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Characterization, Monitoring, and Mitigation
of the I/Q Imbalance in Standard C-Band
Transceivers in Multi-Band Systems

Gabriele Di Rosa
Matheus Sena

Abstract—Next-generation optical communication networks
aim to vastly increase capacity by exploiting a larger optical
transmission window covering the S-C-L-band. Simultaneously,
the clear market trend is to maximize capacity per wavelength
to reduce operational costs. This approach requires an increase
in spectral efficiency, resulting in stringent requirements on the
transceivers, which may not be satisfied in a multi-band (MB)
scenario by current commercial components designed for opera-
tion in C-band. Transceiver specifications for MB operation can
be relaxed through additional digital signal processing (DSP),
at the cost of additional complexity, and by more resource-
intensive calibration procedures. In this context, we experimen-
tally characterize the wavelength-dependent frequency-resolved
in-phase/quadrature (I/Q) imbalance of a standard C-band IQ-
modulator and coherent receiver operating in an S-C-L-band sys-
tem utilizing receiver-side DSP. This operation allows us to under-
stand the nature of the wavelength-dependency of I/Q imbalance in
MB systems. In the considered scenario, we validate the effective-
ness of a cost-effective strategy for transceiver impairments miti-
gation and monitoring based on standard wavelength-independent
calibration and reduced-complexity DSP.

Index Terms—Optical fiber communication, wideband net-
works, ultra wideband transmission, S-C-L-band, I1Q imbalance,
digital signal processors.

I. INTRODUCTION

HE continuous rise in IP traffic encourages operators to
accelerate the deployment of multi-band (MB) wavelength
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division multiplexing (WDM) systems. This solution presents
itself as an advantageous short- to mid-term option for network
capacity upgrade from a techno-economic perspective thanks
to the efficient reuse of the existing fiber infrastructure [1]. At
the same time, the required continuous reduction of cost-per-bit
directs the market towards the development of transponders
that maximize the data rate per wavelength [2]. This approach
reduces operational costs and is particularly beneficial in MB
networks, where provisioning and managing a much higher
number of wavelengths are required. Moreover, if reliable trans-
mission of high-order quadrature amplitude modulation (QAM)
formats is available in the whole MB transmission window,
it is possible to exploit constellation shaping to achieve fine
rate-adaptivity. In turn, this allows maximizing the fiber channel
capacity over the wavelength-dependent end-to-end channel, as
it has been shown in recent record experiments [3]. On the other
side, this approach poses stringent requirements for transceivers.
While commercial solutions for C-L-band systems are available,
the same is not true for the S-band, and, currently, the only
logical choice for the short-term deployment of S-C-L-band net-
works is to employ standard C-band transceivers over the whole
wavelength range. In this context, it is essential to understand
the wavelength-dependency of the I/Q imbalance of C-band
transceivers working outside their manufacturing range [4] and,
more importantly, to assess possible compensation schemes and
resulting performance penalties.

With currently available off-the-shelf components and doped
fiber amplifiers, an S-C-L-band setup spanning from 1460 nm
to 1608.8 nm (= 150nm) has been demonstrated for dual-
polarization (DP) 64 GBd 32/64-QAM with calibration and
digital pre-distortion (DPD) performed through system iden-
tification at a single wavelength [5]. In this configuration, we
performed the characterization of the wavelength-dependency
of the I/Q imbalance considering a flat frequency response inside
the signal bandwidth for the impairments [4].

In this paper, we extend the work in [4] by identifying the vari-
ation of the frequency-resolved I/Q imbalance inside the signal
electrical bandwidth versus wavelength for off-the-shelf C-band
transceivers working in S-C-L-band systems. We monitor the
transmitter (Tx) and receiver (Rx) I/Q amplitude and phase im-
balance, and I/Q skew up to half the Nyquist frequency through
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two real-valued multi-input-multi-output (MIMO) 4 x4 equal-
izers [6]. We observe a wavelength-dependent frequency-flat
I/Q imbalance when performing this operation, while the
frequency-selective component remains unchanged. This obser-
vation demonstrates the feasibility of cost-effective monitoring
and compensating for the wavelength-dependency of transceiver
impairments in multi-band networks. Only a single calibration
and standard low-complexity DSP that includes signal orthonor-
malization and single-tap real-valued adaptive filtering for post-
equalization are necessary.

