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Abstract We report a novel phase-erased demodulation of
differential phase-shift keying (DPSK) by exploiting cas-
caded second-harmonic generation and difference-frequency
generation (cSHG/DFG) in a periodically poled lithium nio-
bate (PPLN) waveguide. Analytical solutions are derived
to clearly describe the operation principle. The binary op-
tical phase information carried by the conventional DPSK
demodulation outputs is removed thanks to the cSHG/DFG
in a PPLN waveguide. PPLN-assisted phase-erased wave-
length conversion and demodulation of 40 Gbit/s non-
return-to-zero DPSK (NRZ-DPSK), return-to-zero DPSK
(RZ-DPSK), and carrier-suppressed return-to-zero DPSK
(CSRZ-DPSK) are demonstrated in the experiment. More-
over, the accompanying all-optical format conversions from
optical duobinary (ODB) to NRZ and from ODB/alternate-
mark inversion (AMI) to RZ are also substantiated in the
experiment. In addition, the calculated theoretical results
including optical spectra, temporal waveforms, and phase
diagrams also confirm the successful implementation of
PPLN-assisted 40 Gbit/s NRZ-DPSK/RZ-DPSK/CSRZ-
DPSK phase-erased wavelength conversion, demodulation,
and ODB-to-NRZ and ODB/AMI-to-RZ format conver-
sions.

1 Introduction

In recent years, differential phase-shift keying (DPSK) has
been emerging as an important advanced modulation format
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for long-haul optical fiber transmission and high-speed op-
tical communication systems owing to its high tolerance to
chromatic dispersion and nonlinearity [1]. In DPSK mod-
ulation format the data information is encoded with binary
optical phases of ‘0’ and ‘π ’. A critical element in DPSK
systems is regarded as the DPSK demodulator performing
phase-to-intensity conversion prior to photodiode [1]. Previ-
ously, several attractive candidates and lots of schemes were
employed to perform DPSK demodulation with impres-
sive operation performance, including injection locking of
a semiconductor laser diode [2], birefringent-fiber-loop [3],
ultranarrow optical discriminator filter [4], athermal delay-
interferometer filter [5–7], polarization Mach-Zehnder de-
lay interferometer implemented with a highly birefrin-
gent air-guiding photonic bandgap (PBG) fiber [8], silicon-
based microring resonator [9], fiber Bragg grating filters
[10, 11], stimulated-Brillouin-scattering-based optical fil-
tering [12], silicon-on-insulator delay interferometer [13],
tunable differential group delay (DGD) element [14], delay-
asymmetric nonlinear loop mirror [15]. These schemes de-
modulated the DPSK signal into an intensity-modulated sig-
nal for detection. However, it should be noted that the de-
modulation output using all the previous approaches had
binary optical phase variation. For instance, the constructive
demodulation output takes the optical duobinary (ODB) for-
mat while the destructive demodulation output carries the
alternate-mark inversion (AMI) format [6, 9]. Both ODB
and AMI contain binary optical phase variation with a rel-
ative phase difference of π . So far phase-removed DPSK
demodulation has not yet been demonstrated.

Very recently, a promising candidate known as quasi-
phase matched (QPM) periodically poled lithium niobate
(PPLN) waveguide has been widely used for various high-
speed all-optical signal processing applications for its dis-
tinct advantages of large nonlinear coefficient, ultrafast
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nonlinear optical response, negligible spontaneous emis-
sion noise, and miscellaneous second-order and cascaded
second-order nonlinearities [16]. PPLN-based wavelength
conversions [17–23], optical tunable delays [24–26], opti-
cal switching [27], label swapping [28], logic gates [29–33],
format conversions [34], and optical phase conjugation for
dispersion compensation [35] have been demonstrated. Pre-
viously, we have suggested and confirmed a new opti-
cal phase erasure characteristic of PPLN [36], based on
which all-optical format conversion from carrier-suppressed
return-to-zero (CSRZ) to return-to-zero (RZ) has been per-
formed [36].

In this paper, by using the optical phase erasure charac-
teristic of PPLN based on cascaded second-harmonic gen-
eration and difference-frequency generation (cSHG/DFG),
we report another new application of PPLN in phase-erased
demodulation of DPSK modulation format. We experimen-
tally demonstrate phase-erased wavelength conversion and
demodulation of 40 Gbit/s non-return-to-zero DPSK (NRZ-
DPSK), RZ-DPSK, and CSRZ-DPSK assisted by removing
the binary optical phase variation in the conventional de-
modulation outputs. Furthermore, all-optical format conver-
sions at 40 Gbit/s from ODB to NRZ and from ODB/AMI
to RZ are also implemented.

