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A B S T R A C T   

Intradyne coherent receivers, capable of detecting an individual wavelength-division multiplexed channel just by 
tuning the local oscillator frequency, is of great interest for the development of high-capacity flexible optical 
networks. Nevertheless, the unavoidable amplitude imbalances inherent to any realistic coherent receiver induce 
an interference contribution from the self-beating of the coincident channels present at its input. The charac
terization of this degraded colorless reception operation is of fundamental importance, but it usually requires the 
use of rather complex experimental setups, especially when the effects of tens of interference channels should be 
evaluated. In this work we propose a novel experimental setup that only requires the use of a single intense 
interferer to emulate those coincident channels, thus drastically simplifying the characterization process. In 
addition, we develop a general expression for the signal-to-noise ratio of the system that theoretically justifies the 
intended setup and demonstrate by massive numerical simulations its accuracy in different scenarios. We believe 
that the proposed approach may contribute to facilitate the experimental characterization of high-performance 
colorless coherent receivers.   

1. Introduction 

The adoption of polarization multiplexing (PM) and efficient multi
level quadrature amplitude modulation (M− QAM) are extended solu
tions to increase bit rate capacity in fiber optic systems, beyond 100 
Gbps, within the limited capabilities of electronic bandwidth and digital 
signal processing (DSP) [1,2]. A standard reception architecture is the 
conventional dual polarization (DP) balanced coherent receiver that 
relies on a polarization diversity network, based on polarization beam 
splitters (PBS), and two-phase diversity downconverters, based on 90◦

hybrids and balanced photodetection [2,3], for the demodulation of the 
in-phase and quadrature (IQ) components of each polarization. Besides 
its high chromatic and polarization mode dispersion tolerance, this 
digital coherent receiver can select and detect an individual dense 
wavelength-division multiplexed (DWDM) channel just by tuning the 
local oscillator (LO) frequency, being commonly known as filterless or 
colorless receivers [4–6]. This ability is of great interest in modern 
flexible optical networks deploying reconfigurable optical add-drop 
multiplexers (ROADM) which provide, from a remote control plane, 
the dynamic routing of any wavelength to a drop port [7,8]. Since a 

coherent receiver does not require any previous demultiplexer or WSS 
(wavelength selective switch), their partial replacement with optical 
splitters has led to the proposal of cost-effective drop node modules and 
simplified networks in WDM passive optical networks (PON) [9,10], 
intra-data center networks [7], as well as submarine [11] and terrestrial 
optical transport networks [12–14]. 

The photonic integration of the coherent receiver is of great interest 
in commercial applications due to its compactness, cost-effectiveness 
and low power consumption [15]. However, inevitable imbalances 
arising from fabrication tolerances, wideband operation or photodiodes 
responsivity will degrade the common-mode rejection ratio (CMRR) 
figure of the receiver. A high CMRR is required, not only to reject 
common output noise terms, as relative intensity noise (RIN) from LO, 
but to reduce the unwanted interference in baseband that arises from the 
self-beating of the coincident channels caused by the square-law of the 
photodetectors [5]. For this reason, it is important to determine how this 
limiting interference degrades the performance of a colorless receiver in 
terms of maximum number of channels that can be presented at its input 
as well as the resulting sensitivity and dynamic range parameters [4,5]. 
This characterization requires assembling a rather complex 
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experimental setup that involves the transmission of tens of independent 
interfering channels, for instance, the evaluation of colorless reception 
of the full C-band under QPSK modulation could only be predicted from 
a limited set-up of 16 channels in [16] while it required eighty channels 
in [17]. In this work it is proposed a novel experimental scheme that 
significantly simplifies the characterization of the colorless operation of 
a coherent receiver as it only requires the use of a single interferer whose 
power scales accordingly to the number of coincident channels to be 
emulated. Additionally, a new simplified expression for the signal-to- 
noise ratio (SNR) of the system that justifies theoretically the intended 
setup, including the modulation format or symbol rate implications, is 
derived and verified from extensive numerical simulations. Its accuracy 
in different scenarios of practical receivers for incoming signals carrying 
up to 100 DWDM channels of 25 Gbaud DP-16/64QAM is analyzed. 
Without loss of generality, the procedure presented here could easily be 
applied to a higher baud rate, number of channels or QAM order, in line 
with the increasing demand on optical transceivers capacity. 

This paper is organized as follows. In Section 2 the theory for char
acterizing the performance of colorless coherent receivers is presented 
both under multiple coincident WDM channels of the conventional 
scheme and under the single interference of our proposed scheme. The 
Appendix A provides a detailed derivation of the theoretical expressions. 
In Section 3, the coincidence between the theoretical prediction and the 
numerical model assessment is confirmed for both schemes in the 
colorless characterization of a coherent receiver with amplitude imbal
ances. Finally, Section 4 provides the main conclusions of this paper. 

