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ABSTRACT
We present a simple alternative method for the compensation of quadrature imbalance in optical quadrature
phase-shift-keying (QPSK) coherent systems. The method is based on the determination and the compensation
of the phase mismatch by the introduction of a relevant signal-to-noise ratio metric. The principle is validated
numerically and the algorithm is validated experimentally through bit-error-rate (BER) and error vector
magnitude (EVM) measurements. A 20 Gb/s optical QPSK experiment reveals a good agreement of the
proposed method with the Gram-Schmidt orthogonalization procedure (GSOP). Moreover, the robustness of
both methods was verified with up to 30° phase misalignment by comparing the signal after phase imbalance
compensation to that without compensation. A 10% reduction of EVM is achieved with our method for a high
phase misalignment of 30q.
Keywords: in-phase/quadrature imbalance, digital signal processing, fiber optic communications, coherent
communications.
1. INTRODUCTION
Over the last decade, there has been a renewed interest in coherent optical communication systems because of
their improved receiver sensitivity and spectral efficiency, and ability to mitigate transmission impairments in
the digital domain [1]. In particular, the quadrature phase-shift-keying (QPSK) format has been the object of
intensive investigations and 100 Gb/s transmission systems using this format are now commercially available.
Ideally, in a QPSK system, the in-phase and quadrature components of the optical field should be orthogonal to
each other. However, hardware implementation imperfections such as incorrect bias-points settings in the
modulator, imperfect splitting ratio of couplers, photodiodes responsivity mismatch and misadjustment of
polarization splitters in the optical coherent receiver can create amplitude and phase imbalance, known as
quadrature imbalance (or IQ imbalance), which destroys the orthogonality of the received signal [2]. Since
digital signal processing (DSP) circuits are becoming increasingly faster, providing simple and efficient
compensation of linear and, possibly, non-linear impairments, it is important to assess their potential for the
compensation of this detrimental loss of orthogonality in the receiver. It has already been demonstrated that IQ
imbalance in coherent QPSK systems can be corrected by applying different methods such as the Gram-Schmidt
orthogonalization procedure (GSOP) [3], the ellipse correction method (EC) [4] or an IQ compensation based on
the constant modulus algorithm [5].
In this paper, we propose an alternative method for IQ imbalance compensation based on the definition and
estimation of a suitable signal-to-noise ratio (SNR) metric for the detected signal. This approach, called
maximum SNR estimation method (MSEM), provides an attractive alternative to existing algorithms thanks to
its reduced complexity. Indeed, the proposed method requires simple mathematical functions such as
exponentiation or division, whereas the GSOP method requires other more complex mathematical functions such
as square root operation, which make its implementation in field-programmable gate array (FPGA) circuits more
complex. Therefore the proposed algorithm is suitable for real-time signal processing. Along with the EC
method, our method can predict the phase mismatch between in-phase and quadrature components, which is not
possible with other published approaches [3, 5]. We also experimentally compare the accuracy of our method to
the GSOP approach by evaluating the bit-error-rate (BER) and the error vector magnitude (EVM) on the
compensated constellations. The performance of the proposed MSEM method matches that of the GSOP, while
its implementation complexity is reduced.
2. PRINCIPLE OF THE METHOD
In our study, we focus only on phase misalignment since amplitude imbalance can be corrected at the hardware
level [6]. At the output of a phase-diversity coherent receiver, we can define the in-phase (I) and quadrature (Q)
terms by the following equations:
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where ES and ELO represent the fields of the signal (S) and local oscillator (LO) at the inputs to the 90q hybrid in
the receiver, Re and Im denote the real and imaginary parts of the beating products between S and LO,
respectively. Imis represents the phase imbalance between the complex quadratures. In the ideal case Imis = 0,
whereas imperfections in the implementation of the QPSK transmission system can lead to Imis  0 and
consequently to a loss of orthogonality. It should be noted that Imis is in the range [-ʌ/2, ʌ/2] since the maximum
phase difference between I and Q components is ʌ radians. The MSEM method consists in considering an
additional phase parameter in the quadrature term, Ivar, so that Qn = Im{rx ·exp(j·I var)}, where rx = I + j·Q is the
received signal. The relevant estimated SNR metric is defined by:

