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Abstract—We investigate transmitter IQ imbalance com-
pensation based on the blind adaptive source separation
(BASS)method in a dual-polarizationM-QAMoptical coher-
ent system. The robustness of the BASSmethod against the
residual carrier frequency offset (CFO) is numerically in-
vestigated and compared to that of the Gram–Schmidt or-
thogonalization procedure (GSOP). We further validate
experimentally the proposedmethodwith 10 Gbaud optical
4-QAM and 16-QAM signals at 30° and 10° phase imbalance,
respectively, with simulated impairments. More specifi-
cally, in the presence of 5 × 10−6 residual CFO (normalized
to the sample rate), the optical signal-to-noise ratio penalty
reduction of the BASS method compared to the GSOP
method is 1 dB for 4-QAM at a bit error ratio (BER) of 2 ×
10−3 and 2 dB for 16-QAM at a BER of 10−3. In contrast to
the GSOP, which requires an independent block, the
BASS method can be integrated into an equalizer, simplify-
ing the operation and allowing parallel implementation.

Index Terms—Digital signal processing; IQ imbalance
compensation; M-QAM; Optical coherent transmission.

I. INTRODUCTION

M -ary quadrature amplitude modulation (M-QAM) in
combination with coherent detection and digital sig-

nal processing (DSP) has now become a promising candi-
date for next-generation optical transmission systems.
This is made possible notably thanks to technical progress
in photonic integrated circuits (PICs) allowing the fabrica-
tion of monolithically integrated optical circuits for
M-QAM optical signal generation [1]. Despite the amazing
performance of these circuits, there are still some issues, in
particular concerning the nonlinear gain of electrical am-
plifiers, the control of phase shifts in optical waveguides,
and the cable lengths or circuit paths on printed boards.

For all these reasons the resulting signal may present
gain and/or phase imbalance, globally referred to as IQ
imbalance.

As the modulation order increases, the sensitivity to
such imperfections is exacerbated, especially under the im-
pacts of carrier frequency offset (CFO) between the trans-
mitter (Tx) laser and receiver (Rx), chromatic dispersion
(CD), and polarization-multiplexing-induced effects.
Some effort has been dedicated to Rx IQ imbalance
compensation with the help of DSP, including the Gram–
Schmidt orthogonalization procedure (GSOP) [2] or
complex-valued multiple-input-multiple-output (MIMO)
adaptive equalizers [3,4]. A widely linear equalizer has
recently been studied for joint Rx IQ imbalance compensa-
tion and polarization demultiplexing [5]. Tx IQ imbalance
is more critical in transmission systems, and some recent
work has attempted to eliminate this impairment, e.g., by
using Turbo demodulation of LDPC-coded signals [6] or
indirect learning architecture [7] as a calibration method,
regardless of transmission imperfections, such as CD and
polarization-multiplexing-induced impairments. Tx IQ im-
balance monitoring and diagnosis functions based on adap-
tive filter coefficients have recently been proposed in [8].
However, an extra 2 × 2 MIMO filter is required for each
polarization, implying increased hardware complexity.
Table I presents a comparison of existing IQ imbalance
compensation methods in terms of their implementation,
validation, complexity, and possibility of joint compensa-
tion of other impairments.

