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We propose a blind quadrature imbalance (QI) compensation algorithm based on the statistical properties
of I and Q signals in a receiver. The algorithm estimates the QI parameters of a receiver by calculating
the mean, variance, and correlation coefficient of I and Q components. Then, the estimated imbalance
parameters are adopted to compensate for the QI in the receiver. Simulation results show that the Q
factor is considerably optimized by the application of the QI compensation algorithm in an 80-Gb/s Pol-
Mux coherent optical quadrature phase-shift keying (CO-QPSK) system. Compared with conventional
algorithms, the proposed algorithm exhibits better performance when the phase deviation from QI exceeds

+15°.
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Coherent detection technology for long-haul and high-
speed transmission has recently attracted considerable
attention because such technology presents high re-
ceiver sensitivity(] and spectral efficiency?. Coher-
ent detection can obtain complete optical field infor-
mation, including that amplitude and phase, thereby
enabling the compensation of dispersion and nonlinear-
ity in the electrical domain by digital signal processing
(DSP)Bl. Multilevel optical modulation formats with
high spectral efficiency and robust resistance to linear
impairments have also been extensively investigated!¥.
Quadrature phase-shift keying (QPSK) with a coherent
detection scheme is widely used in high-speed optical
communications® =7, and is one of the most promising
modulation formats because of its superior transmission
characteristics!®.

Ideally, the amplitudes of the I/Q channel signals of
a receiver are equal, and the phase difference between
channels is 90° in a QPSK system with a coherent re-
ceiver. However, an imperfect optical 90° hybrid may
cause amplitude and phase imbalances®). This effect is
called quadrature imbalance (QI)[*%). QI affects the per-
formance of all subsequent DSP algorithms in a receiver
and diminishes the performance of a QPSK system!!],
To correct QI, many compensation algorithms have been
proposed: in Ref. [9], the Gram-Schmidt orthogo-
nalization procedure (GSOP) was used to correct non-
orthogonality; in Ref. [11], a QI compensation scheme
based on the constant modulus algorithm was proposed;
in Ref. [12], the least-squares algorithm was applied to
fit constellation to an ellipse, after which the ellipse pa-
rameters were extracted and then used to estimate the
amplitude and phase imbalance parameters. Real-time
QI compensation has also been recently reported™3!. In
this letter, we propose a blind QI compensation algo-
rithm based on the statistical properties of received sig-
nals. The algorithm calculates the mean, variance, and
correlation coefficient of I and Q components. Then, the
calculated parameters are applied to estimate imbalance
parameters. With given amplitude and phase imbalance
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parameters, QI compensation is performed. The pro-
posed algorithm is tested by simulation in an 80-Gb/s
back-to-back (B2B) coherent optical (CO)-QPSK sys-
tem. The performance of the proposed algorithm, com-
bined with the phase estimation (PE) algorithm!*4 is
also examined. Simulation results show that the com-
pensation algorithm increases the Q factor of the system
with QI to a value observed in a system with quadrature
balance in an 80-Gb/s CO-QPSK system.

For simplicity, we assume that the I branch is ideal, and
that imbalance is introduced only in the Q branch. We
also assume that the phase difference between a carrier
and local oscillators is zero. Figure 1 shows the schematic
of the proposed QI compensation algorithm.

In Fig. 1, s(t) denotes the original signal without QI,
s(t) = si(t) + jsq(t); z(t) represents the received signal
with QI, z(t) = z1(t) + jzq(t); and y(t) is the equalized
signal, y(t) = y1(t) + jyq(t).

The relationship between z(t) and s(t) is expressed
as[lS]

x(t) = Kis(t) + Kas™(t), (1)
where * denotes complex conjugation, and imbalance fac-
tors K1 and K5 can be expressed as

1 ¥
K, = ++e
5 (2)
1 — gel
Ky = ——

where g and § are the amplitude and phase imbalance fac-
tors, respectively. When the I and Q branches perfectly
match (that is, g=1 and 6=0), we can obtain K; = 1 and
K; = 0. Using Eq. (2) and splitting Eq. (1) into real
and imaginary parts, we can rewrite Eq. (1) as

{xl(t) = Sl(t) (3)
zq(t) = geos(@)sq(t) — gsin(8)s(t)

In matrix formulation, Eq. (3) can be rewritten as

SOV ey o] LJ=AL0]. @
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Fig. 1. Schematic of the QI compensation algorithm.
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Fig. 2. Imbalance compensator of the QI compensation algo-
rithm.

where

A= [—g s%n(é) gcoos(5)] : (%)

Thus, we can obtain equalized signal y(t) by pre-
multiplying Eq. (4) by the inverse matrix of A:

[ZIQ(@)} =4 [?Q(fg)} = [twi(é) [gcos?sn-l] [?Q(@J |

(6)

That is, yq(t) = tan(d)z1(t)+[g cos(d)] taq(t), yi(t) =
21(t). Then, we can obtain the imbalance compensator of
Fig. 1, as illustrated in Fig. 2. Hence, we first calculate
g, tan(d), and cos(d) to obtain y(t).