The rest of the paper is organized as follows: In Section II, we
detail the model for the transceiver imbalance, focusing on the
sources of I/Q imbalance. In Section III, the experimental setup
used for the characterization of the transceivers is detailed. In
Section IV, we describe the imbalance characterization method,
and we present the experimental results. Finally, section V
provides the conclusions of this work.

II. TRANSCEIVER IMBALANCE MODEL
A. Transmitter

At the transmitter side, we can write for each of the two
polarization states the ideal optical output signal as:

() =R | (10 +5Q0) exp (wst)| . (1)

where I and @ are the ideal baseband in-phase and quadrature
signals, wy is the angular oscillation frequency of the transmitter
laser, and R(-) denotes the real part of a complex quantity.
However, in real devices, the I and Q branches are not perfectly
balanced and synchronized. The result of these imperfections is
the introduction of I/Q imbalance. In Fig. 1, the general model
of a single-polarization optical transmitter is shown and the
sources of the different non-idealities are highlighted. For the
baseband signal u,(t) = I(t) + jQ(t), where I(t) and Q(t)
are respectively the real and imaginary part, we can write in
general [6]:
Uty (t) = Qtg,] €XP [qutx,l} I(t + Ttw,[)"’

+ jaia,Q €Xp [Jbra,0) Q(t + Tia,0): (2)
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and we can define the I/Q amplitude imbalance -, =
Qte,Q/ 0,1, phase imbalance @y, = ¢rp. g — Prp,r and 1/Q
skew ATtm = Tte,Q — Ttx,I-

In standard C-band systems, the optical components
operate in their designed wavelength range, and imperfections
in the I/Q modulator’s electrical elements are the dominant
source of I/Q imbalance. On the contrary, the contribution of
the optical components can become dominant in MB systems.
In particular, the splitting ratio of the power splitter and com-
biner may present wavelength-dependency, introducing addi-
tional amplitude imbalance and limiting the achievable per-
formance [7]. These components are crucial since, unlike the
Mach-Zehnder modulator (MZM) and the phase shifter, they
have no inherent electrical control mechanism. In principle, we
can partially mitigate the wavelength-dependency of the splitting
ratio through separate optimization of the digital pre-distortion
(DPD) for each wavelength. This can be achieved through a
per-wavelength characterization and also employing adaptive
DPD approaches [8]. However, the operation comes at the cost
of higher computational complexity and measurement effort.

B. Receiver

Similarly as for the transmitter, at the receiver side we
find I/Q amplitude imbalance v, = @4, /ars,1, phase imbal-
ance ®,, and I/Q skew AT,, = T,y — Trz,7- In Fig. 2 the
single polarization receiver model is reported and, as done for
the transmitter, the different sources of imbalance are specified.
The electrical elements introduce skew and contribute to the
creation of amplitude imbalance. At the same time, imperfec-
tions in the optical components introduce phase imbalance in
the 90°-hybrid and amplitude imbalance in both, the 90°-hybrid
and the balanced photodetectors. Optical hybrids, in particular,
can present large deviations from the ideal performance when
operating far from the design wavelength [4], [9].