2 Experimental setup and operation principle

Figure 1 illustrates the conventional demodulation of
40 Gbit/s DPSK using a 40G fiber delay interferometer
(FDI). It consists of two 3 dB optical couplers (OCs) and
two fiber arms with a length difference of 5.2 mm, which
introduces a relative time delay of 25 ps (�t). The operation

Fig. 1 Schematic illustration of conventional 40 Gbit/s DPSK demod-
ulation using a 40G FDI

temperature of the lower arm is controlled by a tempera-
ture controlling block (TCB) to adjust the phase shift (�ϕ).
Such one-bit-delay 40G FDI can perform the conventional
demodulation of 40 Gbit/s DPSK. It should be noted that
the demodulation outputs from 40G FDI are not exactly the
NRZ or RZ modulation format, which has constant optical
phase. In general, it is ODB and AMI modulation formats
that are respectively obtained at the constructive interfer-
ence output port and destructive interference output port
of 40G FDI. Remarkably, ODB/AMI modulation format
has a similar power profile to that of NRZ/RZ. However,
there also exists distinct difference between ODB/AMI and
NRZ/RZ with the fact that ODB/AMI has binary optical
phase variation in its data bits.

Figure 2 shows the experimental setup and operation
principle for PPLN-assisted phase-erased DPSK demodu-
lation. 40 Gbit/s pseudo-random binary sequence (PRBS)

Fig. 2 (a) and (b) Experimental setup and (c)–(e) operation princi-
ple for PPLN-assisted phase-erased wavelength/format conversion and
demodulation of 40 Gbit/s NRZ-DPSK/RZ-DPSK/CSRZ-DPSK. TF:
tunable filter; VOA: variable optical attenuator
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NRZ-DPSK/RZ-DPSK/CSRZ-DPSK signal is generated
from a tunable laser (TL), two cascaded Mach-Zehnder
modulators (MZMs) driven by a bit pattern generator (BPG),
and an erbium-doped fiber amplifier (EDFA). A 40G FDI
is employed to demodulate the 40 Gbit/s DPSK signal.
Note that the direct demodulation outputs from 40G FDI
take ODB (constructive interference) and AMI (destruc-
tive interference) modulation formats, which have binary
optical phase variation with a relative phase difference
of π . The demodulated ODB/AMI signal, together with
a continuous-wave (CW) pump emitted from an external
cavity laser (ECL), are combined by an optical coupler
(OC), amplified by a high-power erbium-doped fiber am-
plifier (HP-EDFA), polarization state adjusted through a po-
larization controller (PC), and finally launched into PPLN
to take part in the cSHG/DFG nonlinear interactions. The
HP-EDFA offers a small-signal gain of 40 dB and a sat-
uration output power of 30 dBm. Figure 2(b) depicts the
photograph of the PPLN waveguide adopted in the experi-
ment which is fabricated by the electric-field poling method
and annealing proton-exchanged technique. It has a mi-
crodomain period of 14.7 µm and a QPM wavelength of
∼1543.2 nm at room temperature during the experiment.
The optical spectra and temporal waveforms are respec-
tively observed via an optical spectrum analyzer (OSA,
Anritsu MS9710C) with the highest spectral resolution of
0.05 nm and a communications signal analyzer (CSA, Tek-
tronix 8000B).

For cSHG/DFG processes, as shown in Figs. 2(c)–(e),
here the ODB/AMI signal not the CW pump is set at the
SHG QPM wavelength of PPLN. The ODB/AMI signal is
converted to a second-harmonic (SH) wave by SHG, which
simultaneously interacts with the CW pump to yield a new
converted idler wave by the subsequent DFG. We can de-
rive an analytical solution to the complex amplitude of the
converted idler (Ai) under non-depletion approximation ex-
pressed as

Ai = C · A2
SA∗

P (1)

C = −1

2
ωiωSHκSHκDF
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where C is a constant, AS and AP are respective complex
amplitudes of input signal and pump. ωi and ωSH are angu-
lar frequencies of idler and SH wave. κSH and κDF are cou-
pling coefficients of SHG and DFG. � is phase mismatch
of DFG. L is the length of PPLN. We can further deduce
following complex amplitude (A) and optical phase (φ) re-
lationships as

Ai ∝ A2
SA∗

P (3)

φi ∝ 2φS − φP (4)

According to (1), (3) and (4) and taking into account
the periodicity of 2π of optical phase, the square re-
lationship between converted idler and input signal im-
plies that the binary optical phase variation with a rel-
ative difference of π (φ0, φ0 + π) in the signal can be
removed in the converted idler (φ0 → 2φ0, φ0 + π →
2φ0 + 2π = 2φ0). In addition, after removing the binary op-
tical phase variation, ODB signal is converted to NRZ/RZ
idler (Fig. 2(d)) and AMI signal is transformed to RZ idler
(Fig. 2(e)). As a result, it is possible to perform PPLN-
assisted phase-erased NRZ-DPSK/RZ-DPSK/CSRZ-DPSK
demodulation and ODB-to-NRZ/RZ, AMI-to-RZ format
conversions.