In our recent work [9], we have shown that the CFO
should be compensated for before the IQ imbalance com-
pensation in the presence of Tx IQ imbalance. In addition,
residual CFO is always present, even when using advanced
CFO compensation [10], and it can only be mitigated at the
carrier recovery stage (after the polarization demultiplex-
ing filters). In this paper, we extend the use of a blind
adaptive source separation (BASS) algorithm in a dual-
polarization M-QAM optical coherent system in order to
compensate for the Tx IQ imbalance. The order of DSP
blocks is optimized to reduce the hardware complexity
while keeping the effectiveness of the Tx IQ imbalance
compensation. To this aim, the equalizer structure is
revisited to carry out simultaneous polarization demulti-
plexing, IQ imbalance, and residual CD compensation. Thehttps://doi.org/10.1364/JOCN.9.000D42
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robustness of the proposed method against residual CFO is
investigated and compared to that of the widely used GSOP
method. First, a performance comparison between the
GSOP and the BASS methods is carried out by extensive
simulations with 4-QAM (also known as quadrature phase
shift keying—QPSK) and 16-QAMmodulations. The results
show that our proposed method is more robust against
residual CFO, compared to the GSOP. Second, an experi-
mental validation is also carried out with 10 Gbaud optical
4-QAM and 16-QAM signals subjected to 30° and 10° phase
imbalance, respectively. In the presence of 5 × 10−6 residual
CFO (normalized to the sample rate), our proposed method
enables optical signal-to-noise ratio (OSNR) penalty reduc-
tions compared to the GSOP method of 1 and 2 dB at bit
error ratios (BERs) of 2 × 10−3 and 10−3 for the 4-QAM
and 16-QAM signals, respectively, showing its effectiveness.
Furthermore, while the GSOP method operates based on
statistical calculations of collected samples, our proposed
method effectively operates at the sample rate, and all
proposed DSP blocks work in the feedforward manner.
This possibly facilitates parallel implementations and hence
is promising for high-bit-rate transmission systems.

The paper is organized as follows: Section II briefly
describes a model for Tx IQ imbalance under the impacts
of polarization-multiplexing-induced impairments, CD,
and CFO. The DSP blocks order and numerical studies of
the proposed method are then reported in Section III. The
effectiveness of the proposed method is further validated
experimentally in Section IV. A comparison of the hard-
ware complexity of the algorithms is summarized in
Section V. Finally, Section VI concludes the paper.

II. TX IQ IMBALANCE UNDER THE IMPACT OF

TRANSMISSION IMPAIRMENTS

Figure 1 presents a block diagram of a dual-polarization
M-QAM coherent transmission system. At the transmitter,
the different driving electrical signal amplitudes between
the in-phase (I) and quadrature (Q) arms of the modulator
and the imperfect biasing are referred to as Tx gain imbal-
ance, εp, and phase imbalance, θp, respectively [6], where
the subscript p � 1, 2 denotes polarizations X and Y,
respectively. Under the impact of Tx IQ imbalance, the
transmitted signal on each polarization, xp�t�, can be
expressed as [11]

xp�t� � R�sp�t� · �G1;pejωst �G2;pe−jωst��
G1;p � �1� εpejθp�∕2; G2;p � �1 − εpe−jθp�∕2; (1)

where sp�t� and ωS denote the baseband signal to be trans-
mitted on the polarization p and the Tx laser frequency,
respectively. �⋅�� is the complex conjugation operation,
ℜ is the real-part operator, and j �

������
−1

p
. It should be noted

that G1;p � 1 and G2;p � 0 in the absence of Tx IQ imbal-
ance. Note that the Tx signal is band-limited by a root-
raised-cosine (RRC) filter.

The distorted signals are polarization-multiplexed from
a single laser source by the polarization beam splitter
(PBS) and polarization beam combiner (PBC). The
multiplexed signal is then transmitted over a 200-km-long
standard single-mode optical fiber (equivalent to an
accumulated CD of 3400 ps/nm) [12]. Neglecting the fiber
nonlinearity, the transfer function of the transmission
medium associated with CD, HCD�z;Δω�, and with
polarization-induced impairments [i.e., polarization mode
dispersion (PMD)], HPMD�Δω� can be expressed as

H�Δω� � HCD�z;Δω�HPMD�Δω� (2)

where HCD�z;Δω� and HPMD�Δω� are represented by
[13,14]

TABLE I
COMPARISON OF EXISTING IQ IMBALANCE COMPENSATION METHODS

Ref. Polarization IQ Imbalance Position Simulation/Experiment
Complexity of
Update Rule