Considering the imbalance just discussed, and assuming for
simplicity polarization alignment between the signal and LO, we
can write for the resulting differential IQ signals at the output [6]:

I, (t) X Gpg, 1 [I(t) cos (Awt) — Q(t) sin (Awt)]
Qra(t) < ry @ [I(t) sin (Awt + @,;) +
+ Q(t) cos (Awt + @pp)] * 6(t — ATrz), 3)
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(a): Experimental setup for MB back-to-back transmission with intradyne coherent reception and offline DSP for frequency-resolved 1/Q imbalance

characterization. PC: Polarization Controller. PMF: Polarization Maintaining Fiber. SMF: Single Mode Fiber. (b, c, d): Received constellations after DSP at
1470 nm (b), 1550 nm (c), and 1600 nm (d). For the left plots I/Q imbalance compensation through GSOP and 4x4 real-valued equalization was not performed.

where Aw is the frequency offset (FO) between the optical
carrier and the LO laser, (-) is the Dirac delta function, and x
stands for the convolution operator. From (3), we can appreciate
that the presence of a FO has the effect of rapidly mixing the
I and Q signal components in time. This phenomenon results
in isolating the imbalance introduced by the transmitter and
allows to develop strategies to separate their monitoring from
the receiver-side imbalance [6], [10]—-[12]. Furthermore, the FO
separation results in a fundamental difference in the impact of
Tx-side and Rx-side imbalance on system performance: while
we can immediately compensate for Rx-side imbalance, Tx-side
imbalance lies under the surface until carrier recovery is accom-
plished, affecting the performance of the whole DSP chain.

III. EXPERIMENTAL SETUP

The experimental setup used for the back-to-back character-
ization of the wavelength-dependent I/Q imbalance from the
DP I/Q modulator and the coherent receiver is provided in
Fig. 3(a). The 64 GBd 32-QAM signals for the S-, C- and the
L-band include Nyquist pulse shaping with a root-raised cosine
at a roll-off of 0.1. The optical signals for all three bands are
generated using a single commercially available C-band Lithium
Niobate (LiNbO3) DP-1/Q modulator. In order to compensate for
the unstable operating point of the modulator caused by wave-
length and temperature dependencies, a commercially available
automatic bias control (ABC; from ID-Photonics) was utilized.

Here, we remark that choosing an ideal modulator tech-
nology for multi-band operation is an open research topic.
Various device characteristics have to be taken into account,
such as: bandwidth, switching voltage, extinction coefficient,
chirp, and linearity. The main advantage of LiNbO3 over com-
peting solutions (e.g., III-V semiconductor modulators) is its
wider bandwidth, which can cover the entire telecommunication
wavelength range from 1500 to 1600 nm [13]. This was also
recently assessed in [14], where the authors experimentally

compared the insertion loss (IL) from InP- and LiNbOg3-based
modulators. The latter shows a relatively constant IL between
1460 and 1610 nm, whereas the former rapidly deteriorates
for values below 1510 nm. Nevertheless, an important aspect
of conventional LiNbO3 technology is its increased footprint,
which is not ideal for future integrated photonic systems. In
this context, research effort is being directed towards the de-
velopment of novel thin-film LiNbOj3 technology [15], which
promise to reduce the device footprint without sacrificing the
outlined benefits [13]. However, a detailed discussion on the
pros and cons of multi-band technologies transcend the scope
of this work.

For the S- and the L-band, an external cavity laser (ECL, with
an output power of 0 dBm, < 100 kHz linewidth) is coupled
either to a thulium-doped fiber amplifier (TDFA) or an erbium-
doped fiber amplifier (EDFA) to provide the same power as the
C-Band laser (separate ECL at 16 dBm, < 100 kHz linewidth) in
front of the modulator. Since the S- and L-band needed to be am-
plified by non polarization maintaining doped fiber amplifiers,
additional polarization controllers (PC) are added in front of the
modulator to optimize the input polarization. As data source a
120 GSafs, 8-bit, 4 channel digital to analog converter (DAC) in
combination with four linear driver amplifiers (DA) is used to
create the electrical drive signal in front of the DP-1/Q modulator.
The generated transmitter 32-QAM 64 GBd waveforms are
based on system identification (SI) as in [16], that was applied
to the S-band [5] at 1500 nm. The achieved optical power in the
S-band is wavelength-dependent and varies between —5.2 and
-8 dBm from low to higher wavelength as described in detail
in [17].