2. Conventional and proposed simplified experimental setup for 
the characterization of colorless receivers 

In this section we describe the conventional setup commonly used to 
characterize the colorless operation of a coherent receiver under DWDM 
transmission (Fig. 1a) and the simplified approach proposed in this work 
(Fig. 1b). The main difference between these two schemes is clear in the 
figure: the conventional setup requires the simultaneous generation and 
subsequent combination of Nch modulated signals with power Ps, 
whereas the new technique only requires the generation of a single and 
intense interference signal with a specific power level of value NI times 
that of the signal channel Ps. 

It can be theoretically shown (see Appendix A.1) that both schemes 
are characterized in terms of the SNR at the output of the receiver DSP 
block, involving state-of-the art algorithms, as 

SNR =
|SRX |

2

σ2
ASE LO + kImb

(
CMRR2⋅

[
σ2

RIN + σ2
Interf

]
+ σ2

shot + σ2
TIA

) (1)  

where 〈|SRX|2〉 is the demodulated average signal power, σ2
ASE_LO, σ2

RIN, 
σ2

shot and σ2
TIA are respectively the noise current variance terms corre

sponding to LO beating with amplified spontaneous emission (ASE) 
noise, RIN from the LO laser, shot noise from the photodiodes and 
thermal-induced noise from the transimpedance amplifiers (TIA). The 
CMRR factor of the receiver is zero (in linear scale) for an ideal imple
mentation, but it will increase with the amplitude imbalances of the 
receiver under test. Finally, the current variance of the interference 
caused by the adjacent or coincident channels results in the term σ2

Interf. It 
is worth noting that the derived expression (1) is identical to that given 
in [4,18] except for the factor kImb, due to the excess power noise caused 
by Gram-Schmidt orthonormalization process (GSOP) at the DSP [19]. 
This factor improves the accuracy of the model and must be introduced 
to obtain a better fit between theoretical and numerical results. 

As shown in Appendix A.1, the interference term from adjacent 
channels σ2

Interf included in Eq. (1) is obviously different for each of the 
configurations shown in Fig. 1, since under uncorrelated equal power 
WDM channels (Fig. 1.a) the variance operator will respond from the 
sum of the variances proportionally to Nch, while under a single inter
ferer scaled to the signal by a factor NI (Fig. 1.b) the variance will be 
proportional to its square. Thus, the interference term corresponds to 

σ2
Interf =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

R2

2
⋅P2

s ⋅Nch⋅βWDM Conventional scheme (Fig. 1a)

R2

2
⋅P2

s ⋅N2
I ⋅βI Simplified scheme proposed (Fig. 1b)

(2)  

where the corresponding scaling factors, βWDM or βI, are defined by the 
variance of the overlapped direct detection of the received channels 
obtained from their scheme in Fig. 1. Their value will strongly depend on 
the accumulated dispersion, baud rate, polarization alignment or QAM 

Fig. 1. Experimental setups to characterize the colorless performance of a DP 
coherent receiver: (a) conventional scheme: colorless reception under WMD 
coincident signals (b) simplified scheme proposed in this work: colorless 
reception of signal with a single interferer. 

Fig. 2. Block diagram of the DP intradyne coherent receiver under test for the colorless demodulation of signal channel.  
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modulation order. A novel and detailed analysis, performed for the sake 
of clarity in Appendix A.2, shows that, when a minimum accumulated 
dispersion is reached in the fiber optic channel for a specific baud rate 
(according to Eq.(A.16)), both βWDM and βI will converge to a same value 
of 0.5 regardless of the modulation order. It is noteworthy that this 
scaling factor convergence value for both the conventional and simpli
fied schemes coincide to a certain extent with previously reported 
experimental characterization under DP-QPSK modulation for balanced 
[4,16] and single-ended [18] coherent receivers, respectively. In fact, in 
[18] the use of a single interference channel, in a scheme that could be 
simplified to Fig. 1.b, was prematurely discarded as it was not properly 
scaled, even though the necessary polarization and time alignment in
dependence between the interference and signal channels after high 
dispersive fiber propagation were experimentally confirmed. Certainly, 
by equating the interference terms in Eq. (2) under the above conditions, 
it can be obtained the simple relation NI =

̅̅̅̅̅̅̅
Nch

√
that results on a same 

SNR and supports our experimental proposal from Fig. 1 to emulate the 
colorless performance of a receiver with Nch coincident channels of 
power Ps from a single interference of power NI times greater, 

PI = NI ⋅Ps =
̅̅̅̅̅̅̅
Nch

√
⋅Ps (3) 

We would like to emphasize that, although equation (3) may seem a 
straightforward result, this is only fulfilled if both scaling factors βWDM 
and βI present the same value which occurs when the accumulated 
dispersion of the fiber preceding the receiver exceeds the minimum 
value from Eq.(A.16). Specifically, for the 25 Gbaud symbol rate adop
ted in this work, the minimum accumulated dispersion results in 2 ns/ 
nm, as graphically depicted in Fig. 6 of Appendix A.2. 