We assume that s; and sq are i.i.d. random processes
with mean u and variance 0. The means and variances
of z1 and zq can be expressed as('%

{E(JEI)

var(xy

u

| o (7)

Thus,

{E(;EQ) = gufcos(d) — sin(9)] (8)

var(zq) = g%0?

Using Egs. (7) and (8), we can obtain the amplitude
imbalance factor

g = y/var(zq)/var(xr). (9)

To estimate parameter §, we determine the correlation
coefficient of z1 and zq with

xr — E(‘TI) . rQ — E(‘TQ)] ) (10)

Oy Oy

mezQ =F |:
Q

According to Egs. (7) and (8), we can obtain o, = o,
Ozq = go. Substituting o, and 0., into Eq. (10) and
performing mathematical manipulations yield

1
Pareg = F[E(wwcz) — E(z1)E(zq)].  (11)
Using Eqs. (3), (7), and (8), as well as the statistical
independence between s; and sq as bases, we can rewrite
Eq. (11) as

prszm%{E{sl [g cos(d)sq—y sin(8)s1]—gu?[cos(8)—sin(8)]}

:% {cos(é)E(sI )E(SQ)—sin(é)E(sf )—u?[cos(8)—sin(0)] }

= Ll cos()-sin(8) (u? + 0%)u?[cos(6)-sin(8)])

. % x [—0? sin(8)] = — sin(3). (12)

With Eq. (12), parameter § can be easily estimated as
d = —arcsin(przq)- (13)

Thus, we first calculate the statistical properties of the
received signals, and then estimate the amplitude and
phase imbalance parameters. Equation (6) or Fig. 2 is
subsequently applied to compensate for QI.

To test the proposed QI compensation algorithm, nu-
merical simulations are performed in the 80-Gb/s Pol-
Mux B2B CO-QPSK system. VPI Transmission Maker
7.6 is used for the simulations. The schematic of this
system is shown in Fig. 3.

In the transmitter, the QPSK signal is obtained using
an integrated LiINbO3 Mach—Zehnder modulator (MZM),
which is driven by 20-Gb/s I and Q drive signals. Push-
pull operation is adopted on both the sub-MZMs of the
nested MZM. The external cavity laser is located at 1550
nm, with the linewidth set at 100 kHz. To achieve po-
larization multiplexing, the same configurations of the
dual-parallel MZM described above are implemented in
Pol X and Pol Y. At the end of the Pol-Mux transmitter,
a polarization beam combiner (PBC) is used to converge
the separate polarizations that form the 80-Gb/s Pol-
Mux QPSK signal.

At the receiver, the Pol-Mux signal is first sent to a po-
larization beam splitter (PBS) to separate Pol X and Pol
Y. Then, the polarization demultiplexed QPSK signals
are sent to corresponding DSP unit beats with the local
oscillator (LO) signal in a 90° optical hybrid to obtain
the I and Q components of the signal. The LO frequency
offset is set at 50 MHz. The 90° optical hybrid is fol-
lowed by two balanced photodiodes (PDs). An analog-
to-digital converter (ADC) with a sampling rate fixed at
80 GSa/s is used to sample each signal for offline process-
ing (4 rounds of up-sampling). QI, which results from the
imperfection of the optical 90° hybrid, is then compen-
sated. After QI compensation, PE is adopted when the
phase difference between the transmitter and the local
oscillator is nonzero. Finally, the bit error rate (BER) is
estimated using the Monte Carlo method over 217 bits.
In the simulations, we set the optical signal-to-noise ratio
(SNR) to 14 dB.
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Fig. 3. Simulation configuration of the 80Gb/s Pol-Mux CO-
QPSK system.
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Fig. 4. (Color online) Q factor versus phase mismatch. In-
sets show the constellation diagrams of the received signals
for a phase mismatch of 20° with (blue) and without (red) QI
compensation.

The validity of the QI compensation algorithm is first
tested. We set the phase mismatch of the 90° optical
hybrid to 30° and the 3-dB coupler coupling coefficients
to +40% of their nominal value (i.e., coupling coefficient
is 0.7). The Q branch-to-I branch amplitude ratio is

\/0.7/(1 —0.7)=1.528. The g and § obtained by simu-

lation are 1.525 and 30.2°, respectively, indicating good
agreement between simulation and theory.

Phase mismatch is introduced in the phase shifter of
the 90° optical hybrid, and only its effect on the per-
formance of the QPSK system is investigated. Figure 4
shows the Q factor as a function of phase mismatch. The
Q factor significantly decreases with increasing phase
mismatch when no QI compensation is performed. With
QI compensation, the performance deterioration caused
by different phase mismatch degrees is eliminated and
the Q factor increases to 11.94 dB, a value identical to
that derived in the system without QI. The lower inset
in Fig. 4 shows the received signal for a phase mismatch
of 20° in the 90° optical hybrid. This mismatch causes a
skew in the constellation diagram.

