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We present a novel coherent transceiver for optical differential phase-shift keying/differential quadrature
phase-shift keying (DPSK/DQPSK) signals based on heterodyne detection and electrical delay interfer-
ometer. A simulation framework is provided to predict a theoretical sensitivity level for the reported
scheme. High sensitivity of –45.18 dBm is achieved for 2.5-Gb/s return-to-zero (RZ)-DPSK signal, and
high sensitivities of –36.83 dBm (I tributary) and –35.90 dBm (Q tributary) are observed for 2.5-GBaud/s
RZ-DQPSK signal in back-to-back configuration. Transmission for both signals over 100 km is also inves-
tigated. Experimental results are discussed and analyzed.
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Since the 1980s, numerous studies have been done on
optical coherent receiver for its benefits of high receiver
sensitivity, robustness to noise, and preservation of both
amplitude and phase informations[1−4]. Coherent re-
ceivers can be divided into several types, including ho-
modyne, heterodyne synchronous, and heterodyne asyn-
chronous receivers[5,6]. Homodyne detection possesses
the theoretical shot-noise-limited receiver sensitivity if
the local oscillator (LO) is locked to the received signal
by an optical phase-locked loop (OPLL)[7−11]. However,
such a loop is complex and costly. Recently, advances in
digital signal processing (DSP) enabled electrical com-
pensation for impairments such as chromatic dispersion
(CD), polarization-mode dispersion (PMD), and carrier
phase error. Thus, homodyne detection with advanced
modulation formats, such as quadrature amplitude mod-
ulation (QAM), i.e., 16-QAM, has become a hot spot in
long-haul and high-spectrum efficiency systems[12−14].
On the other hand, heterodyne detection is much toler-
able to laser linewidth and can be realized without an
OPLL. Thus, this detection offers a tradeoff between
sensitivity and receiver complexity. Heterodyne detec-
tion draws increasing attention in unrepeatered links
such as free-space optics communications[15−17], which
require high-sensitivity transceivers with less complex-
ity. Although the in-phase (I) and quadrature (Q) noise
components both affect the received signal, and the re-
ceiver sensitivity degrades compared with that of hetero-
dyne synchronous detection, heterodyne asynchronous
detection not only inherits near-shot-noise-limited per-
formance, but is also much compact, stable, and practical
than heterodyne synchronous detection, which needs an
electrical carrier recovery unit.

In this letter, we propose and demonstrate a novel
coherent transceiver for optical differential phase-shift
keying (DPSK) and differential quadrature phase-shift

keying (DQPSK) signals. The transceiver is based on
heterodyne asynchronous detection and electrical delay
interferometer. A passive electrical delay interferometer
(EDI), which does not require phase shift control, is more
stable and compact, as well as less costly compared with
an optical delay interferometer (ODI) for low data rate
systems. A simulation framework is first provided to pre-
dict a theoretical sensitivity level. Then by experiment, a
sensitivity of –45.18 dBm (BER = 1×10−9) for 2.5-Gb/s
return-to-zero (RZ)-DPSK signal is achieved in back-to-
back (B2B) configuration. Moreover, B2B sensitivities of
–35.92 dBm (I) and –36.47 dBm (Q) for 2.5-GBaud/s RZ-
DQPSK signal are achieved. Transmission performance
of both signals over 100 km is investigated. Compared
with the best record of DPSK receiver[18] and theoretical
level[19], the present scheme achieved results that are 6
and 7 dB lower, respectively. However, since our scheme
does not use any optical amplifier or any active feedback
control and the requirement of laser linewidth is also
released, it is therefore simple and cost-effective.

Figure 1 shows the simulation setup consisting of an
optical heterodyne receiver and an EDI. Heterodyne
detection down-converts the received signal into an elec-
trical intermediate frequency (IF) signal. Theoretically,
an IF of fIF >> fB/2 is necessary to fully recover the
transmitted data[20]. The fB is the bit rate determined
optical carrier modulation bandwidth. A 10-GHz IF fre-
quency was chosen for low-frequency noise suppression
and cost effectiveness. However, we note that if the IF
increases, insertion loss and the cost of electrical devices
also increase. Thus, this scheme is more suitable for low
data rate systems. For high data rate systems, the IF
frequency should be properly decreased.