3. Colorless coherent reception model assessment 

This section is divided into two parts. The first part shows the 
modelling of the coherent receiver under test. In the second part, a 
complete set of numerical simulations is performed to confirm the ac
curacy of the expressions shown for both schemes in the previous section 
and, consequently, the feasibility of the proposed technique. 

3.1. Colorless coherent receiver simulation environment 

According to the usual setup scheme from Fig. 1.a, a WDM signal, 
obtained by combining Nch channels under DP-M− QAM modulation, 
will be transmitted into a dispersive single-mode fiber modelled using 
Jones matrix formalism with random mode coupling (RMC) and addi
tive white Gaussian noise (AWGN) to account for ASE noise from optical 
amplifiers. To statistically emulate the independence of a multi-channel 
transmission, different seeds were considered to generate pseudo
random binary sequences (PRBS), arbitrary time delays and random 
polarization orientations for each channel. Incoming optical signal-to- 
noise ratio (OSNR) has been adjusted for the incident signal channels 
to obtain a BER of 7 × 10-4 in an ideal coherent receiver in absence of 
internal noise sources The input signal power level was then controlled 
by a variable optical attenuator (VOA). In the proposed setup scheme 
from Fig. 1.b, there will be a unique interference with power NI times 
greater than signal according to Eq. (3). 

Eq. (1)
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Fig. 4. Sensitivity (a) and dynamic range (b) as a function of CMRR for the 
colorless reception under a single interferer (solid lines) for 25 Gbaud DP-16- 
QAM modulation showing clear coincidence with colorless reception under 
WDM transmission (dashed lines) and theory (filled squares) when the rela
tionship from the legend is fulfilled. 

Fig. 5. Scheme for the numerical estimation of the scaling factors.  
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Fig. 3. Contour plot for a 1 dB Q-factor penalty of colorless coherent reception 
as a function of the CMRR and average input signal power (per polarization) 
under a single interferer (solid lines) for 25 Gbaud: DP-16-QAM (a) PLO = 8 
dBm (b) PLO = 14 dBm; DP-64-QAM (c) PLO = 10 dBm (d) PLO = 16 dBm. The 
agreement with the theory (filled squares) and WDM transmission (dashed 
lines) is clearly appreciated when the relationship from the legend is fulfilled. 
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In both schemes it will be induced an accumulated chromatic 
dispersion of 2 ns/nm, e.g. obtained from the transmission in the third 
optical window through 125 km of standard single-mode fiber (SSMF), 
above which the scaling factors βWDM and βI of Eq. (2) have already 
converged to a same value of 0.5 for the adopted symbol rate of 25 
Gbaud, as determined by Eq. (A.16). The maximum allowable accu
mulated dispersion, and hence the maximum length of the fiber prior the 
receiver, will only be limited by the availability of a sufficient number of 
taps in the finite-impulse-response (FIR) filters required to compensate 
for the induced dispersion in the DSP from the demodulated signal [20]. 

Fig. 2 describes in more detail the conventional DP intradyne 
coherent receiver under test for the colorless demodulation of a kth 

channel using a LO laser tuned to the adequate wavelength, with power 
PLO and a RIN value of − 140 dB/Hz. The polarization diversity network 
consists of two PBS in both the signal and LO paths [4,21,22]. The phase 
diversity downconverters are based on 90◦ optical hybrids followed by 
two balanced photodiodes (BPD) with mean responsivity 0.8 A/W and 
TIAs with DC offset cancellation and an input referred thermal noise 
current density of α2

TIA = 20 pA/
̅̅̅̅̅̅
Hz

√
. The obtained IQ components per 

polarization of the downconverted signal channel will be then digitized 
by four analog-to-digital converters (ADC) with the minimum effective 
number of bits (ENOB) to induce a negligible penalty (6 bits for 16-QAM 
and 7 bits for 64-QAM [23]) and combined to be further processed in the 
DSP. Phase diversity imbalances, contributing to CMRR values ranging 
from − 35 dB to − 5 dB (CMRR [dB] = 20⋅log10 (CMRR)), will induce a 
linear transformation of the IQ components, resolved by a GSOP pro
cedure [19], and a detrimental nonlinear interference by the self-beating 
of the adjacent channels [5]. The polarization demultiplexing will be 
then performed by a 2 × 2 butterfly configuration FIR filter being fol
lowed by a matched filter presenting optimal timing recovery to provide 
numerical results comparable to the theoretical expressions. Error 
counting is evaluated after the decisor to calculate the bit-error-rate 
(BER). Finally, the receiver performance will be then quantified by the 
Q-factor (an average from the x/y polarization) assuming Gaussian 
distribution of overall noise sources [4,20], 