Joint/Independent
Compensation

[2] Single Rx Simulation N/A Independent
[3] Dual Rx Experiment High Joint
[4] Dual Rx Simulation High Joint
[5] Dual Rx Simulation High Joint
[6] Single Tx Simulation High Joint
[7] Single Tx Experiment High Independent
[8] Single Tx Simulation High Independent
[9] Single Tx Both Medium Joint
This work Dual Tx/Rx (applicable) Both Medium Joint

(a)

(b) (c)

Fig. 1. (a) Block diagram of the dual-polarizationM-QAM coher-
ent system under the impacts of Tx IQ imbalance, CFO, CD, and
polarization-multiplexing-induced effects. (b) Tx electrical signal
generation and IQ modulator structure with IQ imbalance.
(c) 90° optical hybrid structure. PBS, polarization beam splitter;
PBC, polarization beam combiner.
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HCD�z;Δω� � exp
�
−j

Dλ2z
4πc

Δω2

�
; (3)

HPMD�Δω� �
� cos α sin α

− sin α cos α

��
ej�Δωτ�β�∕2 0

0 e−j�Δωτ�β�∕2

�

×
� cos α − sin α

sin α cos α

�
;

in which z is the propagation distance. The parameters λ
and c denote the wavelength and speed of the light in vac-
uum, respectively.D represents the dispersion coefficient of
the fiber. Δω is the angular frequency with respect to ωS.
The parameters 2α and β are the azimuth angle and eleva-
tion angle of the state of polarization in Stokes space.
Finally, τ denotes the differential group delay (DGD).

Using this transfer function, the effects of CD, polariza-
tion rotation, and PMD can be simulated so that simulta-
neous polarization demultiplexing and compensation of IQ
imbalance and the residual CD and CFO can be verified
with the proposed method. After being combined with
the signal emitted by a local oscillator (LO) laser, xLO�t�,
in a coherent receiver (consisting of two 90° optical hybrid
units) and experiencing the effect of CFO, ω0 � ωL − ωS (ωL

being the LO laser angular frequency), the received Ip and
Qp components on each polarization after balanced
photodetection, can be written as

Ip � R�yp · x�LO;p · e−j�ω0t�φ�t���Qp � I�yp · x�LO;p · e−j�ω0t�φ�t���;
(5)

in which y�t� is the transmitted signal, corrupted by ampli-
fied spontaneous emission (ASE) noise from optical ampli-
fiers and having experienced CD- and polarization-induced
impairments. I is the imaginary part operator, and φ�t�
describes the laser phase noise. To simplify our model,
we assume that the laser phase noise only comes from
the emitter LO laser.

The output signals of the balanced photodiodes are
digitized in analog-to-digital converters (ADCs) and
subsequently filtered by another RRC filter (acting as a
matched filter) to obtain optimal performance. It is as-
sumed that the received signal is sampled at twice the
symbol rate and is perfectly time synchronized. The DSP
steps are summarized in Fig. 2. They consist of i) CD
compensation in the frequency domain [13], ii) frequency-
domain-based CFO compensation [10], iii) joint IQ
imbalance compensation by the proposed BASS method
and polarization demultiplexing filters, iv) phase noise
compensation [15], and v) BER and error vector magnitude
(EVM) [16] calculations.

Concerning the Tx IQ imbalance compensation step, our
proposed BASS method is compared to the GSOP method
by simply replacing the BASS method in Fig. 2 by the
GSOP method. In fact, IQ imbalance results in an interfer-
ing term in the demodulated complex signal that is a linear
combination of the useful signal and its complex conjugate

version. This relation can be expressed by a matrix [14],
and the compensation problem is equivalent to finding
the best estimation of the inverse of this matrix in order
to recover the useful signal by canceling the interference.
This becomes feasible due to the circular property of the
signal constellation and due to the fact that rp�k� and
r �p �k�, in which rp�k� � Ip � j ·Qp, are not correlated so
that the statistical expectation E�r2p� � 0 holds [17]. The
problem now reduces to the whitening transformation
[18] of the received sample blocks and their complex
conjugates (which is the key idea behind the BASSmethod)
so that the complex conjugation (induced by IQ imbalance)
is eliminated. More specifically, we only need to compute
r0p�k� � w1;p�k�rp�k� �w2;p�k�r�p�k�, withw1;p andw2;p being
adaptively deduced by [19]

w1;p�k� 1� � �1 − μ�jr0p�k�j2 − 1��w1;p�k� − μ�r0p�k��2w�2;p�k�;
w2;p�k� 1� � �1 − μ�jr0p�k�j2 − 1��w2;p�k� − μ�r0p�k��2w�1;p�k�;