The EDI performs much like an ODI, which electri-
cally demodulates the IF signal in a self-coherent way.
The EDI has a two-tributary structure, incorporating a

1671-7694/2012/030603(4) 030603-1 c© 2012 Chinese Optics Letters



COL 10(3), 030603(2012) CHINESE OPTICS LETTERS March 10, 2012

Fig. 1. Simulation setup DFB: distributed feedback; PS:
phase shift.

certain delay time and a certain phase shift in each tribu-
tary. One symbol time delay is induced by one delay line
(DL) corresponding to the signal envelope. On the other
side, a phase shift is induced by other DL corresponding
to the carrier frequency. In our scheme, one DL is set
to 400 ps for 2.5-Gb/s data rate to match the IF signal
envelope. The other is set to 0◦ for DPSK signal (corre-
sponding to a carrier phase shift of 0◦) and –12.5 ps or
+12.5 ps for DQPSK signal (corresponding to a carrier
phase shift of –45◦ and +45◦).

In Fig. 1, the system data rate is 2.5 Gb/s. The signal
source laser and LO laser are centered at 193.39 and
193.4 THz, respectively, which have an average power
of 14 dBm. A DPSK modulator and a pulse carver
are placed to generate a 50% RZ-DPSK signal. The
balanced PIN photodiodes (BPD) have a 40 GHz band-
width, 0.65 A/W responsiveness, 10 nA dark current,
and 10−22 W/Hz thermal noise. The low-noise amplifier
(LNA) has a small signal gain of 60 dB and a noise figure
of 3 dB. The low-pass filter (LPF) has a 3-dB bandwidth
of 0.75×2.5 GHz.

Figure 2(a) shows the simulation results for RZ-DPSK
(50% duty cycle) signal. A −45.5-dBm receiver sensitiv-
ity is achieved with a 1-MHz laser linewidth. Increasing
the laser linewidth to 20 MHz caused only 3-dB sensitiv-
ity penalty. This scheme is thus more tolerable to laser
linewidth, providing higher stability.

Figure 2(b) shows the simulation results for RZ-
DQPSK signal. A –42.5-dBm receiver sensitivity is
achieved for a 1-MHz laser linewidth. A 3-dB degrada-
tion in receiver sensitivity can be expected for DQPSK
signal. However, Ref. [21] predicted that for self-coherent
detection, DQPSK was 6 times less tolerable than DPSK
to laser frequency drift. Since our scheme incorporates
two lasers, it is more sensitive to IF drift coming from
unlocked heterodyne detection. The present simulation
does not consider the laser frequency drift; thus, the sen-
sitivity result is not affected by small laser linewidth val-
ues. However, larger laser linewidth values significantly
affect the sensitivity result. The simulation shows a 10-
MHz laser linewidth tolerance at 3-dB sensitivity penalty.
The tolerance of DQPSK signal to laser linewidth is 3-dB
lower than that of DPSK signal.

Figure 3 shows the experimental setup. A distributed
feedback (DFB) laser, with a linewidth of approximately
1-MHz and an average power of 14-dBm, serves as the
transmitter laser source. The source is then modulated
through a conventional Mach-Zehnder modulator (MZM)
to an optical non-return-to-zero (NRZ)-DPSK signal
using an amplified electrical NRZ signal with a pat-
tern pattern length of 27–1 from the pattern genrator.
For NRZ-DQPSK signal, the modulation is processed
through a dual-parallel MZM using two amplified elec-
trical NRZ signals from the data out and 8 bits delayed
data out of out the pattern generator, as the I and Q
tributaries respectively. The NRZ PSK signals are fur-

ther modulated a second MZM biased at the quadrate
point to 50% RZ PSK signals by an electrically aligned
2.5-GHz sinusoidal signal. A set of 100-km TrueWave R©
fiber is inserted for transmission evaluation. No optical
amplifier is used. The signal is then sent to an optical
band-pass filter (BPF) with a 3-dB bandwidth of 0.4-nm
to suppress the side modes of the laser. The average
launch power of DPSK or DQPSK signal after the BPF
is −4 or −12 dBm, respectively. A tunable attenuator
is inserted to evaluate the sensitivity. The LO laser is a
DFB laser with a line width of approximately 1-MHz and
an average power of 14-dBm, which is carefully turned
to be centered at 10 GHz away from the signal.

Heterodyne detection is performed with a 3-dB cou-
pler, followed by a pair of 40-GHz BPDs with 0.65 A/W
responsiveness, thus generating a 10-GHz IF signal. The
power incident on the BPDs after the coupler is 11 dBm
for each BPD, which mainly comes from the LO laser.
Afterwards, a LNA with small a signal gain of 60 dB and

Fig. 2. Simulated BER performance of (a) 2.5-Gb/sDPSK
and (b) 2.5-GBaud/s DQPSK signals under variable laser
linewidth.