Per band amplification for the C-L-band is applied at the
receiver while the S-band is not amplified at the output of
the modulator due to the absence of a third TDFA. Please
note, the absence of a booster amplifier after the modulator in
the S-band results in a reduced channel power at the receiver
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received signal power (in blue) versus wavelength for the characterized experi-
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and yields an unreasonable high optical signal-to-noise ratio
(OSNR). The reduction of the signal input power to the Rx
introduced an additional penalty in the S-band compared to
the C-L-band. The OSNR for all bands is measured in front
of the receiver with an optical spectrum analyzer (OSA). The
resulting values as a function of wavelength are provided in
Fig. 4. Selection of the band under investigation is performed
using a switch before and after the modulator. The Rx signal
power is reported with square symbols in Fig. 4, and the impact
of its reduction in the S-band is visible in the achieved SNR
in Fig. 4 for both polarizations. Here it can be seen that the
measured S-band OSNR advantage compared to the C- and
L-band does not translate into the achievable effective system
SNR, which is lower for the S-band due to the unavailability of
a third TDFA to be placed after the modulator, as done, instead,
for the C- and L-band. To optimize the signal power into the
coherent receiver front-end (CRF; from Fraunhofer HHI) for
the C-L-band, we use a variable optical attenuator (VOA) in
front of the Rx. The received signal is mixed with the local
oscillator (LO) depending on the band of investigation in the
70 GHz CRF comprising an optical free-space-based C-band
dual-polarization 90°-hybrid and four balanced photodetectors.
A LO-laser at 14 dBm is used for the C-L-band, while for the
S-band, a low-power laser is amplified up to 16 dBm and used
as LO to perform intradyne coherent reception in all bands. As
described for the transmitter, an additional PC is used to align
the polarization after amplification in front of the LO input for
the S-Band. The four electrical analog outputs of the CRF are
subsequently digitized at a sampling rate of 200 GSa/s using
a 4-channel real-time oscilloscope (RTO) with 70 GHz analog
electrical bandwidth and 8-bit resolution.

The digitized signal is processed through data-aided DSP
designed to compensate nearly ideally channel-induced im-
pairments and provide a frequency-resolved characterization
of the transceiver I/Q imbalance. After resampling at 2 sam-
ples/symbol, we apply the standard Gram-Schmidt orthonor-
malization procedure (GSOP) to compensate and monitor Rx-
side frequency-flat amplitude and phase imbalance, as will
be detailed in Section IV. The GSOP is applied over blocks
of 220 symbols to minimize the statistical inaccuracy of the
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method. The signal is then synchronized, and the two polar-
ization tributaries are demultiplexed by signal analysis in the
Stokes space [18]. At this point, we introduce a 4x4 MIMO
real-valued fully-data-aided equalizer with radius-directed (RD)
adaptation to compensate and monitor Rx-side I/Q skew and
frequency-selective amplitude and phase imbalance. The equal-
izer operates in the time domain and is implemented as a finite
impulse response (FIR) filter with 51 taps. This value was chosen
to provide good frequency resolution for the I/Q imbalance char-
acterization and best-case equalization performance. The output
of the equalizer is downsampled to 1 sample/symbol and fed
to the carrier recovery. Frequency offset compensation (FOC)
is based on a periodically inserted training sequence, while
the carrier phase recovery (CPR) is implemented as a moving
average filter with maximum-likelihood fully-data-aided phase
estimation over a window of 32 symbols. In the last step, a
4x4 real-valued MIMO post-equalizer based on fully-data-aided
least mean square (LMS) adaptation is used to monitor Tx-side
I/Q imbalance. A long filter of 101 taps is used to optimize
equalization performance for its ability to mitigate impairments
given by electrical cables and interconnects in the transmitter
setup, which present a longer impulse response.