(6)

where μ is the step-size, and k denotes the index of the kth
sample. Note that our algorithm is also modified to be com-
patible with fractionally spaced equalizers, which further
distinguishes this study from the work in [19], which uses
symbol-spaced equalizers. Also, the integration of the
BASS algorithm with the polarization demultiplexing
filter is new. This integration potentially offers reduced
complexity compared to the IQ imbalance compensation
method in [4]. In order to improve the steady-state perfor-
mance, we use the radius directed equalization (RDE)
instead of the constant modulus algorithm (CMA) -based
equalization for polarization demultiplexing [20], espe-
cially when high-order modulations, i.e., 16-QAM are con-
sidered. The filter coefficients are updated based on the
following rules:

h11�k� 1� � h11�k� � η · e1�k� · �r01�k���;
h12�k� 1� � h12�k� � η · e2�k� · �r01�k���;
h21�k� 1� � h21�k� � η · e1�k� · �r02�k���;
h22�k� 1� � h22�k� � η · e2�k� · �r02�k���; (7)

where η is the adaptation step-size, and the error criteria
fe1�k�; e2�k�g are defined as

ep�k� � r0p�k��Rk − jr0p�k�j2�; (8)

Fig. 2. DSP blocks. The received complex signal is rp � Ip � jQp.
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in which Rk is the radius of the nearest constellation sym-
bol for each equalizer output [20]. Note that the proposed
algorithm is also suitable for Rx IQ imbalance compensa-
tion and for both single- and multi-carrier advanced modu-
lation format signals, which is a desirable feature in the
context of flexible optical transceivers. It is also worth
noticing that in the simulations, the performance upper
bound of the IQ imbalance compensation without using
the considered compensation methods can be achieved
by using the knowledge of G1;p and G2;p after polarization
demultiplexing as follows:

r̂p �
�G1;p��r0p −G2;p�r0p��
jG1;pj2 − jG2;pj2

: (9)

III. NUMERICAL INVESTIGATION

To evaluate the performance of the proposed method, the
setup in Fig. 1 is numerically simulated for 4-QAM and
16-QAM transmission systems. For all simulations, we
assume the symbol rate is 10 Gbaud. At the Tx, pseudo-
random binary sequences (PRBSs) with lengths of 223 − 1
and 215 − 1 bits are used for generating the signal along
polarizations X and Y, respectively. Those sequences are
then mapped onto the M-QAM constellations. The QAM
symbols are up-sampled to 8 samples per symbol and
shaped by the RRC filters with a roll-off factor of 0.5.
Their real and imaginary parts are applied to the I and
Q inputs of the modulator, respectively, where the Tx IQ
imbalance is simulated. To focus on the impact of linear im-
pairments induced by transmission on the Tx IQ imbalance
compensation, other nonlinear transmission effects are
ignored. The polarization rotation is randomly generated,
and the DGD is set to 10 ps. At the Rx, the local laser fre-
quency is set to obtain a CFO of 0.2 GHz (to match typical
experimental conditions). The laser linewidth is set to
100 kHz, which is a typical value for commercial external
cavity lasers. The received signals are detected by a dual-
polarization coherent receiver. To concentrate on the
Tx IQ imbalance, the Rx IQ imbalance coming from the

imperfection of 90° optical hybrid units is not considered.
The resolution of the ADCs is assumed to be sufficiently
high to neglect amplitude errors linked to quantization
steps. The aforementioned DSPs are applied to the digi-
tized signals. Twenty calculation iterations (with different
random noise seeds) are carried out for each IQ imbalance
value before averaging the EVM calculations over about
130,000 symbols. Note that a short training sequence, as
in e.g., [21], should be used to detect the starting point
of the data frame. Based on the training sequence, phase
ambiguities can be detected, and initial phase values
can be estimated and used as initial values in the
subsequent DSP blocks.