After applying the QI compensation algorithm to com-
pensate for non-orthogonality, the signal is recovered in
the form of four orthogonal phase states (upper inset,
Fig. 4).

In a CO-QPSK system, the I and Q branches are sep-
arately received. Thus, amplitude imbalance does not
affect system performance. This effect is attributed to
the fact that amplitude imbalance does not influence the
electrical SNR. However, when the I and Q branches are
combined to perform electronic equalization, amplitude
imbalance significantly affects the performance of all
subsequently applied DSP algorithms, such as PE. To
consider the effect of amplitude imbalance on PE in the
simulation, we set the 3-dB coupler coupling coefficient
to 0.7, as well as the transmitter laser and LO with a
linewidth of 100 kHz and frequency offset of 50 MHz,
respectively. Figure 5(a) shows the received constellation
diagram without QI compensation and PE (left), with
PE only (center), and with both QI compensation and
PE (right).

In the presence of amplitude imbalance and phase
difference between the carrier and LO, the constella-
tion becomes elliptical (left side, Fig. 5(a)). The center
of Fig. 5(a) corresponds to the output of PE when
QI compensation is applied beforehand. QI prevents
PE from appropriately functioning, thereby leading to
distorted constellations. When QI compensation is per-
formed before PE, the effect of QI and phase difference
is effectively cancelled, and the quality of a constellation
significantly improves (right side, Fig. 5(a)).

The effect of phase mismatch on PE is also investi-
gated. The phase mismatch of the 90° optical hybrid is
set to 20°, and the transmitter laser and LO are set with
a linewidth of 100 kHz and a frequency offset of 50 MHz,
respectively. The left side of Fig. 5(b) shows the com-
bined effects of phase mismatch and phase difference
between the carrier and LO. The constellation becomes
a skew ellipse. The center of Fig. 5(b) shows a distorted
constellation when only PE is applied because of the
effect of phase mismatch on the implementation of the
PE algorithm.

Phase mismatch causes PE to yield inaccurate results.
When QI compensation is applied before PE, the signals
are successfully recovered (right side, Fig. 5(b)).

Compared with universal algorithms for QI compen-
sation (e.g., GSOP), the proposed QI compensation

2 -1 0 1 2 -2 -1 0 1 2 =2 -1 0 1 2
(@)

(b)

Fig. 5. Constellation diagrams of the received signals for (a)
a coupling coefficient and (b) a phase mismatch of 0.7, (left)
without QI compensation and PE, (central) with PE alone,
and (right) with QI compensation and PE.
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Fig. 6. Q factor versus phase mismatch versus the proposed
QI compensation algorithm and the GSOP algorithm.

Fig. 7. BER versus various settings of phase mismatch and
coupling coefficients.

algorithm exhibits better performance when phase de-
viation exceeds +£15° (Fig. 6). When phase mismatch
reaches +£35°, a 1.8-dB superiority over conventional al-
gorithm is achieved.

Figure 7 shows the BER as a function of various set-
tings of the 90° optical hybrid when no QI compensation
is implemented.

All deviations from the nominal settings increase the
BER. Phase mismatch is the most influential defect.
When the phase difference is nonzero, Eq. (3) is rewrit-
ten as

{xI (t) = s1(t) cos(0) — sq(t) sin(h) 14
2q(t) = gcos(6 — 0)sq(t) — gsin(§ — 0)si(t)

Equation (14) indicates that the estimation of phase
difference 0 is affected by phase imbalance, thereby caus-
ing phase mismatch to have a more considerable effect
on the PE algorithm than does amplitude imbalance.
Compared with amplitude imbalance, phase imbalance
results in greater BER fluctuation (Fig. 6). When QI
compensation is performed before PE, however, QI is
completely compensated and the BERs of various set-
tings decrease to those obtained in the system without
QI. That is, BER improves to the value of the ideal set-
ting in Fig. 6 (i.e., the degree of phase mismatch is zero
and the coupling coefficient is 0.5).

In conclusion, QI arises from imperfections in a co-
herent receiver. Its effect on the performance of optical
QPSK communication systems is investigated. QI is a
ubiquitous phenomenon that affects the performance of
subsequently applied DSP algorithms and degrades sys-
tem performance. To correct QI, we propose a blind QI
compensation algorithm based on the statistical prop-
erties of received signals. Given that QI is constant
during a single measurement, only a small number of
received signals are required to calculate statistical prop-
erties, which leads to low complexity. The proposed QI
compensation algorithm is tested by simulations in an
80-Gb/s B2B CO-QPSK system. The proposed method
significantly eliminates the various imperfections caused
by the receiver QI and improves system performance.
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