 

Fig. 3. Experimental setup.
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Fig. 4. Measured eye diagrams of (a) NRZ-DPSK; (b) RZ-
DPSK; (c) IF signal; (d) demodulated signal; (e) measured
RZ-DQPSK spectrum and coupled spectrum.

noise figure of 3-dB is applied to amplify the signal. A
passive EDI consisting of a power splitter, two delay
lines (plus two phase shifters), and a mixer, followed
by a 2.5-GHz electrical LPF, is then used to convert
the 10-GHz IF signal into baseband signal and decode
the differential phase modulated signal to an amplitude
modulated RZ signal. The differential decoded signal is
further processed for BER testing.

Figure 4 shows the measured performance of the 2.5-
Gb/s RZ-DPSK signal. Figures 4(a) and (b) show the
NRZ-DPSK signal after the first MZM, and the pulse
carved RZ-DPSK signal after the second MZM, respec-
tively. Figure 4(c) shows the eye diagram of the electrical
IF signal, which has a clear envelope. The demodulated
baseband eye diagram after the EDI is shown in Fig.
4(d). The coupled spectrum after the 3-dB coupler of
the RZ-DPSK signal and the LO shown in Fig. 4(e)
indicate that the signal is 10-GHz away from the LO.
Thus, the IF is 10-GHz. The time delay on two arms of
EDI for demodulation of 2.5-Gb/s DPSK signal are 400
and 0 ps, respectively.

Figure 5 shows the measured performance of the 2.5-
Gb/s RZ-DQPSK signal. Figures 5(a) and (b) show the
eye diagrams of NRZ-DQPSK signal and RZ-DQPSK
signal, respectively. The received and demodulated elec-
trical eye diagrams for both I and Q tributaries after
100-km transmission are shown in Figs. 5(c) and (d),
respectively. The spectrum of RZ-DQPSK signal and
the coupled spectrum are shown in Fig. 5(e).

Figure 6 (red) shows the BER results for 2.5-Gb/s
RZ-DPSK signal. Both the B2B and the 100-km trans-

mission performances are considered, which result in
sensitivities of −45.18-dBm (BER = 10−9, B2B) and
−44.90-dBm (BER = 10−9, 100 km), respectively. A
small sensitivity penalty of about 0.3-dB is observed
after 100-km transmission. Compared with the simu-
lation results, only 0.3-dB penalty is observed in B2B
configuration for all system parasitics.

Figure 6 (blue) shows the BER results for 2.5-GBaud/s
RZ-DQPSK signal. In the B2B configuration, sen-
sitivities of −36.83-dBm (BER = 10−9, I tributary)
and −35.90 dBm (BER = 10−9, Q tributary) are ob-
served. Only the BER results from 10−7 to 10−2 could
be achieved after 100-km transmission due to the in-
sertion loss of the attenuator (approximately 4 dB).
However, without the attenuator, −35.1 dBm (I tribu-
tary) and −34.52 dBm (Q tributary) optical power can
be observed after 100-km transmission, with error-free
performance. It is noted that the sensitivity measured
in the experimental is about 5 dB lower than that in
the simulation. The DQPSK signal is more sensitive
to laser impairments, such as frequency drift and laser
linewidth, than the DPSK signal. The main reason for
this difference is the laser frequency drift, which is not
considered during the simulation.

No dispersion control is applied due to the limited
transmission distance and low data rate. In addition,
no clear dispersion impairment is observed in the experi-
ment. The total amount of accumulated CD after 100-km
transmission is about 420 ps/nm, which is slightly larger
than one unit interval (UI). However, with either a higher
data rate or a longer transmission distance, dispersion

Fig. 5. Measured eye diagrams of (a) NRZ-DPSK; (b) RZ-
DPSK; (c) IF signal; (d) demodulated signal; (e) measured
RZ-DQPSK spectrum and coupled spectrum.
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Fig. 6. (Color online) BER performance of 2.5-Gb/s DPSK
and 2.5-GBaud/s DQPSK signals.

management is required due to the inter-symbol interfer-
ence (ISI) induced by overlaps of adjacent pulses. The
system is tolerable to a dispersion value of 2 UI.

In conclusion, we report and demonstrate a novel high-
sensitivity optical coherent transceiver for DPSK and
DQPSK signals based on heterodyne asynchronous de-
tection and electrical delay interferometer. A simulation
framework is provided to predict a theoretical sensitivity
level. High sensitivity of −45.18 dBm is achieved for
2.5-Gb/s RZ-DPSK (50% duty cycle) signal, while high
sensitivities of −36.83 and −35.90 dBm are observed for
2.5-GBaud/s RZ-DQPSK signal.
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