The performance is investigated after the convergence of
filters using the minimummean square error criterion. We
configure 15 taps for all filters. We assess the performance
of the proposed BASS method in comparison to the GSOP
method by varying different combinations of IQ gain imbal-
ance (εp) and IQ phase imbalance (θp) of the two polariza-
tions. The OSNR to achieve a BER of 10−3 for each
modulation order is considered. However, due to the fact
that Tx IQ imbalance compensation always results in
OSNR penalties [8], we intentionally add margins of 4
and 9 dB to the required OSNR at the 10−3 BER in order
to use a large range of IQ imbalance values. Although CFO
compensation is required before Tx IQ imbalance compen-
sation [9], some residual CFO is always present in actual
situations even if advanced CFO compensation is used [10].
In metro and access networks where the transmission
distance is relatively short (≤200 km), residual CFO is ex-
pected to be the most detrimental effect on system perfor-
mance compared to other issues, such as residual CD- or
polarization-induced impairments. We therefore focus on
the impact of residual CFO in the following study. For
the sake of clarity, the residual CFO is normalized to the
sample rate and set to 10−5 (equivalent to 200 kHz residual
CFO in the simulations) if not stated otherwise.

Figure 3 shows the average EVM surface (over two polar-
izations) as a function of the IQ gain imbalance [Fig. 3(a)]
and IQ phase imbalance [Fig. 3(b)] for 4-QAM modulation.
For each simulation, when the gain imbalance is varied,

1.3

Gain imbalance, Pol. Y (a.u.)

1.2
1.1

1
0.9

0.8
0.7

Gain imbalance, Pol. X (a.u.)
1.3

1.2
1.1

1
0.9

0.8

-28

-32

-36

-24

-20

0.7

-E
V

M
 (

%
)

BASS
GSOP

(a) 

Phase imbalance, Pol. Y (deg)

241680-8-16-24
Phase imbalance, Pol. X (deg)

24
16

8
0

-8
-16

-24
-36

-32

-28

-24

-20

-E
V

M
 (

%
)

BASS
GSOP

(b) 

Fig. 3. Average EVM surfaces as a function of the (a) gain imbalance and (b) phase imbalance with 4-QAMmodulations. The normalized
residual CFO is set to 10−5.
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the phase imbalance is not considered and vice versa. It can
be seen that the EVM increases with the increase of either
gain imbalance or phase imbalance, implying larger distri-
butions of the constellation points away from their ideal
positions. The performance degradation caused by the gain
imbalance is slower than that caused by the phase imbal-
ance. In all cases, the proposed BASS method is more
robust to the residual CFO than the GSOP method.
Hence, the BASS method shows better performance than
the GSOP method, especially at high values of IQ imbal-
ance. More particularly, the BASS method exhibits about
3% and 5% EVM better than the GSOP method at the re-
spective 0.7 gain imbalance and 30° phase imbalance.
Figure 4 presents results of a similar investigation for
16-QAM modulation. Note that the considered imbalance
values are smaller than in the case of 4-QAM modulation,
since the higher-order modulation format is more sensitive
to such impairments. It can be observed that the BASS
method still performs properly, while the GSOP method
shows poor performance. It can be explained by the fact
that the GSOP is less effective in the presence of residual
CFO, so the polarization demultiplexing equalizers cannot
converge. The RDE for ideal 16-QAM modulation uses
three radii for the error criteria [20]. However, the 16-
QAM constellation in the presence of residual CFO is
spread over more than three radii, making the equalizer
unable to converge. The results shown in Figs. 3 and 4 also
reveal that the tolerant range of the BASS method within
which the IQ imbalance parameters must lie in order to
remain within a given performance penalty is much larger
than that of the GSOP method, especially in the case of
16-QAM modulations.

