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Abstract—A signed and accurate phase offset estimation method
of the delay interferometer (DI) for the direct detection differential
phase-shift keying system based on a delay-tap sampling technique
has been demonstrated. A chromatic dispersion offset module was
introduced to help the phase offset measurement. The proposed
method can not only measure the value but also distinguish the
polarity of phase offset of DI. The measurement sensitivity can
reach 4 and measurement range can reach 75 . The simula-
tion and experimental measurement results are in close agreement
with each other.

Index Terms—Chromatic dispersion (CD), delay-tap sampling,
differential phase-shift keying (DPSK), delay interferometer (DI),
performance monitoring, optical fiber communication, phase
offset.

I. INTRODUCTION

D IFFERENTIAL phase-shift keying (DPSK) format is a
promising candidate to be applied in the high speed and

large capacity system because it is better performance than con-
ventional on–off keying (OOK) format such as 3 dB optical
signal-to-noise ratio (OSNR) improvement when balanced de-
tectors (BDs) are employed [1], [2]. Optical direct detection of
DPSK signals require a delay interferometer (DI) for demodu-
lation followed by BD. The DI is an asymmetric Mach–Zehnder
(AMZ) filter with a delay of one bit period between two arms.
In principle, the DI needs to be accurately adjusted so that it
could create perfect constructive and destructive interference at
two output ports. Generally, the balanced receiver has several
potential problems such as detectors’ responsivities difference,
loss imbalance in the two arms, finite extinction ratio, interfer-
ometer delay mismatch, and phase offset. The phase offset in the
DI or equivalent frequency offset between the laser and DI has
been identified as a major degradation factor for optical DPSK
and differential quadrature phase-shift keying (DQPSK) signals
[3]–[6]. A 4% frequency offset can lead to an OSNR penalty of
1 dB [3].

Fig. 1 shows the simulation result of OSNR penalty BER
for 10-Gb/s DPSK signals as a function of phase offset
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Fig. 1. OSNR penalty versus phase offset in DI.

in DI. The measurement results show that the nonreturn-to-zero
differential phase-shift keying (NRZ-DPSK) signal exhibits sig-
nificant OSNR penalty with an increase of phase offset espe-
cially with large chromatic dispersion (CD) offset. More than
3-dB OSNR penalty will be experienced when the phase offset
is 15 with CD of 850 ps/nm and 35 with CD of 340 ps/nm, re-
spectively. OSNR penalty will increase sharply with the phase
offset increment in DI. The stable operation of DI is quite impor-
tant so it is indispensible to calibrate the DI phase offset accu-
rately. Some methods have been proposed to estimate the phase
offset of DI [7]–[9]. However, proposed techniques suffer one or
more of the following disadvantages including low monitoring
sensitivity, small monitoring range caused by monitoring signal
performed periodically, influenced by power loss or gain and
cannot discriminate the phase offset shift direction (red shift or
blue shift). In this letter, we demonstrate a phase offset of the
DI measurement method based on asynchronous delay-tap sam-
pling technique with a CD offset. This method does not need the
clock recovery module, transmitter modification and relatively
easy to implement. The proposed method can reach 4 mea-
surement sensitivity, 75 estimation range and also differen-
tiate the direction of phase offset in DI.

II. PRINCIPLE OF PHASE OFFSET MEASUREMENT

In a real transmission system, the phase offset can be in-
duced by optical source wavelength shift, temperature drift and
aging of the component. If the path difference in the asym-
metric interferometer does not match to the frequency of the
signal, the frequency offset is equivalent to phase offset

, where is the frequency mismatch and is the
bit rate. This phase mismatch could result in imperfect inter-
ference within the DI and consequently receiver performance
degradation leading to eye closure. Besides eye closure, asym-
metric waveform distortion occurs and amplitude shoulder ap-
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Fig. 2. (a) Eye diagram and (b) scatter plot under 60 phase offset and
170-ps/nm CD offset of demodulated DPSK signals.

pears on the rising and falling edges with phase offset and ad-
ditive CD offset existing together [10]. The waveform asym-
metric distortion can be reflected by scatter plots obtained by
the delay-tap sampling process and then the signed phase offset
estimation can be realized.

The eye diagram and scatter plot which were obtained after
imperfect demodulation with 60 phase offset and 170-ps/nm
CD offset are shown in Fig. 2(a) and (b). The eye diagram
showed an asymmetrical feature since the amplitude shoulder
appeared on the trailing edge of the signal waveform. The wave-
form profile degradation and eye diagrams’ inclination could
be reflected by the scatter plots after delay-tap sampling. The
delay-tap sampling method employs a delay-tap line to sample
twice with a known time delay in one sampling process so a
pair of data could be obtained [11]. A single sampling process
contains two sampling actions and the first sampling point was
recognized as and for the second sampling point. The data
and were amplitude values of the signal and then the data pair
( ) was constructed. Then two-dimensional scatter plots were
constructed using the data pair ( ) as axis and axis, re-
spectively. Because the data pair obtained are from the same or
adjacent pulses, the scatter plots can reflect the pulse shape fea-
ture and variation. In our case, bit period was introduced
as the time delay in the sampling process since the amplitude
shoulder located at the half of the trailing edges. The coordinate
plane was departed into two parts by linear function .
is the largest distance from points in the space to the
function and is the largest distance from points in the
space to the function . Since the scatter plots is not
symmetrical about , the distance and are not the
same. Then a variable distance ratio (DR) was defined to repre-
sent the scatter plots variation level by calculating the ratio of
distance over

(1)

However, the largest distance may be obtained from the dis-
crete error point considering the amplitude fluctuation or timing
jitter. One approach to solve this problem is finding the point
which has largest distance and then making a circle around it
with an appropriate tolerance as radius. Then computing the av-
erage distance of all the points locate in the circle to the linear
function . So the average distances and can be re-
ferred instead of the largest distance for DR calculation. Then
signed phase offset monitoring can be represented quantitatively
by the DR. From the simulation and experiment, we found 1/7

Fig. 3. Experimental setup for signed phase offset of DI measurement.

normalized amplitude is an appropriate radius value for the DR
calculation. The averaging process can effectively eliminate dis-
creteness caused by noise and distortion. But if the signal distor-
tion is too serious or the OSNR value is smaller than 15 dB, the
asymmetry will be difficult to extract. DR can not be calculated
correctly and this method will lose effectiveness.

