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Abstract We investigate the performance of edge-carrier-assisted phase-retrieval receivers when using
multiple dispersive elements. In relevant simulated transmission settings, the carrier-to-signal power
ratio can be as low as -4 dB while incurring a 4-dB OSNR penalty compared to theory at the BER of

3.8e-3. ©2023 The Author(s)

Introduction

The demand for high-capacity data center in-
terconnects has driven the development of low-
cost transceivers capable of achieving data
rates >100 Gb/s/)\ over distances of ~100 km us-
ing a single span of standard single-mode fiber
(SSMF)Ul.  Phase retrieval (PR) receivers have
recently gained attention for this purpose. They
can recover the complex-valued field of an optical
signal from intensity-only measurements, elimi-
nating the need for 90-degree optical hybrids and
the local-oscillator laser required in standard co-
herent receiversle-16l,

The PR task has been widely investigated
in the context of self-coherent (SC) systemsl!/,
where the Kramers-Kronig (KK) has been pro-
posed as an elegant scheme to recover the phase
of a single side-band (SSB) minimum-phase sig-
nal after single photodiode direct-detectionl®. Yet,
the KK receiver requires a carrier-to-signal power
ratio (CSPR) higher than 6 dB to achieve the min-
imum phase condition, which increases the im-
pact of nonlinear fiber propagation effectsi®H12),
and sets stringent requirements on the digital-to-
analog converter at transmitter’3l. More recently
proposed PR schemes have achieved carrier-
less PR retrieval by measuring two (or more)
intensity waveforms that are decorrelated by a
dispersive elementl4B): in these schemes the
phase is recovered using a modified version of the
Gerchberg-Saxton (GS) algorithml'. However,
carrier-less PR with the GS algorithm requires 5%
to 20% pilot symbols and hundreds of iterations to
avoid stagnation in local minima and achieve sat-
isfactory BER performancel@.

To relax the CSPR requirements of SC sys-
tems and improve the convergence of iterative
PR algorithms, a promising approach is to com-
bine SC transmission with the use of disperse el-

ements™™-17 The leading idea is to use a weak
carrier to compute a rough estimate of the true
phase (corrupted by signal-to-signal beat inter-
ference; SSBI), which can be used to initialize
the PR algorithm. This carrier-based initializa-
tion approach is similar in concept to using pi-
lot symbols, but it facilitates the convergence of
the PR algorithm without reducing the net ca-
pacity of the system. Although previous studies
have explored the use of carrier-based initializa-
tion for PR8I 5 comparison between state-of-
the-art edge-carrier-assisted (ECA)-PR schemes
and their performance when using multiple dis-
persive elements has not yet been reported.

In this work, we present a comparative anal-
ysis between two ECA-PR schemes: the en-
hanced KK (EKK) scheme, which refines
the KK receiver output using nonlinear optimiza-
tion'®, and the ECA-GS schemel'® which is
based on a modified GS algorithm. Our results
show that, compared to EKK, ECA-GS performs
better at low CSPR and relaxes the computa-
tional requirements. By measuring three intensity
waveforms decorrelated by dispersion, we show
that the 7% HD-FEC threshold can be achieved
after 5-channel WDM transmission (24 GBaud
32-QAM channels) over 100 km of SSMF with a
CSPR as low as -4 dB.

System Description

To evaluate the performance of ECA-PR, we con-
sider the 5-channel WDM transmission system
shown in Fig. [ffa). Each WDM channel oper-
ates at a symbol rate of 24 GBaud with 32-QAM
symbols shaped by a raised cosine (RC) pulse
with a roll-off factor of 0.05. The channels are
spaced by 40 GHz and we evaluate the perfor-
mance of the central channel. Within each trans-
mitter section, the optical carrier is added virtu-
allyl'sl exactly at the edge of the information-
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Fig. 1: (a) Simulated 5-channel WDM transmission system;
PR-DSP for (b) EKKI3, (c) ECA-GSL®l; (d) Standard DSP.

bearing signal spectrum. The laser source driv-
ing the IQ modulator is centered at 1550 nm and
has a linewidth of 1 MHzI'¥: the 1Q modulator is
biased at the null-point and the digital-to-analog
converter operates without quantization or band-
width limitations. The optical fiber link consists
of a single span of 100 km-long SSMF with dis-
persion coefficient 17 ps/nm/km, nonlinearity co-
efficient 1.3 W~ 'km ™!, and loss 0.2 dB/km. The
EDFA at the output of the fiber has a 5 dB noise
figure and compensates for the fiber link losses.
The employed optical filter (OF) has a 12-th or-
der super-Gaussian shape with 36 GHz band-
width® and selects the central channel. To
analyze the performance in presence of multi-
ple dispersive elements, the filtered optical sig-
nal is fed to a PR receiver with either one dis-
persive element, D, or two dispersive elements,
Dpg and D¢. To ensure a fair performance com-
parison, when employing a single dispersive el-
ement, we set D=-(|Dg| + |D¢|). We selected
Dp=-1445 ps/nm and D¢c=+714 ps/nm to intro-
duce enough symbol mixing at each dispersed
plane and enough diversity among the intensity
measurements; these applied dispersion values
are comparable to those used in other related
works#'®  Note that Dp and D¢ have oppo-
site signs, which was found to be beneficial for
improving the convergence speed of the PR al-
gorithms.  The PIN photodiodes have 29 GHz
electrical bandwidth, and the detected intensity
waveforms are digitized by ADCs with 8-bit ver-
tical resolution and sampling rate 2B, where B is
the information signal bandwidth after RC shap-
ing. The ADCs outputs are processed by either
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Fig. 2: (a) Nonlinear optimization block entailed in
EKKU3L09; (b) ECA-GS with two different iteration methods,
GS1 and GS2, across the dispersed planesl4.