Figure 5 presents the convergence speed of the adaptive
equalizer for 4- and 16-QAM modulations by calculating
the mean square error (MSE) of ep�k�∕r0p�k� [the modulus
difference calculation in Eq. (8)]. In this investigation,
the gain and phase imbalance are set to 1.1° and 15°,
respectively. The OSNR is fixed to 19 dB, and the BASS
algorithm is applied for the IQ imbalance compensation.
The MSE calculation is averaged over 100 simulation runs
and over two polarizations. It can be observed that the

convergence speed of 4-QAM is better than that of
16-QAM. Under the same impact of the IQ imbalance,
the 16-QAM signal is more sensitive to the impairment
than the 4-QAM signal, resulting in a slightly higher value
of the steady-state convergence.

We further study the impact of a wide-range residual
CFO on the performance of dual-polarization 4- and 16-
QAM coherent transmission systems. Figures 6 and 7 show
the average EVM as a function of the residual CFO for
4- and 16-QAM modulations, respectively. The perfor-
mance upper bound based on the use of Eq. (9) is plotted
as a benchmark for comparison to the performances of
the GSOP and BASS methods. In these simulations, for
4-QAM modulation, we fix the gain/phase imbalance val-
ues of 1.2°/30° and 1.1°/30° for the polarizations X and Y,
respectively. The imbalance values for 16-QAMmodulation
are equal to 1.1°/10° and 1.05°/10° for the corresponding
polarizations X and Y. It can be seen that the EVM be-
comes worse when a large residual CFO is present. The
residual CFO tolerances of the BASS method are 10−5 and
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Fig. 4. Average EVM surfaces as a function of the (a) gain imbalance and (b) phase imbalance with 16-QAM modulations. The nor-
malized residual CFO is set to 10−5.
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Fig. 5. Convergence speed of the adaptive algorithm using the
BASS algorithm for 4- and 16-QAM modulations. The MSE calcu-
lation is averaged over two polarizations and over 100 simulation
runs.
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3 × 10−6 for 4- and 16-QAM, respectively, before the perfor-
mance degrades, while that of the GSOP method is about
10−6 for both modulations. Note that the performance of
the BASS method is always better than that of the
GSOP method, even if the residual CFO is small. The pro-
posed method is further validated experimentally with 10
Gbaud 4-QAM and 16-QAM signals in the following study.

IV. EXPERIMENTAL INVESTIGATION

The Tx IQ imbalance impact is experimentally investi-
gated for 10 Gbaud 4-QAM and 16-QAM optical coherent
systems. Since the effectiveness of the proposed BASS
method in a dual-polarization coherent system is numeri-
cally demonstrated in the previous section, for the sake of
simplification, we consider only one polarization in our ex-
periments. In order to focus on the impact of IQ imbalance
and to facilitate tuning the CFO, we simplify the setup in
Fig. 1 by using the same laser at the Tx and as the local
oscillator (LO) at the Rx, as illustrated in Fig. 8. The

estimated linewidth of this optical source is about
100 kHz. At the Tx, 4-QAM and 16-QAM signals are gen-
erated in the same way as in simulations with an arbitrary
waveform generator (AWG). However, its bandwidth is only
4.8 GHz, which results in inter-symbol interference (ISI)
for 10-Gbaud signals. Fortunately, the ISI effect can also
be eliminated simultaneously with the other impairments
(i.e., residual CD) by the equalizer. Note that the Tx phase
imbalance is adjusted by modifying the bias voltage con-
trolling the phase difference between the two arms of
the IQ modulator. The Tx IQ gain imbalance is not consid-
ered, since it can be easily compensated for by adjusting the
gains of the transimpedance amplifiers at the receivers.
Moreover, the signal OSNR is varied by using a variable
optical attenuator (VOA) cascaded with an erbium-doped
fiber amplifier (EDFA) and followed by a 3-nm optical
bandpass filter. At the Rx side, an optical 90° hybrid splits
and cross combines the M-QAM signal and the LO signal.
The I and Q components are detected by balanced photo-
diodes and acquired by a real-time oscilloscope with an
electrical bandwidth of 16 GHz at a rate of 40 GS/s.
After data acquisition, DSP is performed offline using
the Matlab environment. To emulate the CFO and CD im-
pacts on the IQ imbalance compensation, a CFO of 0.2 GHz
and a CD induced by transmission over 200-km standard
single-mode fiber are artificially added to the received sam-
ples. The CFO compensation is controlled so that the nor-
malized residual CFO is 5 × 10−6. The BER is calculated
over one million samples. Note that DSP is applied to
blocks of 200,000 symbols. In the following parts, we exper-
imentally assess the performance of the GSOP and BASS
methods in two cases: 1) the back-to-back (B2B) case,
corresponding to the case when the transmitter is directly
connected to the receiver, without (w/o) CFO and CD im-
pacts, and 2) 200-km transmission with (w/) the previously
discussed DSP stages.