III. EXPERIMENTAL CONFIGURATION

Fig. 3 shows the experimental configuration of the signed
phase offset measurement system for 10-Gb/s direct detec-
tion NRZ-DPSK systems. A tunable laser (TL) is operated at
1550 nm as an optical source and followed by a Mach–Zehnder
modulator (MZM). The MZM is biased at the transmission null
point of the transmission curve to generate the DPSK signal.
The optical carrier was modulated by a 10-Gb/s pseudorandom
bit sequence (PRBS) of length from a pulse pattern
generator (PPG) with swing. This technique of performing
phase modulation produces perfect 180 phase variation. A
10-km standard single-mode fiber (SSMF) was introduced in
the system as the CD offset module. An erbium-doped fiber
amplifier (EDFA) was used to compensate the loss caused by
the modulator and SSMF. An optical bandpass filter with a
3-dB bandwidth of 0.6 nm was used to eliminate the redundant
amplified spontaneous emission (ASE) noise. At the receiver,
the NRZ-DPSK signal was demodulated by a DI and then
launched into the BD. The electrical output signal was split into

and channels by a 3-dB splitter. The time delay between
two channels was set as 1/2 bit period by an electrical delay
line. Then the two channel signals fed into a digital commu-
nications analyzer (DCA) from Agilent technologies (Model:
86100) with an electrical input module (Model: 86118A) to
implement the asynchronous delay-tap sampling process. The
eye diagrams and data for scatter plots construction were
obtained from the DCA. The phase offset of the DI can be fine
tuned by an integrated thermal heater assembled in one DI arm
using a voltage applied to it. The clock recovery module does
not need in asynchronous delay-tap sampling process.

IV. RESULTS AND DISCUSSION

Fig. 4(a), (b), and (c) show the simulated eye diagrams of
the NRZ-DPSK signals after demodulation under phase offset
of 30 , 45 , and 45 with CD offset of 170 ps/nm, respec-
tively. The signals’ eye diagrams showed asymmetrical char-
acter and the amplitude shoulder appeared on the trailing edge or
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Fig. 4. Simulation results of eye diagrams with CD of 170 ps/nm: (a) 30 phase
offset; (b) 45 phase offset; (c) �45 phase offset.

Fig. 5. Simulation results of scatter plots with CD of 170 ps/nm: (a) 30 phase
offset; (b) 45 phase offset; (c) �45 phase offset.

Fig. 6. Experimental results of eye diagrams with CD of 170 ps/nm: (a) 30
phase offset; (b) 45 phase offset; (c) �45 phase offset.

Fig. 7. Experimental results of scatter plots with CD of 170 ps/nm: (a) 30
phase offset; (b) 45 phase offset; (c) �45 phase offset.

Fig. 8. Phase offset measurement results.

rising edge. The eye diagram in Fig. 4(b) with 45 phase offset
showed more inclination than the one obtained with 30 phase
offset shown in Fig. 4(a). Eye diagrams in Fig. 4(b) with 45
and Fig. 4(c) with 45 phase offset showed a similar level of
degradation but opposite inclination direction. Fig. 5 shows the
scatter plots corresponding to the figures in Fig. 4. The scatter
plots in Fig. 5(a) and (b) are asymmetrical and the tendency
increases with increment of phase offset. The scatter plots in
Fig. 5(b) and (c) showed similar shape but opposite point direc-

tion. Fig. 6(a)–(c) shows the experimental results of the eye dia-
grams with CD offset of 170 ps/nm and phase offset of 30 , 45 ,
and 45 , respectively. Fig. 7(a)–(c) shows the corresponding
experiment results of the scatter plots. The inclination level of
eye diagrams increases with phase offset absolute value incre-
ment. Scatter plots gradually lost symmetry against diagonal.
Then the simulation and experiment scatter plots can be used to
calculate the DR. The experimental results of eye and scatter di-
agrams show small signal distortion caused by signal saturation
during detection. Additional distortion introduced during the de-
tection process is quite harmful and the specific feature of the
amplitude shoulder appearing on the middle of the edges would
be affected. Acceptable results with relative high accuracy can
be obtained by using averaging method if the saturation effect
is not very critical.

Fig. 8 shows the simulation and experimental results of
signed phase offset of DI measurement. The DR is from 4.55
to 3.98 dB with phase offset from 75 to 75 so the shift
direction of phase offset can be distinguished. The monitoring
sensitivity can reach 4 with 0.1-dB change of DR. As
shown in Fig. 8, the simulation results and experimental results
matched quite well.

V. CONCLUSION

We have demonstrated a signed and accurate phase offset
of the DI measurement method based on the asynchronous
delay-tap sampling technique assisted by a CD offset module.
The scatter plots show unique features which reflect the signal
distortion and a parameter DR is defined to estimate the phase
offset. The measurement sensitivity can reach 4 and mea-
surement range can extend to 75 .
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