Q (dB) = 20⋅log
[ ̅̅̅

2
√

⋅erfc− 1(2⋅BER)
]

(4)  

where erfc is the complementary error function. 
On the other hand, as a comparison, the theoretical Q-factor will be 

obtained from the theoretical estimation of the BER for a homodyne 
receiver determined by the analytical SNR in Eq. (1) assuming M-QAM 
modulation [23,24] 

BER =
1

log2M

⎧
⎨

⎩
1 −

[

1 −

(

1 −
1̅
̅̅̅̅
M

√

)

erfc

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3

2(M − 1)
SNR

√ )]2
⎫
⎬

⎭
. (5) 

In both numerical and theoretical cases, a maximum admissible Q- 
factor penalty of 1 dB will be considered, which will ensure a BER below 
the limit of 2.2 × 10-3 for a typical forward error correction (FEC) coding 
with 7 % redundancy overhead [25]. 

3.2. Simulation results of colorless coherent reception of signal channel 
under coincident WDM channels and a single interferer 

Theoretical expressions Eq. (1)–(3) characterizing the colorless 
reception scenarios depicted in Fig. 2 will be validated here carrying out 
extensive numerical simulations for DP-16-QAM and DP-64-QAM sig
nals and for some representative LO powers. Fig. 3 shows the contour 
plot for 1 dB Q-factor penalty as a function of the CMRR and input signal 
power for the colorless reception of a signal coincident with a single 

interferer (solid lines) and from Nch WDM channels (dashed lines) 
accordingly to the proposed (Fig. 1.b) and conventional (Fig. 1.a) 
schemes, respectively. Legend shows the relationship that, accordingly 

Fig. 6. Numerical estimation of scaling factors βI and βWDM versus the accu
mulated dispersion for different orders of QAM modulation at 25 Gbaud: (a) 
QPSK (b) 16-QAM (inset represents the βWDM dependence with the symbol rate) 
(c) 64-QAM (d) 256-QAM. 
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to Eq. (3), NI meets for a specific Nch value for a correct emulation. Note 
that the area under each curve from Fig. 3 defines a valid transmission 
zone where the BER of the demodulated signal will be below FEC limit. It 
can be clearly appreciated the good agreement between the numerical 
results of the analyzed schemes and with theoretical prediction super
imposed as a reference (filled squares). Therefore, it is shown that 
characterization of practical colorless coherent receivers can be ach
ieved from the setup proposed in Fig. 1.b that greatly simplifies the 
conventional scheme depicted in Fig. 1.a. 

Each of the 1 dB penalty contour curves in Fig. 3 presents two cut-off 
points for the specific CMRR value of the receiver. The first one (lower 
signal power) determines the sensitivity and its difference with the 
second one (higher signal power), the dynamic range. At the low signal 
power regime, the receiver sensitivity worsens from the shot-noise limit 
performance when the CMRR degrades as the residual LO-RIN beat noise 
will dominate for high LO power. In the high signal power regime, it can 
be easily appreciated the significant reduction of the dynamic range as 
NI (or equivalently Nch) increases and the CMRR deteriorates due to the 
enhanced interference term σ2

Interf caused by the self-beating of the 
coincident channels. The incidence of the interfering term in the 
demodulated signal under the above considerations will only be reduced 
by increasing the LO power as long as we assure TIA linear operation. 
Certainly, the maximum allowable nonlinear harmonic distortion from 
TIAs will limit the maximum differential AC input current. For instance, 
considering a dispersion-induced peak-to-average (PAPR) power ratio of 
10 dB in the demodulated signal [4,16] and a typical AC input overload 
current of 4 mApp [26], the maximum signal power would be limited by 
the magenta lines plotted in Fig. 3. Finally, it is noteworthy the habitual 
integration of VOA in the signal path of the colorless coherent receiver 
for the optimal use of available dynamic range [3,27]. 

