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A novel dual polarization differential quadrature phase shift keying (DP-DQPSK) system is proposed, whose

receiver is the same as the single polarization DQPSK system, while it does not need polarization de-multiplexing
like the conventional polarization division multiplexing QPSK (PDM-QPSK). Polarization mode dispersion (PMD) is
mainly considered and PMD compensation for the DP-DQPSK system is studied. As the feedback signal for PMD
compensation, the degree of polarization of the signals is discussed in detail. The results show that PMD tolerance

can be improved by 89 ps within 1 dB optical signal noise ratio penalty after PMD compensation for the DP-DQPSK

system.
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1. Introduction

The ever-increasing demand for communication
capacity has been pushing the development of high
spectral efficient optical-fiber systems. In recent
years, polarization division multiplexing and multi-
level modulation formats, which have high spectral
efficiency, have attracted much attention.[! Some typ-
ical modulation formats such as polarization divi-
sion multiplexed quadrature phase shift keying (PDM-
QPSK), differential 8 phase shift keying (D8PSK), and
quadrature amplitude modulation (QAM) are widely

[2—-6]

used. However, there are still some drawbacks

brought by the complex receiver structure. For ex-
ample, D8PSK has a very complicated demodula-
tor that consists of four Mach—Zehnder interferome-
ters, four balanced detectors and one exclusive OR
(XOR) gate; ] PDM-QPSK is usually de-multiplexed
with the method of coherent detection and electric
processing, %7 which is limited by the speed in the
electrical domain.

In this paper, a novel dual polarization DQPSK

(DP-DQPSK) system with no need for polarization
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de-multiplexing but based on just one receiver is pro-
posed. The DP-DQPSK signals can take advantage
of both polarization and phase to carry information,
providing 4bit/s/Hz spectral efficiency, two times that
of DQPSK. At the same time, the DP-DQPSK signals
are demodulated just by a pair of Mach—Zehnder in-
terferometers and two balanced detectors, without us-
ing any polarization control or polarization selection
at the receiver.

In our work, a 100-Gb/s DP-DQPSK transmis-
sion system is set up in Optisystem software with de-
duced pre-coding formula. As a major factor that af-
fects the system performance, polarization mode dis-
persion (PMD) is mainly considered and PMD com-
pensation is studied. Moreover, degree of polariza-
tion (DOP) is deeply analysed and further optimized,
which is adopted as the feedback signal for PMD com-
pensation. The result shows that PMD in the system
can be fully compensated and the tolerance to PMD
can be improved by 89 ps within 1 dB optical signal
noise ratio (OSNR) penalty through PMD compensa-

tion.
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2. Conﬁguration of the DP- ent. In this work, with the purpose of distinguishing
the two orthogonal components and making the errors

DQPSK system and principle

the least, the power ratio between the two orthogonal

2.1. Configuration of the DP-DQPSK components is set to be 2:1. The two IQ modula-
tors are driven by four 25 Gb/s binary streams Iy,

system Q1k, Ior, Qor, which are the output data streams of

Figure 1 illustrates the schematic of the 100-Gb/s  a pre-coder. And the input data streams of the pre-
novel DP-DQPSK system. At the transmitter end,  coder are obtained from pseudo-random bit sequence
linearly-polarized continuous wave (CW) light gener-  (PRBS) of length 220 — 1 through serial to parallel
ated by a laser at centre frequency of 193.1 THZ with ~ conversion. After return to zero (RZ) pulse carving,
the line-width of 100 kHz is split by a polarization  one orthogonal component is delayed with respect to
beam splitter (PBS) into two orthogonal components.  the other. The two de-correlated branches are then
They are fed separately into two in phase quadrature  orthogonally recombined using a polarization beam
(IQ) modulators. A polarization controller is used to ~ combiner (PBC).The expression of the output DP-
adjust the orientation angle of the CW light to make = DQPSK signals is deduced, which can be expressed
the power of the two orthogonal components differ- as follows:

2 [\/5 exp (i (Wflk + g)) + V2 exp(i WQlk)}

3 2 2
Eout = m
1[v2 _ 7r V2 .
3l exp | i| 7l + B} + 5 exp(1 Wsz)
X COS L(‘/clock(t) — Viias) | €xp iw (1)
2V, 2V )’

where Piota1 is the power of CW light, Viock(t) is clock signals applied to the RZ carver, V; is the driving
voltage to obtain a phase shift of 7 and Vi, is the bias voltage on Mach-Zehnder modulator (MZM).
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Fig. 1. Schematic diagram of the novel DP-DQPSK system. EDFA: erbium doped fibre amplifier, LPF: low-pass filter,
BPF': band-pass filter.