3 Experimental results and discussions

Phase-erased wavelength/format conversion and demodula-
tion for 40 Gbit/s NRZ-DPSK, RZ-DPSK, CSRZ-DPSK
signals are in turn performed. Figure 3 depicts the measured
typical optical spectra for conventional 40 Gbit/s NRZ-
DPSK demodulation using a 40G FDI. The constructive in-
terference demodulation takes the ODB format as shown
in Fig. 3(b) while the destructive interference demodulation
with the carrier suppressed has the AMI format as shown in
Fig. 3(c).

Figure 4 shows the measured optical spectra for PPLN-
assisted phase-erased 40 Gbit/s NRZ-DPSK demodulation
and ODB-to-NRZ format conversion. ODB signal is set
at 1543.2 nm to meet the SHG QPM condition. The con-
verted idler is generated at 1535.1 nm as the CW pump
is tuned at 1551.4 nm. Insets (a) and (b) show the en-
larged spectra for ODB signal and NRZ idler. It is found

Fig. 3 Measured optical spectra for conventional 40 Gbit/s
NRZ-DPSK demodulation using a 40G FDI. (a) Input NRZ-DPSK;
(b) Constructive interference demodulation with ODB format; (c) De-
structive interference demodulation with AMI format



834 J. Wang et al.

Fig. 4 Measured optical spectra for 40 Gbit/s NRZ-DPSK
phase-erased demodulation and ODB-to-NRZ format conversion

that linear spectral line is present in the converted idler,
which has the spectrum similar to NRZ modulation for-
mat. The spectral difference between the ODB signal and
NRZ idler can be explained with the fact the binary optical
phase information in the ODB signal is erased in the NRZ
idler.

Figure 5 depicts the measured optical spectra for PPLN-
assisted phase-erased 40 Gbit/s NRZ-DPSK demodulation
and AMI-to-RZ format conversion. AMI signal is set at
1543.2 nm to satisfy the SHG QPM condition. The idler at
1535.1 nm is obtained with the CW pump set at 1551.4 nm.
As can be clearly seen from the insets, the idler shown
in inset (b) has a similar spectrum to RZ modulation for-
mat, which is quite different from the AMI signal shown
in inset (a). The carrier is suppressed in AMI signal while
present in RZ idler. We can observe clear linear spec-
tral lines in the RZ idler. Such phenomenon can be at-
tributed to optical phase erasure from AMI signal to RZ
idler.

Figure 6 displays the observed temporal waveforms for
different optical waves, from which we can clearly see
that the intensity information carried by ODB/AMI is suc-
cessfully copied onto converted NRZ/RZ idlers. Figures 4,
5 and 6 indicate the successful implementation of phase-
erased 40 Gbit/s NRZ-DPSK demodulation and ODB-to-
NRZ and AMI-to-RZ format conversions. Note that the op-
tical phase information is not reflected in the waveforms.
However, we can deduce the conclusion of optical phase re-
moval from the change of optical spectra. The ODB/AMI
signal has smooth spectra owing to the binary optical phase
variation in the data bits. By contrast, after removing the bi-
nary optical phase information, the generated NRZ/RZ idler
has shown clear linear spectral lines in the spectra.

To further confirm the proposed PPLN-assisted phase-
erased NRZ-DPSK demodulation and ODB-to-NRZ and
AMI-to-RZ format conversions, we also present the the-
oretical results according to (3) including optical spec-
tra, temporal waveforms, and phase diagrams as shown

Fig. 5 Measured optical spectra for 40 Gbit/s NRZ-DPSK
phase-erased demodulation and AMI-to-RZ format conversion

Fig. 6 Measured temporal waveforms for different optical waves cor-
responding to phase-erased 40 Gbit/s NRZ-DPSK demodulation

in Fig. 7. A 40 Gbit/s PRBS NRZ-DPSK signal is con-
sidered. As shown in Figs. 7(a2) and (a3), the conven-
tional demodulated ODB/AMI signals have smooth spec-
tra while the converted idlers by cSHG/DFG have lin-
ear spectral lines similar to NRZ/RZ modulation formats
as depicted in Figs. 7(a4) and (a5). The obtained spectra
and waveforms by theoretical analyses are in good agree-
ment with the experimental results. We also plot phase di-
agrams for different optical waves. It can be clearly seen
that ODB/AMI have binary phase variation with a relative
phase difference of π as shown in Figs. 7(c2) and (c3). With
the assistance of optical phase removal using cSHG/DFG
in a PPLN waveguide, it is found that the converted RZ
idlers have constant optical phase as depicted in Figs. 7(c4)
and (c5). As a consequence, we can conclude from the ex-
perimental and theoretical results shown in Figs. 4, 5, 6
and 7 that PPLN-assisted phase-erased wavelength conver-
sion and demodulation of 40 Gbit/s NRZ-DPSK and ODB-
to-NRZ, AMI-to-RZ format conversion are successfully im-
plemented.
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Fig. 7 Theoretical results for
phase-erased 40 Gbit/s
NRZ-DPSK demodulation and
ODB-to-NRZ, AMI-to-RZ
format conversions.
(a1)–(a5) Optical spectra;
(b1)–(b5) Temporal waveforms;
(c1)–(c5) Phase diagrams;
(a1), (b1) and (c1) NRZ-DPSK
signal; (a2), (b2) and (c2) ODB
signal; (a3), (b3) and (c3) AMI
signal; (a4), (b4) and (c4) NRZ
idler (ODB-to-NRZ);
(a5), (b5) and (c5) RZ idler
(AMI-to-RZ)