Finally, a set of received constellations at 1470, 1550 and
1600 nm are provided in Fig. 3(b)—(d). The left plots for each
wavelength are obtained without (w/0) the I/Q imbalance (imba.)
compensation algorithms to qualitatively show the impact of
transceiver imperfections in the different bands, while the right
plots are created with (w/) the discussed compensation algo-
rithms. Additionally the error vector magnitude (EVM, given in
percent and averaged over all symbols) for each wavelength w/o
and with w/ imbalance compensation are normalized to peak
constellation power and provided underneath the corresponding
plots to quantify the transceiver imperfections.

IV. 1/Q IMBALANCE CHARACTERIZATION

Inside the signal bandwidth, I/Q imbalance can in general be
described as the superposition of a frequency-flat (FF), and a
frequency-selective (FS) component [19]. The latter is particu-
larly important in high symbol rate systems, where it can lead to
evident system performance limitations [20]. In the following,
we will use 7, ® and AT to refer to the FF components.

A. I/Q Imbalance Estimation Principles

As anticipated in Section II-B, we can separately monitor
transmitter and receiver imbalance in the presence of FO through
Rx-side DSP. In our setup, as from Fig 3, receiver imbalance is
estimated through the GSOP and the 4x4 MIMO RDE.

The GSOP statistically characterizes a block of time-domain
samples to provide an estimate of the FF amplitude imbalance

as:
- (Q7:(1))
Yre = 2010gy ( [dB], 4)
(I7,(1)
while for the phase imbalance we have:

®,, = arcsin (I, () Q.2 (1))) . (5)
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The estimator was proven to be accurate in back-to-back as
well as after transmission [21], if AwAT,., is not large [6]. In
our experiment, we monitored and measured sufficiently small
values of this quantity at all wavelengths to preserve the accuracy
of the monitor [4].

We can estimate the Rx-side skew and extract information
about the FS amplitude and phase imbalance through the 4x4
post-equalizer. If the signal is demultiplexed into its orthogonal
polarization states by the Stokes space algorithm, the opera-
tion of the 4x4 equalizer can be reduced to two separate 2x2
single-polarization matrices. In this case, we can write for each

polarization:
Lowe(t) | | hir hig| | Lin(t) ©)
Qout (t) hQI hQQ an (t) '

If the signal quality at this stage is sufficiently good, the
discrete Fourier transform of the time-domain equalizer taps
(H}K(f) = DFT[h.]K(t)], J = {I, Q}, k= {I, Q}) will tend
to the inverse of the frequency-domain transmission matrix. We
can then monitor the frequency-resolved I/Q imbalance from
the converged filter taps. In this regard, we have to remark that
the uncompensated transmitter imbalance impairs the signal
quality at this stage. These considerations will be taken into
account when presenting the results of the characterization, as
this phenomenon may have an impact on the accuracy of the
receiver imbalance monitor [6].

We can repeat the same operations in the 4x4 real-valued
post-equalizer employed after carrier recovery to monitor trans-
mitter imbalance. Moreover, the requirements on sufficiently
large SNR and polarization orthogonality are relaxed at this more
advanced stage of the DSP chain. In this way, we estimate the
transceiver amplitude imbalance as:

[Hir(f)]? + [Heoi(f)?
[Hrq(f)* + [Hoq(f)[?

while the phase imbalance can be monitored as

(i)tr/rx(f) =

’Aytz/r:v(f) = 20 1OglO [dB]a (7)

Hrr(f)Hoi(f) + HIQ(f)HQQ(f))-
! [t (Hu<f>HQQ<f> THio Dl )] ®
At the same time, the skew can be obtained as [22]:
< _ 1 HII,r(f):| B {HQQ,r(f)_]
A tm/rm(f) fs |:§R|: H][(f) §R HQQ(f) | ’ (9)

where f, is the signal sampling frequency at the equalizer
and Hrr/qq,r is defined as the discrete Fourier transform
of the time-domain filter taps vector multiplied element-wise
by a discrete ramp function: Hj; 9o, = DFT(Hr/qq ©
[0,1,...,N —1]), with N being the number of taps of the
equalizer.