Figure 9(a) shows the BER evolution of the 4-QAM sig-
nals measured in cases 1 and 2 as a function of the OSNR
(with the noise power normalized to a 0.1 nm bandwidth) at
a 30° phase imbalance. Note that the phase imbalance
value is estimated based on the method in [22]. In case
1, GSOP and BASS exhibit OSNR penalties of 2 and
1.7 dB at a BER of 10−3, respectively, compared to the case
when no IQ imbalance is present. In the presence of the
emulated CFO and CD (case 2), the effectiveness of the
GSOP method is reduced, whereas the BASS method still
presents a good IQ imbalance compensation, even though
the CFO and CD are not completely compensated for. This
is due to the independent operation of BASS in a frequency-
selective channel [19]. As a consequence, the BER curve of
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Fig. 7. Average EVM as a function of the normalized residual
CFO with 16-QAMmodulations. The sets of gain/phase imbalance
values of polarizations X and Y are 1.1°/10° and 1.05°/10°,
respectively.
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Fig. 6. Average EVM as a function of the normalized residual
CFO with 4-QAM modulations. The sets of gain/phase imbalance
values of polarizations X and Y are 1.2°/30° and 1.1°/30°,
respectively.

Fig. 8. Experimental setup for the validation of the Tx IQ
imbalance compensation.
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the BASS method in case 2 can be made nearly identical to
that in case 1. The BER curve of the GSOPmethod in case 2
exhibits an OSNR penalty of 1 dB at a BER of 2 × 10−3, com-
pared to case 1. Note that in case 2, the ISI generated by
the limited AWG bandwidth dominates that due to the
CD after the emulated 200-km fiber transmission,
explaining the slight degradation of BER curves (w/o IQ
imbalance compensation) compared to that in case 1.

Figure 9(b) shows an example of a 4-QAM constellation
based on the raw data at a 10-dB OSNR. A large ISI, caused
by the limited AWG bandwidth, is clearly visible. Without
IQ imbalance compensation, the equalizer can effectively
compensate for this ISI, as shown in Fig. 9(c). However,
the BER is sharply degraded if the IQ imbalance is not com-
pensated. Figures 9(d) and 9(e) present examples of constel-
lations following compensation by the GSOP and BASS
methods, respectively. Even though the IQ imbalance is
compensated for, the constellation cannot be fully recovered;
indeed, the samples’ distributions change from circles to
ellipses after IQ compensation, resulting in a penalty, as
observed in Fig. 9. Note that the residual CFO makes the
GSOP method less efficient than the BASS method.