The receiver for the novel DP-DQPSK system is  balanced detectors, without any polarization control
the same as the single polarization DQPSK receiver, or polarization selection. Because the two branches of

including two Mach—Zehnder interferometers and two  polarization signals are orthogonal to each other and
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de-correlated to each other, they are incoherent and
the signals at each branch are self-coherent. There-
fore, one DQPSK demodulator can demodulate the
two branches of orthogonal polarization signals in-
dependently. Unlike the conventional PDM-DQPSK
system, the DP-DQPSK system does not need de-
multiplexing before demodulation. Therefore, it only
requires one demodulator instead of two used in the
conventional PDM-DQPSK system.

The eye diagram and multilevel detection are
shown as insets (a) and (b) in Fig. 1 respectively. Ap-
plying the three thresholds in Fig. 1(b), four signal
levels can be detected simply as 2-bit digital signals
of 10, 11, 01, 00, in grey-code order.

The optical band pass filter we used is a second-
order Gaussian filter and the electrical filter is a fifth-
order Bessel filter.[®! Considering the impact of filter
bandwidths on the performance of receiver, we find
the optimum bandwidth value through simulation in
Optisystem software and Matlab program. As shown

BER
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Fig. 2. Bit error rate (BER) at different optical filter
bandwidth and electrical filter bandwidth.
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Edes,% =V Ptota1/3
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Edcs,—% = Ptota1/3

1
—|ex
B p

in Fig. 2, the optimized 3-dB optical bandwidth By
and the electrical filter bandwidth By are 1.8 Rs
(45 GHz) and 0.75 Rs (18.75 GHz) respectively, where
Rs is the symbol rate.

2.2. Pre-coding principle

The digital differential pre-coder is a key compo-
nent in the DP-DQPSK system transmission.l”) The
input data streams of the pre-coder are defined as
U1k, U2k, U1k, V2 and the output streams of the pre-
coder as Ig, Quk, Iok, Qox; and g1, Qik—1, lok—1,
Q2r_1 are the predecessor bits of Iy, Iog, Q1k, Qok,
respectively. At the transmitter, I and Qqx, Iox and
Q2 are input into the two Q) modulators respectively
to generate modulated optical signals with a certain
phase. Table 1 shows the relationship between differ-
ential signals and the phases of the modulated optical
signals.

Table 1. relationship between differential signals and
the phases of the modulated optical signals.

Ik, Qi (Tak, Q2k) #1(¢2)
00 /4
0 1 3m/4
11 5m/4
10 /4

After transmission, the optical signals are demod-
ulated at the receiver. The output optical signals of

the two Mach—Zehnder interferometers are as follows:

[exp (i <¢m,1+ D) +exp(idn — 1,1)]
\/g{exp(i(qi)n,Z—i-Z))+exp(i¢n—l,2)} ’
e o20) -1
Vil (125

oo (3o -3)
N

oo (1{on1 - ) ~esien 11
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+
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We can obtain the output electrical signals of the
balanced detectors and u data branch and v data
branch respectively as follows:

Va & |Eqes,z | — |Econs, = |
= Piotal/3{2[cos(Apy1) — sin(Agy1)]
+ [cos(Agy2) — sin(Adu2)]},
Vo & |Eqes,—z|* = |Econs,—z|?
= Piotal/3{2[cos(A¢y1) + sin(Agy1)]
+ [cos(Ady2) + sin(Ady2)]} (3)

where Ady1, Apus, Ady1, Adys are phase differences
between the current signal and the former signal at
u and v branches. According to Eq. (3), four signal
levels can be obtained for both u and v branches and
they can be detected as 2-bit digital signals of 10, 11,
01, 00, in grey-code order, as shown in Fig. 3.
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Fig. 3. Timing-domain signals at the receiver of the DP-
DQPSK system.

The detection relationship is shown in Table 2.

Table 2. The relationship between the four signal levels
and the 2-bit signal.

Electrical signal level 0 1 2 3
(ul,u2) or (v1,v2) 00 01 11 10

Through the above analysis, Karnaugh map con-
cerning the input and output data streams of the pre-
coder can be obtained. Then we can deduce the logic
expressions of the DQPSK pre-coder from the Kar-
naugh map as follows:

Iy = U pvt gl k-1 + 1 pv1 k@1 k-1
+u1 kU1 s Q1 k-1 + U1 k1 kL1 =1,

Q1 = T x01EQ1 k-1 + T kV1 k11 5—1
+u1 101 k11 -1 F U1 k1 k@1 k-1,

Iy = U102l p—1Q2,k—1 + Ut kU2 kL2, k—1Q2,k—1
+ 01 502,k d2, k- 1Q2,k—1 + V1 kU2 k2 k—1Q2,k—1