The different impairments can be estimated from DC to the
signal half Nyquist frequency. We perform our analysis up to
f =~ 30 GHz, since moving closer to the edge of the signal
bandwidth the estimation based on equalizer taps convergence
rapidly loses accuracy. Finally, it is necessary to remark that, due
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to the presence of the GSOP, the monitored Rx-side amplitude
and phase imbalance represent only the FS component. In the
considered case of accurate Rx-side FF imbalance monitoring,
we have:

Yt (f) = Ve (f)s

O (f) m Bra(f),

Yra () = Yra(f) = Tras

O0(f) ~ Bra(f) = P (10)

B. Receiver Characterization

At the beginning of the DSP chain, we characterize the FF
I/Q amplitude and phase imbalance through the GSOP. While
performing this operation, we monitor the quantity AwAT,.,. at
each wavelength. As we have shown in [4], the small values
observed result in an excellent accuracy of the method in this
setup. In Fig. 5, we can find the results of this analysis. The
FF receiver imbalance shows a clear wavelength-dependency,
as noticeable from Fig. 5. This behavior originates from the
imperfect operation of the receiver’s optical front-end outside
the C-band. Looking at the amplitude imbalance in Fig. 5(a),
we observe that 7,.,, varies evidently but differently for the two
polarizations. These results suggest that the enhancement of 7.,
outside C-band is strongly dependent on device fabrication im-
perfections. For the worst-performing X-polarization, we have
a maximum absolute value in C-band for 7,.,, of =~ 0.4 dB, with
best-case performance at the design and calibration wavelength
of 1550 nm. However, this grows up to ~ 1.4 dB at 1460 nm.
Moving to Fig. 5(b), we can similarly analyze the phase imbal-
ance. Here we observe that in the C-band the receiver guarantees
for both polarizations |®,..| < 2°, while the values grow up to
~ 7° in S-band. Interestingly, ®,., shows a linear trend for both
polarizations, although with inverted slopes. This behavior sug-
gests that the imbalance is dominated by the specific design of
the phase shifters inside the optical dual-polarization 90°-hybrid,
with existing solutions showing a linear wavelength-dependency
indeed for the phase shift introduced [9].
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Although 7, and ®,.,, can be severely enhanced for S-band
operation, FF imbalance can be effectively counteracted by the
GSOP, leading to a negligible impact on the system perfor-
mance [4]. On the contrary, the GSOP does not compensate
for 1/Q skew and FS imbalance, which can only be mitigated
by (i) more complex frequency-resolved calibration procedures
and (ii) adaptive equalizers operating separately on the I and
Q signal components. Both options come at a cost in MB
systems. The complete calibration over the wavelength range
needs considerably more characterization effort, while the equal-
izer requires additional complexity compared to the standard
2x2 MIMO structure used for polarization demultiplexing and
channel equalization. Because of these considerations, we are in-
terested in characterizing the FS I/Q imbalance versus the trans-
mission wavelength. If the optical components’ wavelength-
dependent operation contributes only through additive FF im-
balance, simple GSOP can prevent performance deterioration
also for uncompensated operation outside the C-band.