A better insight of the degradation induced by amplitude imbalances 
(quantified by the CMRR) in the sensitivity and dynamic range of a 
colorless receiver can be observed in Fig. 4.a and Fig. 4.b, respectively, 
according to the results obtained for the DP-16-QAM signals from Fig. 3. 
Here, a clear coincidence between the obtained numerical curves for the 
proposed scheme (solid lines), the conventional scheme (dashed lines) 
and the theoretical prediction (superimposed filled squares) can be also 
appreciated when Eq. (3) is fulfilled. As it can be seen from the sensi
tivity evolution in Fig. 4.a for a high CMRR (above 25 dB in absolute 
value), shot-noise limit performance will be achieved increasing the LO 
power. In addition, as shown in Fig. 4.b, the residual interference from 
coincident channels (see Eq. (1)–(2)) will decrease the signal dynamic 
range on a logarithmic scale with the CMRR deterioration (e.g. the dy
namic range shows a 4.5 dB reduction when the CMRR worsens by 4.5 
dB, regardless of LO and Nch values) and the number of channels (e.g., a 
reduction of 4.5 dB when Nch is increased by 4.5 dB or from 35 to 100 
channels). On the other hand, the deterioration of the CMRR (approxi
mately under 25 dB in absolute value) will increase the residual RIN 
from the LO, reducing the sensitivity in Fig. 4.a and, consequently, the 
dynamic range as can be seen from the increase of its corresponding 
slope in Fig. 4.b. 

It can be stated from Fig. 3 and Fig. 4 that, if we want to achieve a 
large dynamic range under colorless reception of DWDM DP-M-QAM 
signals, the higher the modulation order M, the stricter control of 
receiver amplitude imbalances for a fixed LO power will be required to 
assure a high CMRR in the operation band. Therefore, it follows that the 

minimum value of 20 dB specified by the OIF as an adequate CMRR for 
an intradyne coherent receiver [3] is barely enough for practical 
colorless reception of higher-order modulation. 

4. Conclusions 

The availability of colorless intradyne coherent receivers is of great 
interest for the development of high-capacity flexible optical networks. 
However, unavoidable receiver amplitude imbalances will degrade its 
colorless operation due to the limiting baseband interference induced by 
the self-beating of coincident channels presented at its input. In this 
work we have proposed a novel experimental setup that drastically 
simplifies the colorless characterization of coherent receivers. 

Unlike the conventional approach, based on a complex and expen
sive experimental setup involving the simultaneous transmission of tens 
of interference channels, the new approach only requires the injection of 
a single intense interferer of a specific power level, which scales with the 
square root of the number of interference channels to be emulated. The 
proposed scheme has first been theoretically justified using a simplified 
expression for the system SNR (derived in the Appendix A), and then 
accurately verified from extensive numerical simulations in different 
scenarios (up to 100 interference channels with DP-QAM modulation). 
Moreover, using these simulations we have been able to analyze the 
colorless behaviour of intradyne coherent receivers in terms of sensi
tivity and dynamic range variation as a function of the CMRR charac
teristics of the device. In the authors’ opinion, the simplified scheme 
proposed in this work will contribute to facilitate the experimental 
characterization of high performance colorless coherent receivers, 
reducing the complexity and cost of the required experimental setup. 
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Appendix A 

For the sake of simplicity, it is detailed here the derived analytical expressions for the SNR of an imbalanced colorless coherent receiver and its 
interference term under WDM and single interferer reception schemes. 

A.1 SNR of an imbalanced colorless coherent receiver for WDM transmission and a single interferer 

This appendix evaluates the SNR of the demodulated channel in a non-ideal colorless coherent receiver following the block diagram model in 
Fig. 2. The results obtained for Nch WDM channels with negligible crosstalk, following the conventional scheme from Fig. 1.a, will be easily partic
ularized afterwards to a signal coincident with a single interference, according to the proposed scheme from Fig. 1.b. 

The transmitted WDM optical signal will be described in terms of its complex envelope as (omitting for clarity the superscript x/y corresponding to 
each polarization) 

ΓO
WDM =

∑Nch

n=1

̅̅̅̅̅̅̅
Psn

√
⋅Γn⋅ejωnt (A.1)  

where for each nth channel, ωn is the angular frequency, Psn is the power and Γn = In +jQn is the normalized complex baseband transmitted symbols 
satisfying 〈|Γn|

2
〉 = 1 (where 〈 〉denotes the ensemble average operator). It will be considered a basic AWGN channel model, since the dispersive effects 

can be efficiently compensated in the subsequent DSP, accounting the contribution of complex ASE noise from nASE with power PASE in the receiver 
equivalent noise bandwidth Be. 