+v1 kv kd2 k—1Q2,k—1 + Ut U2 kL2 k—1Q2,k—1

+ur ;U2 kL2, k—1Q2,k—1 + U1 kU2 k2 k—1Q2 k-1,
Q2.1 = U1 U2 2 k—1Q2,k—1 + V1 k02 kL2, k—1Q2, k-1

+ 01,502, k12 k—1Q2,k—1 + V1,kV2 kL2 i —1Q2,k—1

+v1 V2 klo k—1Q2 k-1 + Ut U2 kL2 k—1Q2, k-1

+ U1 g U2 kL2, k—1Q2,k—1 + U1 kU2 kL2 k—1Q2 k-1,

(4)

where Z means NOT z in logic operations.

3. Adaptive PMD compensation

As both the orthogonal polarizations are used to
carry the signals, polarization multiplexed (PolMux)
formats will highly suffer from the polarization effect
in fibres such as PMD.['% Therefore, it is necessary to
apply a PMD compensator in the novel DP-DQPSK
system. By using DOP as the feedback signal, particle
swarm optimization (PSO) algorithm as the searching
algorithm, optical PMD compensation is carried out.

3.1. DOP analysis
The DOP is defined as(!!]

/9% + 82+ 52

DOP = M, (5)
So

where Sy, Sy, So, S3 are four Stokes intensity param-

eters. The optical beam ¢ with arbitrary SOP S; can

be characterized by Stokes vector as!'!

S; P;

S; P; cos 2¢; cos 26;
S P; cos 2¢; sin 26
Sig Pi sin QEZ‘

where P; is the optical power, ¢; is the ellipticity angle
and 0; is the orientation angle. Choosing the trans-
mission axes of the PBS as reference coordinates x and
y for convenience, the corresponding Mueller matrix

of the PBS can be expressed as!'!)

1100 1 —100
1/1100 1/-1100

M, =~ , M, == (7)
210000 210 000
0000 0 000

After passing through the PBS, the Stokes vectors
along the x and y direction are M,S., and MyScy.
Due to non-coherence of the two orthogonal compo-
nents, the Stokes parameters of two completely in-
dependent optical beams can be added (in coherent
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superposition of intensities).''] Then the Stokes pa-
rameters can be obtained as follows:

SmO SyO
Sz S
Spr = MySew + MySew = | |+ |7 . (8)
SxQ Sy2
S:L’B Syd

As the CW light at the laser source is linearly polar-
ized light, its ¢; is equal to zero. Hence, we can obtain

SCWO Ptol
Sew Pio1 cos 20
S — L] _ | P
Scw2 P, sin 20
Scw3 0
SpMo Pyl
Spumi Pio1 cos 20
Spu = =" . (9)
Spm2 0
Spm3 0

According to Eq. (5), the DOP of the DP-DQPSK
signals at the transmitter end can be rewritten as

DOP = |cos(20)], (10)

where 6 is the orientation angle. Equation (10) is con-
sistent with the test results in Optisystem as shown
in Fig. 4. Obviously, DOP of the DP-DQPSK signals
is dependent on the orientation angle 6.

1.0
0.8
0.6

DOP

0.4
0.2

0
~90  —50 -10 30 70
/()

Fig. 4. DOP versus the orientation angle 6 tested in Op-
tisystem.

In this article, the orientation angle is adjusted
to 35.2° to make the power ratio between the two
branches of the DP-DQPSK signal be 2:1. Accord-
ing to Eq. (10), DOP is about 0.335.

By using the polarization meter in Optisystem
software, which works at the frequency of 193.1 THz
and has a bandwidth of 100 GHz, the relationship be-
tween DOP and differential group delay (DGD) for

the DP-DQPSK signals has been measured, as shown
by the dashed line in Fig. 5. We can see clearly that
when the feedback DOP reaches the maximum value
0.335, DGD is equal to zero, that is to say, PMD in
the system is compensated completely.

For the purpose of searching the maximum DOP
value precisely, DOP is tripled corresponding to DGD,
as shown by the solid line in Fig. 5. Then the max-
imum DOP value becomes 1. Taking the optimized
DOP as the feedback signal, the searching process and
PMD compensation will be more precisely achieved.

1.0 == real DOP of dual-pol
DQPSK signal
== DOFP as feedback signal

DOP

—80 —40 0 40 =0
DGD/ps

Fig. 5. DOP versus first-order DGD.