In addition to NRZ-DPSK, it is also possible to per-
form PPLN-assisted phase-erased wavelength/format con-
version and demodulation for 40 Gbit/s RZ-DPSK and
CSRZ-DPSK signals. Figures 8(a) and (b) show the spec-
tra observed in the experiment when 40 Gbit/s RZ-DPSK is
employed. The spectra of ODB and AMI directly demodu-
lated from RZ-DPSK are smooth. However, linear spectral

lines with a spacing of 40 GHz are obtained in the converted
idlers which take the RZ format. These changes in the spec-
tra can be ascribed to the binary optical phase erasure from
ODB/AMI to the converted RZ idlers. The theoretical re-
sults shown in Figs. 8(a1), (a2), (b1) and (b2) are consistent
with those observed in the experiment. Very similar to Fig. 8,
Fig. 9 depicts both experimentally observed and theoreti-
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Fig. 8 Measured optical spectra
for 40 Gbit/s RZ-DPSK
phase-erased demodulation
accompanied by (a) ODB-to-RZ
and (b) AMI-to-RZ format
conversions. (a1), (a2),
(b1) and (b2) Theoretical results
of optical spectra. (a1) ODB
signal; (a2) RZ idler
(ODB-to-RZ); (b1) AMI signal;
(b2) RZ idler (AMI-to-RZ)

Fig. 9 Measured optical spectra
for 40 Gbit/s CSRZ-DPSK
phase-erased demodulation
accompanied by (a) ODB-to-RZ
and (b) AMI-to-RZ format
conversions. (a1), (a2),
(b1) and (b2) Theoretical results
of optical spectra. (a1) ODB
signal; (a2) RZ idler
(ODB-to-RZ); (b1) AMI signal;
(b2) RZ idler (AMI-to-RZ)

cally calculated spectra as 40 Gbit/s CSRZ-DPSK is consid-
ered. Besides the spectra, Figs. 10(a) and (b) further display
the temporal waveforms observed in the experiment when
40 Gbit/s RZ-DPSK and CSRZ-DPSK are respectively
adopted. Simple theoretical calculations of waveforms con-
form to the experiment results. The analogous theoretically
calculated phase diagrams to those plotted in Figs. 7(c1)–

(c5) are not shown here for RZ-DPSK and CSRZ-DPSK.
Compared to the case of NRZ-DPSK as shown in Figs. 3,
4, 5, 6 and 7, here the difference is that after optical phase
removal the ODB is changed to the RZ format but not the
NRZ format for the cases of RZ-DPSK and CSRZ-DPSK.
As a result, phase-erased demodulation accompanied by all-
optical ODB-to-NRZ, AMI-to-RZ format conversions are
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Fig. 10 Measured temporal waveforms for different optical waves
corresponding to phase-erased 40 Gbit/s (a) RZ-DPSK and
(b) CSRZ-DPSK demodulation

achieved when 40 Gbit/s NRZ-DPSK is employed. When
40 Gbit/s RZ-DPSK/CSRZ-DPSK is used, phase-erased de-
modulation together with all-optical ODB-to-RZ, AMI-to-
RZ format conversions are implemented.

4 Conclusion

In summary, we propose and demonstrate phase-erased
demodulation of 40 Gbit/s NRZ-DPSK/RZ-DPSK/CSRZ-
DPSK signals based on cSHG/DFG in a PPLN waveguide.
Moreover, with the assistance of optical phase erasure char-
acteristic of PPLN, all-optical 40 Gbit/s ODB-to-NRZ/RZ
and AMI-to-RZ format conversions are also implemented
in the experiment. The obtained theoretical results includ-
ing optical spectra, temporal waveforms, and phase di-
agrams further verify the successful implementation of
PPLN-assisted phase-erased 40 Gbit/s NRZ-DPSK/RZ-
DPSK/CSRZ-DPSK demodulation and ODB-to-NRZ/RZ
and AMI-to-RZ format conversions.
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