The polarization diversity network in the receiver consists of two PBS in both the signal and LO paths [4,21]. For homodyne detection of the kth 

channel, the LO must be tuned to the angular frequency ωk, being its complex envelope per polarization component at the exit of the PBS (also omitting 
here the superscripts x/y), 

ΓO
LO =

̅̅̅̅̅̅̅̅
PLO

2

√

ejωkt. (A.2) 

On the following the superscripts x/y will be omitted, thus considering the same response for both phase diversity downconverters. In this way, the 
colorless detection of the kth channel of the WDM signal Eq. (A.1) using the frequency-tuned LO Eq. (A.2) will result in each of the following four 
photocurrents iik at the photodiodes after the 90◦ hybrid, considering a square-law photodetection and responsivity Ri, 

ik
i = Ri

⃒
⃒ek

i

⃒
⃒2 = Ri

⃒
⃒
⃒
⃒
⃒

∑Nch

n=1
Sn

i S

( ̅̅̅̅̅̅̅
Psn

√
Γnejωnt + nASE n

)
+ Sk

i LOΓ0
LO

⃒
⃒
⃒
⃒
⃒

2

; i = 1, 2, 3, 4 (A.3)  

where 90◦ hybrids are characterized at a frequency ωn from the following scattering matrix S90◦ , 

S90◦ (ωn) =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

Sn
1 S Sn

1 LO

Sn
2 S Sn

2 LO

Sn
3 S

Sn
4 S

Sn
3 LO

Sn
4 LO

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(A.4) 

Note that an ideal 90◦ hybrid will have within the operation band the scattering parameters {Sn
1 S = Sn

2 S = Sn
3 S = Sn

4 S = 1/2, Sn
1 LO = − Sn

2 LO =

1/2, Sn
3 LO = − Sn

4 LO = j/2}
The introduction of uncorrelated optoelectronic AWGN noise sources, ioen_I and ioen_Q (including shot noise and thermal noise from TIA amplifi

cation), and the balanced photodetection will allow to solve the IQ components ΓDE = IDE +jQDE of the downconverted kth channel at the input of the 
DSP (neglecting high frequency beating terms which will be filtered out by the electronics), 

[
IDE
QDE

]

=

[
ik
1 − ik

2

ik
3 − ik

4

]

=

̅̅̅̅̅̅̅̅
POL

2

√

⋅MH ⋅

[
RI ⋅Re

( ̅̅̅̅̅̅
Psk

√
Γk + nASE k

)

RQ⋅Im
( ̅̅̅̅̅̅

Psk
√

Γk + nASE k

)

]

+
PLO

4

[
RI ⋅CMRRk

LO I

RQ⋅CMRRk
LO Q

]

+

1
2
∑Nch

n=1

[
RI ⋅CMRRn

S I

RQ⋅CMRRn
S Q

]
(

Psn|Γn|
2
+ 2Re

( ̅̅̅̅̅
Ps

√
Γn⋅n*

ASE n

))
+

[
ioen I
ioen Q

]

(A.5) 

where it has been defined an average BPD responsivity RI = (R1 +R2)/2 and RQ = (R3 +R4)/2. Equation (A.5) has been expressed in terms of the 
CMRR (in linear scale), typical figure of merit of the colorless behaviour of a downconverter [3,5] since it is a direct measurement of its power 
imbalance at the frequency ωk, 

CMRRn
S I
LO I

=

γn
1 S
1 LO

− γn
2 S
2 LO

γn
1 S
1 LO

+ γn
2 S
2 LO

; CMRRn
S Q
LO Q

=

γn
3 S
3 LO

− γn
4 S
4 LO

γn
3 S
4 LO

+ γn
3 S
4 LO

(A.6)  

where it has been described the intensity response in each output port with respect to the S / LO input port from, 
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γn
i S
i LO

= Ri

⃒
⃒
⃒
⃒
⃒
⃒
⃒

Sn
i S
i LO

⃒
⃒
⃒
⃒
⃒
⃒
⃒

2

; i = 1…4 (A.7) 

The phase diversity downconverter has been described by the complex matrix MH, 

MH =

[
Re(u) Im(u)
Re(v) Im(v)

]

;
u =

(
R1Sk

1LOSk*
1S − R2Sk

2LOSk*
2S

)/
(R1 + R2)

v =
(
R3Sk

3LOSk*
3S − R4Sk

4LOSk*
4S

)/
(R3 + R4)

. (A.8) 

It can be easily observed that for an ideal receiver implementation (CMRR = 0, same responsivity on the photodiodes and unitary matrix MH), the 
demodulated IQ components in the first term on the right side of Eq. (A.5) will be only limited by the ASE noise (once defined the OSNR at the input 
receiver) and the receiver optoelectronic noise sources in the last term as it has been extensively studied [24,28]. This confirms the superior per
formance of balance detection over single-ended detection in this scenario. The second and third terms define the relative LO intensity noise (RIN 
noise) and the baseband interference caused by the adjacent channels from their self and noise beating (this latter can be considered negligible for the 
higher order M− QAM modulations considered in this paper), respectively. Note that the limiting self-beating interference term from the adjacent 
channels, uncorrelated with the demodulated IQ signal components, will be weighted by their signal power, number and the CMRR at their respective 
wavelengths [5]. 