EKK [Fig. [Tfb)] or ECA-GS [Fig. [T|c)] to recover
the full-field. The EKK scheme applies KK-DSP
to i 4 and uses the output symbols to initialize the
nonlinear optimization problem defined by Eq. (3)
in Ref.3 [see Fig. [2(a)]. The ECA-GS scheme
applies a SSB filtering operation to 74 to initial-
ize the GS algorithm [see Fig. [2(b)]. We imple-
ment two versions of the GS algorithm, which iter-
ate differently among the dispersed planest. The
first version, GS1, runs K iterations over the first
dispersed plane before moving to the next one.
The second version, GS2, iterates through the
projections sequentially. For each estimated BER
point we transmit 50 sequences of 2!! symbols.

Results and Discussion

To analyze the convergence properties of EKK
and ECA-GS, we evaluated the mean absolute
phase error, {|Af|), versus iteration number, be-
tween the transmitted signal and the recovered
signals. The results are shown in Fig.[3] where we
plot the performance when using either one (D) or
two (Dp & D¢) dispersive elements. The OSNR
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Fig. 3: Mean absolute phase error versus iteration number
for (a) EKK and (b) ECA-GS. The reconstructed constellation
diagrams at convergence are shown on the bottom (BER is
shown on top left corner). The WDM setup parameters are:
OSNR 27 dB and CSPR -4 dB.
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Fig. 4: BER versus OSNR for the CSPRs in the legend after 5-channel WDM transmission over 100 km of SSMF for a 24 GBaud
32-QAM signal (central channel performance). At high OSNR, nonlinear impairments dominate BER degradation. (a) and (b)
performance using one dispersive element (D); (c)-(e) performance using two dispersive elements (Dp & D¢).

is set to 27 dB and the CSPR is set to -4 dB. Both
EKK and ECA-GS perform better with two disper-
sive elements due to higher information diversity,
which reduces the chances for the iterative PR al-
gorithms getting trapped in local minima. It is evi-
dent that ECA-GS outperforms EKK by achieving
lower (JA#]) values with a lower number of itera-
tions. The superior performance of ECA-GS com-
pared to EKK are due to the different phase ini-
tializations (SSB filtering vs KK output) and to the
adverse impact of noise and propagation-related
impairments on the nonlinear optimization algo-
rithm entailed in EKK. Interestingly, when ECA-
GS is implemented with the iteration method GS2,
it offers the best performance among all the con-
sidered PR schemes, achieving the lowest (JA6|)
value with only ~ 20 iterations.

Figure [4(a)-(e) shows the BER versus OSNR
performance. With one dispersive element, both
EKK [Fig. [4(a)] and ECA-GS [Fig. [4b)] fail to
achieve the 7% HD-FEC threshold for CSPRs
lower than -1 dB. This is because the initial phase
is strongly corrupted by SSBI at low CSPR values,
causing the PR algorithms to converge to a sub-
optimal solution. Both EKK [Fig. [4fc)] and ECA-
GS [Figs. [4(d) and (e)] achieve better BER per-
formance with two dispersive elements; notably,
ECA-GS with the iteration method GS2 achieves
the 7% HD-FEC threshold at a CSPR of -4 dB
while incurring a 4 dB OSNR penalty compared
to an ideal coherent receiver impaired only by
AWGN, outperforming all the other schemes.

Computational Complexity Comparison

The complexity of the EKK scheme can be
written as Cgxk = Ckk + Cni, Where Ckk and
Cn1 are the number of real multiplications per
sample required by the KK receiver and by the
nonlinear optimization algorithm, respectively.
The KK complexity is known from previous
work9 whereas Cyi, can be approximated

as Cny, = 4K - 2 - (N; - Nre), where the fac-
tor 4 converts from complex multiplications to
real multiplications, K is the number of iter-
ations, the factor 2 accounts for the number
of gradient evaluations in each iteration, Ny is
the number of measured intensity constraints
(N;=3), and Ngrc=127 is the number of taps of
the RC pulsel™, which has been selected to
achieve satisfactory pass-band and stop-band
performance. In ECA-GS, each GS iteration
between two dispersed planes involves three
FFT/IFFT pairs, and the application of two in-
tensity constraints. We assume overlap-save
processing with FFT size N=1024, and 50% save
ratio™, i.e., Noy,=N/2, which gives Crca.as =
4K RNy [3(Nlogy N + N) /(N — Noyp + 1) + 2],
where R=2 is the upsampling factor to accommo-
date the spectral broadening introduced by the
square root operation. The ratio Crkk/Crca-as
gives that EKK is ~75% more complex than
ECA-GS.

Conclusions

We investigated the performance of ECA-PR us-
ing multiple intensity measurement decorrelated
by dispersion and compared two PR schemes: a
nonlinear optimization-based scheme and a GS-
based scheme. The GS-based scheme is less
computationally expensive and achieves superior
performance at a remarkably low CSPR of -4 dB.
The results show that ECA-PR with alternative
projections is a promising solution to develop low-
cost transceivers for high-capacity data center in-
terconnects.
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