, E�� = − E00, �3�
From Eq. (3), the electric field PN out of the DI is
given by �m= ��n1+�n2� /2. This indicates conversion
of half-input PN power into amplitude noise. The
mean value of �m is 	��m�=	��n1� /2+	��n2� /2=0.
The variance (var) of �n /2 is given by �n

2 /4. For inde-
pendent �n1 and �n2, the calculated standard devia-
tion of �m is �m=�var��n1 /2�+var��n2 /2�
=��n

2 /4+�n
2 /4=�n /�2=0.707�n��n. Therefore the

standard deviation of the data PN is reduced by
0.707 at the interferometer output. The SOA ampli-
fies the pulses with the cos term in Eq. (3) much more
than the pulses with the sin term and also averages
the amplified �G� pulse amplitudes �A cos���n1
−�n2� /2	
. Then the polarizer combines the two or-
thogonal polarizations into a single polarization. The
output data are given by

Eo = ±�A cos��n1 − �n2

2 �� · Ge−t2/2�2
e jwte j��n1+�n2�/2.

�4�

According to Eo, the output data phases are either 0
�+� or � �−�. This indicates reproduction of DPSK
data with smaller PN ��m�0.707�n� and reduced
amplitude noise. As the analysis is valid for an arbi-
trary PN distribution ��n�, it indicates the system’s
ability to regenerate linear as well as nonlinear PN.

In conclusion, we have demonstrated a novel
implementation for a DPSK regenerator. The system
is simple to implement because of the PM-PBS DI,
and it requires only a single SOA. The PM-PBS DI is
robust to temperature variations and can be imple-
mented using just one PC. The interferometer re-
duces the PN power by half, while the SOA-BPF re-
shapes the output DPSK data. We believe this
technique is also suitable for non-return-to-zero data
and can be scaled to higher bit rates where the PMF
is shorter.

E. Awad’s e-mail address is esawad2@ieee.org.
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