Next, it will be considered non-ideal 90◦ hybrids with scattering matrix S90◦ in the operation band, 

S90◦ =
1
2

⎡

⎢
⎣

1 1

ImbI − ImbI

1

ImbQ

jej∅PE

− jImbQej∅PE

⎤

⎥
⎦ (A.9)  

defined in terms of the amplitude imbalance factor (ImbI, ImbQ) and phase error ϕPE between IQ axes. It is reduced to ideal scattering matrix when ImbI =

ImbQ = 1 and ϕPE = 0◦. Being obtained from Eq. (A.6)–(A.7) the following CMRR from the input S/LO ports to I/Q component signal outputs, 

CMRRn
S I
LO I

= CMRRI =
R1 − R2I2

mbI

R1 + R2I2
mbI

;CMRRn
S Q
LO Q

= CMRRQ =
R3 − R4I2

mbQ

R3 + R4I2
mbQ

(A.10)  

and, solving Eq. (A.8), the downconverter transformation matrix MH., represented here as the product of two matrices responsible of the imbalance 
and rotation between reference IQ axes to account for amplitude and phase imbalances, respectively, 

MH =

⎡

⎢
⎢
⎢
⎢
⎣

R1 + R2I2
mbI

2RI
0

0
R3 + R4I2

mbQ

2RQ

⎤

⎥
⎥
⎥
⎥
⎦

[
1 0

− sin∅PE cos∅PE

]

A.11) 

Particularizing Eq. (A.11) when considering a unique CMRR for the IQ signal components (CMRR = CMRRI = CMRRQ) and a same average BPD 
responsivity (R = RI = RQ), it will be solved the following expression for the demodulated signal at the output of the DSP SRX = IRX + jQRX. 

[
IRX
QRX

]

= R
̅̅̅̅̅̅̅̅
PLO

2

√

⋅

[
Re
( ̅̅̅̅̅

Ps
√

Γk + nASE k

)

Im
( ̅̅̅̅̅

Ps
√

Γk + nASE k

)

]

+ M
− 1

H

{

R
PLO

4
CMRR

[
1
1

]

+
R
2

CMRR
[

1
1

]
∑Nch

n=1

(
Psn|Γn|

2 )
+

[
ioen I
ioen Q

]}

(A.12) 

Note that the digital GSOP procedure performs the inverse of the downconverter matrix MH, correcting phase/amplitude imbalances in the 
demodulated IQ signal but transforming the seconterm that accounts for the noise-interference generated. As it was studied in [22] for a non-ideal 

polarization diversity network, the Frobenius norm of transformation matrix M
− 1

H would estimate an excess power noise factor kImb, 

kImb =
M

− 12

HF

M
− 12

HidealF

= R2

[(
1 + CMRR

R1

)2
]

sec2∅PE. (A.13) 

It can be easily verified than an ideal downconverter (CMRR = 0, phase error ϕPE = 0◦ and same responsivity) will have an identity matrix MH and, 
therefore, will not induce any sensitivity penalty kImb [dB] = 10⋅ log10 (kImb) as kImb = 1. As phase errors of up to 20◦ (much higher than the 7.5◦

specified by the OIF in the operation band [3]) induce from Eq. (A.13) a sensitivity penalty of only 0.5 dB, from now on, it will only be considered the 
amplitude imbalances (quantified from the CMRR) to address the nonideality of the phase diversity downconverter. 

At this point it can be solved the signal to noise and interference power ratio after the DSP (henceforth SNR), 

SNR =
|SRX |

2

σ2
ASE LO + kImb

(
CMRR2⋅

[
σ2

RIN + σ2
Interf

]
+ σ2

shot + σ2
TIA

) (A.14) 

Note that we could have obtained the same SNR for each signal component and polarization as it was assumed that the CMRR was constant for 
them. The numerator corresponds to the demodulated average signal power 〈|SRX|2〉=R2 Ps PLO /2. The terms in the denominator accounts for the noise 
current variance values of the noise and interference terms: beating LO-ASE noise σ2

ASE_LO, relative intensity noise from LO σ2
RIN, interference from 

adjacent channels σ2
Interf, shot noise σ2

shot and thermal-induced TIA noise σ2
TIA. The expression that describes each one can be easily deduced [24] as 
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σ2
ASE OL = R2PASE