In the next step, we validate our algorithmwith 16-QAM
signals with a 10° phase imbalance. The reported phase

imbalance value is estimated based on the method in
[23]. Figure 10(a) shows the measured BER evolution as
a function of the OSNR in both cases 1 and 2. As for the
4-QAM signals, the B2B curve w/o IQ imbalance is first
measured as a benchmark. Then, the IQ modulator phase
bias is tuned to generate a 10° phase imbalance. In case 1,
the OSNR penalty is 7 dB at a BER of 10−3 if the IQ im-
balance is not compensated. Thanks to the compensation
by the GSOP and BASS methods, the BER curves are
brought back to the same level as the BER curve w/o IQ
imbalance. Note that the 16-QAM signals are severely dis-
torted by ISI due to the limited AWG bandwidth, as shown
in Fig. 10(b) for an OSNR of 26 dB. The equalizer operates
effectively to compensate for this ISI, even if the IQ imbal-
ance is not compensated for, leading to a better constella-
tion as demonstrated in Fig. 10(c) for a 26-dB OSNR. In
case 2, where the effects of CFO and CD are applied to
the measured raw data, the BER curve w/o IQ imbalance
compensation is slightly degraded. As the order of the con-
stellation is increased compared to the 4-QAM case, the ef-
fect of residual CFO on the operation of the other DSP
stages becomes more important. More specifically, the
GSOP decreases its performance, resulting in a 3-dB
OSNR penalty at a BER of 10−3 compared to the case with-
out CFO. Figure 10(d) presents an example of a 16-QAM
constellation at an OSNR of 26 dB, compensated by the
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Fig. 9. (a) Evolution of the BER of a 10 Gbaud 4-QAM signal as a
function of the OSNR in the presence of 30° phase imbalance (solid
lines: case 1; dashed−dotted lines: case 2). Examples of 4-QAM con-
stellations at 10 dB OSNR in the cases of (b) raw data, (c) w/o IQ
imbalance compensation, (d) w/GSOP (case 2), and (e) w/BASS
(case 2).
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GSOP. The residual CFO has a reduced influence on the
operation of the BASS method, with only a 1-dB OSNR
penalty at a BER of 10−3. Figure 10(e) shows a 16-QAM con-
stellation for an OSNR of 26-dB, compensated by the BASS
method, showing fewer dispersed constellation spots com-
pared to those in Fig. 10(d). Note that our proposed BASS
method can also contribute to the monitoring and diagnosis
functions of the IQ imbalance by exploiting the asymptotic
convergence values of the filter coefficients, as shown in [8].
Further discussion on these functions is out of the scope of
this paper.

V. HARDWARE COMPLEXITY COMPARISON

To perform a fair comparison, only the IQ imbalance
compensator complexity used on one polarization is com-
pared between the GSOP and BASS methods, regardless
of the complexity of the equalizer and other DSP blocks.
It is assumed that the same total number of samples,
N, is used for the different IQ imbalance compensators.
Note that a multiplication between two complex numbers
consists of 4 real multiplications and 2 real additions and
that squaring a complex number needs 2 real multiplica-
tions and 1 real addition. Based on this analysis, Table II
provides the summarized hardware complexities of the
GSOP and BASS methods in terms of number of real addi-
tions, real multiplications, and square-root operators. It
can be observed that the required total number of multipli-
cations and additions of the GSOP method is nearly 3.5
times less than that of the BASS method. However, the
BASS method does not require the square-root operator,
as is the case in the GSOP method, bringing a simpler
hardware implementation.

It should furthermore be noted that our proposed
method operates at the sample rate, leading to a promising
approach for parallel processing (which is preferable at
the high bit rates used in optical transmission systems),
whereas the GSOP method uses statistical calculations
that can create a delay in parallel implementations.

VI. CONCLUSION

In this paper, we have studied and demonstrated a prom-
ising method for IQ imbalance compensation based on
blind adaptive source separation in dual-polarization
M-QAM optical coherent communication systems. The pro-
posed method is numerically and experimentally validated
with 10 Gbaud optical 4-QAM and 16-QAM signals sub-
jected to 30° and 10° transmitter phase imbalance. The ro-
bustness of the proposed method is verified after 200-km

optical fiber transmission and in the presence of residual
carrier frequency offset. Compared to the Gram–Schmidt
orthogonalization procedure, the BASS method outper-
forms the GSOP method regardless of the residual CFO.
Although our proposed method requires more addition
and multiplication operators compared to the GSOP, it
can operate at the sample rate, which is highly suitable
for parallel implementation.
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