E2 r
SNRest

2

(3)
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where E(·) and |·| are the mean and modulus operators, respectively. V |2r |2 denotes the variance of the square
modulus of the modified signal, r = I + j·Qn. In practical implementations, the IQ imbalance due to transmitter or
receiver imperfections should be sufficiently well controlled so that the value of the IQ imbalance remains in the
range [-ʌ/4, ʌ/4]. In the presence of IQ imbalance, the square modulus of r will decrease, inducing a decrease in
the proposed SNR metric. Consequently, by evaluating the SNR for Ivar varying between -ʌ/4 to ʌ/4, the IQ
imbalance term will correspond to Imis= -Ivar, where Ivar is the value that maximizes the SNR.
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Figure 1. Numerical SNR estimation for different
variable phase values using the proposed MSEM
method.
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Figure 2. Experimental setup for characterizing the quadrature imbalance
compensation in a QPSK coherent system.

3. NUMERICAL VALIDATION
The principle of the proposed method is first validated using numerical simulations. The optical field at the
output of the QPSK transmitter is represented according to:
§ S VQ · º
Ein ª § S VI ·
Eout
(4)
«cos ¨
¸¸ »
¸  j cos ¨¨
2 ¬« © 2VS ¹
© 2VS ¹ ¼»
where VI and VQ are the driving voltages applied to the I and Q ports of the quadrature modulator, respectively.
Both Mach-Zehnder modulators (MZMs) are biased at null transmission points and Vʌ is their half-wave voltage.
The laser source linewidth, ǻȣ is assumed to be equal to 200 kHz. The effect of phase noise, ĳn, is modeled as
a discrete time random walk ĳn  ĳn  ǻn, in which ǻn is a Gaussian random variable with zero mean and
variance 2ʌ·ǻȣ·TB, where TB is the QPSK symbol duration. The phase mismatch is emulated at the receiver side
by varying the phase difference between the I and Q components, which causes the loss of orthogonality. The
noise generated during transmission is modelled as additive white Gaussian noise (AWGN). Considering a 20
Gb/s QPSK signal, Fig. 1 represents numerical estimations of the SNR metric previously defined as a function of
Ivar for different predefined phase mismatches of -19°, 9° and 27° at a degraded electrical SNR of 12 dB
obtained from addition of Gaussian noise. It is confirmed that the maximum estimated SNRs occur at Ivar = -Imis
for all values of phase misalignment, which validates the method.
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4. EXPERIMENTAL SETUP AND PERFORMANCE OF THE MSEM METHOD
The impact of non-orthogonality between I and Q quadratures is then experimentally investigated using the
optical QPSK coherent system shown in Fig. 2. To simplify the setup and avoid any impact from other
functionalities implemented in the digital signal processing (DSP), the same laser is used as transmitter and LO
at the receiver in order to ease the carrier frequency offset compensation. The estimated linewidth of this optical
source tuned to a wavelength of 1540 nm is about 100 kHz. To facilitate BER measurements, two pseudorandom binary sequences (PRBSs) with lengths of 215-1 and 223-1 are used as inputs to an IQ modulator,
resulting in a 10 Gbaud non return-to-zero (NRZ)-QPSK signal at the modulator output. The bit sequences are
synthesized using arbitrary waveform generators (AWG). An adjustable phase imbalance can be easily
introduced by tuning the voltage applied to the phase-shifter controlling the relative phase between the two arms
of the IQ modulator. The use of a variable optical attenuator (VOA) followed by an erbium-doped fiber amplifier
(EDFA) and a 3 nm optical bandpass filter (OBPF) allows the adjustment of the optical signal-to-noise ratio
(OSNR). At the receiver side, an optical 90° hybrid (100 Gb/s DP-QPSK integrated receiver) mixes the QPSK
signal and the LO. The in-phase and quadrature components are then detected by balanced photodiodes with
a bandwidth of 32 GHz. Finally, the electrical output signals are acquired by a real time oscilloscope with
electrical bandwidth of 16 GHz. After data acquisition at 20 GS/s, postprocessing is performed offline using the
Matlab environment.