PLO

2
; σ2

RIN =
R2

8
RIN⋅Be⋅P2

LO  

σ2
shot = qBeRPLO; σ2

TIA = 2⋅α2
TIABe (A.15)  

σ2
Interf =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

R2

2
⋅P2

s ⋅Nch⋅βWDM ; βWDM =
1

Nch
VAR

(
∑Nch

n=1
|Γn|

2

)

Conventional scheme Fig.1a

R2

2
⋅P2

s ⋅N2
I ⋅βI ; βI = VAR

(
|ΓI |

2 ) Simplified scheme proposed Fig. 1b 

In Eq. (A.14), which bears a similarity with those shown in [4,18], it will have great importance the interference term σ2
Interf defined by the variance 

(denoted by the VAR operator) of the overlapped direct-detected channels. Under uncorrelated WDM channels of a same power Ps, corresponding to 
the conventional setup from Fig. 1.a, this term will be proportional in Nch times a scale factor βWDM defined by the average variance of the direct 
detection of the received normalized symbols. On the other hand, for the proposed scheme from Fig. 1.b, the interference will be practically imposed 
by the variance of the direct detection of the intense interferer with power NI⋅Ps. Note that this interference term can be seen as a particular case of the 
previous one where NI channels are coherently added so that the variance will depend on the square of NI. As it was already stated in [18], the number 
of channels Nch is not directly extrapolated here to NI nor, in principle, the values of the coefficients βWDM equivalent to βI. The detailed study of these 
scaling factors will be assessed in the following appendix subsection. 

A.2 Numerical estimation of the scaling factor of the interference term 

Fig. 5 shows the scheme adopted for the numerical estimation of the variance of the overlapped direct-detected channels as defined from the 
scaling factors βWDM and βI from Eq. (A.15). There it will be adjusted the order of QAM modulation, the accumulated dispersion and the control, 
through a Jones rotation matrix MR(θ), of the input orientation. This is so because, as observed in [4,16,18], the scaling factor of the interfering 
channel will depend on its incidence orientation angle θ with respect the PBS receiver axes and the PAPR induced from the conversion of phase into 
intensity variations by the accumulated dispersion. Numerical simulations have been carried out from 20 frames of 4096 symbols of DP-M− QAM 
signal and a single-mode fiber link with an accumulated dispersion up to 3.8 ns/nm. The matched filter and normalization of the photodiode power 
readings will allow to assess the scaling factor βI for a single interference or βWDM for a WDM signal transmission (representative averaging from just 25 
channels with random alignment times). 

Fig. 6 shows in solid and dashed line the numerical estimation of the scaling factor βWDM and βI (as a function of the incidence angle θ), respectively, 
versus the accumulated dispersion for different orders of QAM modulation, M, at 25 Gbaud, thus expanding the study carried out for QPSK at 11.5 
Gbaud and 28 Gbaud in [18] and [16], respectively. It is observed that the scaling factor βI for a single interferer is minimized when its independent 
polarization components do not beat as are aligned with each PBS axis (θ = 0◦), being obtained a result equivalent to a back-to-back transmission and 
described analytically by βI = 2⋅(M − 4)/5⋅(M − 1). Conversely, the factor βI will be maximized for θ = 45◦ from the beating of one-half power of each 
polarization components received on each PBS axis. The evolution of the scaling factor βI for θ = 22.5◦ is similar to the factor βWDM. In any case, as 
expected, the scaling factors βI and βWDM will grow with the accumulated dispersion until reaching a maximum of 0.5, independently of the time 
alignment or orientation respect the PBS receiver axes, when the PAPR does not increase further, which happens at a symbol rate of 25 Gbaud above 2 
ns/nm. This last value is inversely proportional to the square of the symbol rate Rs. Thus, as the inset of Fig. 6.b represents for βWDM under 16-QAM, 
that value will correspond to 8 ns/nm for half its symbol rate Rs = 12.5 Gbaud, as it was certainly obtained for QPSK in [4,18]. 

Therefore, the numerical results shown in Fig. 6 allow us to identify a scenario of interest as both scaling factors βI and βWDM converge to a same 
value of 0.5, independently of the QAM modulation order, when the accumulated dispersion AD [ns/nm] at the receiver input reach a minimum value 
that, according to the inset from Fig. 6.b for a symbol rate Rs in [Gbaud], is: 

ADmin

[ ns
nm

]
= 2⋅

(
25
Rs

)2

(A.16) 

The minimum accumulated dispersion of 2 ns/nm, corresponding to the 25 Gbaud symbol rate considered in this work, could be obtained in the 
third transmission window (centered at 1550 nm) with a minimum standard single-mode fiber length of 125 km, since it has a dispersion coefficient of 
16 ps/(nm⋅km). 
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