In Fig. 6, we show the results of the characterization of the
Rx-side FS imbalance and the I/Q skew across the S-C-L-band
at 1470, 1500, 1550, 1570, 1608.8 nm. All the data points shown
are obtained as the moving average of 3 consecutive values.
This operation is performed to reduce the impact of random
noise on the equalizer’s taps convergence. From Fig. 6(a)—(d)
we can immediately notice that the FS amplitude and phase
imbalance takes very similar values for all wavelengths. This
is a major result of this work since it demonstrates that the

Tx-side frequency-flat I/Q imbalance
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Transmitter FF I/Q amplitude (a) and phase (b) imbalance characteri-

wavelength-dependency of the receiver imbalance impacts only
the FF component. This behavior is a consequence of the
linearity of the optical 90°-hybrid and photo detector’s response
over the signal bandwidth versus wavelength. Another remark
is given by the small values assumed by the imbalance for both
polarizations: |4,,| < 0.4 dB, |®,,| < 0.4°. This indicates (i)
that the previously performed GSOP has effectively mitigated
the wavelength-dependent FF imbalance and (ii) that the per-
formed frequency-resolved calibration effectively removed the
FS imbalance arising from the electrical front-end.
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InFig. 6(e)—(f), the monitored receiver skew is plotted for each
analyzed wavelength. Skew is generated in the electrical com-
ponents and is thus not expected to be wavelength-dependent.
However, we monitor its value for all measurements for valida-
tion purposes. As we can see, the receiver skew assumes minimal
values. Averaging over the analyzed frequency range we have for
the X- and Y-polarization, respectively, AT, x ~ 0.25 ps and
A7,y ~ —0.31 ps. Finally, the absence of any evident skew
is another clear indicator of the effectiveness of the performed
receiver calibration.

C. Transmitter Characterization

As detailed in Section IV-A, we can monitor transmitter
impairments after carrier recovery from the converged taps of
the 4x4 MIMO post-equalizer. As already done for the Rx-side
analysis, we start by investigating FF amplitude and phase
imbalance. These can be obtained by averaging the estimated
Y4 (f) and ®y, (f). The resulting values versus wavelength are
reported in Fig. 7, together with the relative 95% confidence
intervals for the calculated mean values. According to the central
limit theorem, these are obtained as the standard error of the
mean scaled by a factor 1.96.

The FF amplitude imbalance, in Fig. 7(a), shows a very flat
behavior versus wavelength and small estimated values [7,,| <

0.35dB. The monitored FF phase imbalance, reported in
Fig. 7(b), also does not show any clear wavelength-dependency.
However, its values show a larger variability than for the ampli-
tude imbalance. We can explain these fluctuations by consider-
ing the operation of the 90° phase shifter in the modulator. It is
well known that bias drift is a drawback of optical modulators
based on LiNbO; technology [23], and it results in small phase
mismatch fluctuations in time, also in the presence of an ABC.
This behavior can be easily noticed by looking at 1530 nm and
1560 nm, where two sets of data obtained with different lasers
and amplification schemes are available: While we observe that
the confidence intervals of the two measurements overlap for the
amplitude imbalance, this is not the case for the phase imbalance
because of the bias drift. Finally, for our experimental results,
we can confirm that there was no noticeable difference in the
temporal dynamic of the bias drift in the presence of an active
ABC over the whole investigated wavelength range.

The absence of wavelength-dependency in the transmitter
FF imbalance strongly differentiates from what we observed
on the receiver side, where the optical components have been
found responsible for substantial FF imbalance variations over
the analyzed wavelength range. This behavior indicates: (i) the
lack of evident degradation in the power splitting and combin-
ing operations and (ii) the effectiveness of standard automated
bias control to adapt the modulator operation in a multi-band
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scenario. In particular, the estimated imbalance values and their
confidence intervals remain small over the whole wavelength
range, proving the absence of wavelength-dependency in the
behavior of the estimator.