3.2. Architecture of PMD compensator
(PMDCQC)

As shown in Fig. 6, the PMD emulator is com-
posed of a polarization controller and a polarization
maintaining fibre (PMF) with differential group delay
(DGD) of 30 ps. The PMD compensator is a two-stage
compensator, consisting of two PCs, one variable de-
lay line and one fixed delay line with DGD of 15 ps.
Adopting the DOP of the DP-DQPSK signals as the
feedback signal and the particle swarm optimization
(PSO) algorithm as searching algorithm, logic control
unit realizes the control of PC1, PC2 and variable

delay line.[12—19]

This compensator can compensate
the first-order PMD and one main part of the second-
order PMD, the part of principal state of polarization
rotation rate (PSPrr). While polarization-dependent
chromatic dispersion (PCD), the other part of second-
order PMD, cannot be compensated.l'®) In fact, in
real optical fibre transmission, the first-order PMD
is the main part of the total PMD. For the second-
order PMD in real fibre link, PCD is the minor com-
ponent of the second-order PMD vector and makes less
impairment to systems, while the orthogonal compo-
nents related to PSPrr is the larger component and
the dominant impairment factor to systems.[!6] As a
result, PCD can be ignored in the compensation and
the PMD compensator is acceptable.
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Fig. 6. Architecture of the PMD compensator.

3.3. Simulation result of PMD compen-
sation

We set, the threshold of searching function value
(DOP) to 0.996 and the 256 simulation samples are
recorded. It can be seen from Fig. 7 that before com-
pensation, the DOP value is very small. While af-
ter PMD compensation, DOP values are all larger
than 0.998, indicating that the compensation is ac-
complished successfully.

The results before and after PMD compensation
are shown in Fig. 8. As shown in Figs. 8(a) and
8(b), the eye diagram becomes distorted when the DP-
DQPSK signals undergo PMD. Thus, the performance
degrades severely, resulting in an increased BER. Af-

Amplitude/10-% arb. units

0 0.2 04 0.6 0.8 1.0
Time/25 ps

Amplitude/10-% arb. units

0 0.2 04 06 0.8 1.0
Time/25 ps

ter compensation, the eye opening is improved re-
markably as shown in Figs. 8(c) and 8(d). In this case,
the DP-DQPSK signals can be decoded correctly.

1.0 <

.

T
DOP variation

I~ - after compensation
8 0.5 DOP variation
.-~ before compensation
O[T el A,
0 100 ' 200 ' 300

Simulation samples

Fig. 7. DOP variation before and after PMD compen-

sation.
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Fig. 8. Eye diagrams before PMD compensation: (a) u branch, (b) v branch. Eye diagrams after PMD

compensation: (c¢) u branch, (d) v branch.
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Figure 9 depicts the performance of the novel DP-
DQPSK system with and without PMD compensation
under the effect of first-order PMD (DGD of 30 ps).
The results show that PMD causes large penalty to the
performance of the system, which keeps BER remain-
ing to be about 5x 10~ all the time. While after PMD
compensation, BER can be reduced to below 1073.
Only 0.7-dB OSNR penalty is required for compen-
sation compared with 24.3-dB OSNR when without
PMD at the same BER level of 1073,

-0.2
_ | DGD=30ps ,
—0.5 < without PMD
> & with PMD withou PMDC
g 1 4 after PMDC '
8 2
& -3
___1 .....
—)
-6 i i il
18 20 22 24 26 28
OSNR/dB

Fig. 9. BER versus OSNR with and without first-order
PMD.

Figure 10 shows the OSNR, penalties at the BER
level of 1073 versus DGD for the 100-Gbit/s DP-
DQPSK system with and without PMD compensa-
The results show that the tolerance to PMD
can be increased from 12-ps to 101-ps within 1-dB

tion.

OSNR penalty by using a PMD compensator. It is
concluded that PMD compensation can greatly im-
prove the PMD tolerance with a low OSNR penalty
in the DP-DQPSK system.

@ without PMD compensation

3| @ with PMD compensation

OSNR pmmir_\_'

0 20 40 60 el 100
DGD/ps

Fig. 10. OSNR penalty at BER=10"3 versus DGD for

the 100-Gbit/s DP-DQPSK system.

4. Conclusion

In this paper, we have proposed a novel dual po-
larization DQPSK system. Compared with the con-
ventional PDM-DQPSK system, it has the same spec-
tral efficiency, while its receiver is simpler. In the
system, the DP-DQPSK signals can be demodulated

through balanced detection with no need for polariza-
tion de-multiplexing. PMD in the system is mainly
considered. Taking the optimized DOP as the feed-
back and PSO algorithm as the searching algorithm,
the results show that PMD compensation is imple-
mented successfully in the system. PMD tolerance
can be improved by 89 ps within 1-dB OSNR penalty
after compensation.

As the 100-Gb/s PDM-QPSK coherent system
has not been commercialized yet, the novel DP-
DQPSK system can play an important role in the op-
tical communication, especially in the short-distance
access network.
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