Figure 3. Experimental QPSK constellations at 12 dB OSNR: a) without IQ imbalance, b) with IQ imbalance of 15q, c) recovered using the
GSOP method, d) recovered using the proposed MSEM method.

In the first step of digital processing, we use a well-known adaptive finite impulse response (FIR) filter [7] as
an equalizer. The equalizer operates at twice the symbol rate to be able to adaptively compensate environmental
changes such as temperature. After stabilization of the feedback loop of the equalizer, the following process is
performed with 1 sample per symbol by decimating the symbol rate to 10 GS/s. The algorithms for IQ imbalance
compensation are applied on blocks of 1000 samples. The widely-used Viterbi-Viterbi algorithm based phase
estimation is performed on blocks of 10 samples, enabling to reconstruct the constellations. Moreover, the phase
ambiguity is removed by processing the first 5000 samples to minimize the BER. Finally, the decoded bit
sequence is compared to the transmitted one to determine the BER over 4 million samples.
Figure 3(a) shows the experimental constellation without IQ imbalance when the signal OSNR is 12 dB (over
0.1 nm). Figure 3(b) represents the constellation of the degraded signal with 17° phase mismatch between I and
Q. This signal degradation leads to detection errors, as it will be shown later. This degraded signal is processed
with the same DSP procedure that deploys either the GSOP or the proposed MSEM method, resulting in the
constellations in Fig. 3(c) and Fig. 3(d), respectively. The retrieved constellations are similar to the one without
IQ imbalance thanks to the quadrature imbalance corrections. In the next step, our method is experimentally
validated by comparing its performance to that of the GSOP method in terms of BER and EVM.
Figure 4 presents the results of BER measurement as a function of received OSNR in different cases.
The theoretical curve of a QPSK signal (circles) without IQ imbalance is plotted based on the analysis in [7].
The experimental measurement without IQ imbalance (stars) matches the theoretical trace within experimental
errors. Next, the case of a phase mismatch of 17° without compensation (diamonds) is plotted in the same figure.
As expected, the OSNR is degraded by about 1.7 dB at a BER of 10-3. The BER after phase mismatch
compensation using the GSOP (empty triangles) and the MSEM methods (filled triangles) are plotted. In both
cases, the IQ imbalance is well compensated, reducing the power penalty close to the experimental case without
IQ imbalance. The superposition of results using both compensation methods reveals their good agreement.
To further investigate the accuracy of the proposed algorithm, the EVM is calculated as a function of Imis at
different OSNR values (Fig. 5). It can be observed that, as the IQ imbalance increases, and when no
compensation is applied (circles), the EVM increases, representing an important deviation from the optimal
constellation (up to 40% variation). With both correction methods – MSEM (stars) and GSOP (diamonds) – and
with an OSNR higher than 10 dB, the EVM remains almost constant for a phase misalignment lower than 17°.
Both methods can partially compensate higher misalignments with a reduction of the EVM variation of about
10%. Finally, for an OSNR of 8 dB, the EVM starts to increase above a misalignment of 9°.
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Figure 4. BER measurement as a function of OSNR (in 0.1 nm) for
phase misalignments of 0° and 17° without (w/o) any correction and
with compensation using the GSOP and MSEM methods.

Figure 5. EVM calculation under the impact of IQ imbalance
without and with compensation by the GSOP and MSEM
methods.

5. CONCLUSIONS
We have proposed and demonstrated the MSEM method as an alternative solution for orthogonal quadrature
mismatch in QPSK systems. The accuracy of this method is experimentally validated by comparing it with the
GSOP method by means of BER and EVM measurements. The new compensation method provides a good
correction with lower implementation complexity, even if the conjugate misalignment reaches 30°.
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