We analyze at this point FS Tx-side imbalance similarly as we
did previously for the receiver. However, in this case, the GSOP
does not compensate for the FF component of the transmitter
imbalance, so the 4x4 post-equalizer directly monitors the com-
bination of FF and FS amplitude and phase imbalance. We obtain
the FS imbalance by subtraction from the total estimated value
of the FF component and show its characterization in Fig. 8,
where the data points are obtained as the moving average of 5
consecutive values. For all transmitter imperfections, we observe
negligible variations in the spectrum of the imbalance for the
different wavelengths considered. As already discussed when
analyzing the receiver in Section IV-B, this behavior proves
the linearity of the operation of the optical components versus
wavelength, resulting in a wavelength-dependency that is ex-
clusive to the FF imbalance component. These results, together
with the ones in Fig. 7, are crucial to assess the impact of the
wavelength-dependency of I/Q imbalance on the performance
of MB systems as well as the complexity requirements for their
effective monitoring and compensation. It is critical to compen-
sate and monitor transmitter imbalance since they impair the
operation of the whole DSP chain [4], contrary to what has been
discussed for Rx-side impairments. On the transmitter side, FS
imbalance variations could be compensated only by additional
adaptation of the DPD per wavelength. In contrast, the minor FF
imbalance variations observed can be corrected through more
simple automatic control strategies based on power monitoring.
Moreover, on the receiver side, a single-tap post-equalizer can
effectively mitigate and monitor residual FF imbalance. On
the contrary, FS variations could only be compensated through
longer adaptive filters, leading to more significant power con-
sumption and system complexity.

Additionally, we notice that the FS amplitude and phase
impairments in Fig. 8(a)—(d) have a more prominent frequency-
dependent behavior over the signal bandwidth compared to
the equivalent receiver imbalance. For both signal polarization
states, the FS amplitude imbalance in Fig. 8(a)—(b) has a peak
at around 18 GHz. Moreover, we observe also a slightly larger
imbalance in the lower frequency range in the Y-polarization.
However, all the values are contained in a remarkably small
range +0.4 dB, validating the effectiveness of the DPD per-
formed. Similar considerations can be made for the characterized
FS phase imbalance in Fig. 8(c)—(d), for which fluctuations
up to = 2° are observed for frequency above 20 GHz. These
values, although small, are also larger than the ones observed
for the receiver imbalance, where the frequency-resolved cal-
ibration mitigated FS phase imbalance almost perfectly. Their
wavelength-independence allows, however, for a one-time ad-
ditional calibration and compensation if extremely high-order
modulation formats are employed [20], [24]. In Fig. 8(e)—(f)
the monitored transmitter skew is shown. For the X- and Y-
polarization we characterize Em x =—0.7psand A7y, y =
—0.43 ps, respectively. Also in this case, the values are higher
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than for the receiver and present larger variability, but do not
present any critical behavior.

As a final remark, the small monitored imbalance further sup-
ports the outcome of the Rx-side imbalance characterization. As
previously discussed, in the presence of significant transmitter
impairments, the monitoring accuracy for the receiver imbalance
would be degraded by a large effective reduction in the signal
quality before carrier recovery, and post-equalization [6].

V. CONCLUSION

In this work, we reported about the characterization of the
frequency-resolved I/Q imbalance versus the wavelength of op-
eration in off-the-shelf C-band transceivers operating in the S-C-
L-band. We have shown that the overall wavelength-dependency
of I/Q amplitude and phase imbalance is strong for the con-
sidered coherent receiver due to the significant sensitivity of
the 90°-hybrid to the wavelength of operation. However, the
variability of these impairments inside the signal bandwidth pre-
sented exclusively a frequency-flat component, which can be ef-
ficiently and effectively monitored and compensated by standard
digital compensation methods as the GSOP. On the contrary,
the characterized LiNbO3s modulator did not show any clear
wavelength-dependency for the frequency-flat imbalance or its
frequency-selective component for all the tested wavelengths
inside the signal bandwidth. These findings prove the interop-
erability of commercial transceivers optimized and calibrated
for C-band operation in multi-band networks, even without the
imperative need for costly wavelength-dependent calibration,
DPD procedures, and higher receiver-side DSP complexity.
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