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Abstract—This paper addresses the design of a custom digital
signal processing receiver and companion frame format for a
56 GBaud coherent optical Dual-Polarization Quadrature Phase-
Shift Keying GEO feeder link. The selected algorithms combine
standard practice from both coherent optical fiber and RF
satellite communications. Robust blind algorithms are used in
the first stages, followed by data-aided algorithms for subsequent
fine carrier and phase recovery. A simplified blind equalizer
architecture is proposed for fast and robust polarization demul-
tiplexing, based on a modified constant-modulus algorithm. OQur
simulations demonstrate the possibility to establish links at an
electrical SNR as low as -6 dB, in the presence of realistic values
of system impairments, using less than 5% signaling overhead.

Index Terms—GEOQO feeder link, coherent detection, digital
signal processing, synchronization, equalization

I. INTRODUCTION

Satellite communications systems require to reduce the
overall cost per bit in order to remain competitive with
terrestrial solutions and to offer affordable high-speed Internet
services. Replacing or complementing radio-frequency (RF)
feeder links by optical links is regarded as a promising solution
to cope with the increasing RF bandwidth scarcity problem.
Free-space optical (FSO) communications are expected to
deliver substantially higher data rates than RF-based solutions,
by an order of magnitude at least, with less interference, and
comparable onboard terminal footprint [1], [2].

In 2018, the French space agency CNES initiated a study to
analyze the technical and economic feasibility of optical feeder
links for geostationary (GEO) satellites. After evaluating sev-
eral trade-offs (telescope size, waveform, etc.) from a system
point of view, a series of technical recommendations were is-
sued, accompanied by a roadmap to develop the corresponding
technological building blocks: optical amplifiers, multiplexers,
modems, etc. A coherent 56-GBaud dual-polarization QPSK
(DP-QPSK) waveform was selected at the physical layer, as
a good compromise between achievable throughput, increased
receiver sensitivity, expected robustness against atmospheric
turbulence, and long-term evolution capabilities. We note that
discussions are currently underway at the CCSDS Optical
Communications Working Group to incorporate coherent sig-
naling in a revision of the Blue Books.

In principle, the use of 1550 nm lasers makes it possible
to leveraging some of the commercial off-the-shelf (COTS)
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optical components and 100G/400G coherent transceiver sub-
systems developed for terrestrial fiber-optic networks. The
problem is that they are designed to cope with different im-
pairments than those encountered in space optical links. COTS
coherent transceivers are mainly interference-limited. They are
intended to operate at high signal-to-noise ratio (SNR), and
a large part of the baseband digital-signal-processing (DSP)
receiver is dedicated to the compensation of the interference
introduced by linear (chromatic dispersion and polarization-
mode dispersion) and non-linear fiber impairments. On the
other hand, space optical communications are primarily power-
limited. The development of high-power optical amplifiers for
long-distance GEO links through the atmosphere proves to
be challenging, and the modem has to be able to lock at
very low electrical SNR (< 0 dB). This raises the question
of the extent to which it is possible to re-use the signal
formats and DSP algorithms developed for coherent fiber-
optic communications in such conditions. Recently, the authors
of [3] have successfully demonstrated 100-Gbps and 200-
Gbps laser LEO communication downlinks, based on COTS
DP-QPSK transceivers supplemented by an automatic repeat
request (ARQ) protocol to mitigate the effects of atmospheric
turbulence. While very cost effective in the LEO setting, this
approach does not come without limitations for high-capacity
coherent optical GEO feeder links, which may have much to
benefit from a custom receiver architecture [4], [5].

This paper reports on a second study supported by the
CNES, that addressed the problem of designing a dedicated
frame format and DSP receiver for the selected 56-GBaud DP-
QPSK GEO feeder scenario. It is organized as follows. Section
IT provides an overview of the communication link model,
performance requirements, and design goals of the project.
Section III details the proposed frame format and receiver
architecture. The selected DSP algorithms are reviewed in
Section IV. Simulation results are presented in Section V.

II. LINK MODEL AND DESIGN REQUIREMENTS

A. Transmission scenario

The communication link under consideration is depicted
in Fig. 1. Transmission uses DP-QPSK signaling at symbol
rate R = 56 GBaud, with a square-root raised cosine pulse-
shape having a very small roll-off factor « = 0.1. Prior
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Fig. 1. Transmission model (CFO = carrier-frequency offset, PN = laser phase noise, ASE = optical amplification noise, PDL = polarization dependent loss).

system studies conducted by the CNES concluded that, apart
from atmospheric turbulence, the main impairments to be
considered or addressed in the digital receiver design were:

 polarization time skew (X-Y skew) induced by separate
optical pre-amplification of the two polarizations at the
transmitter;

¢ polarization-dependent losses (PDL) introduced by the
optical transmit and receive subsystems;

o accumulated laser phase noise (PN) from the transmit
laser and receive local oscillator (LO);

e an unknown and possibly time-varying
polarization (SOP) rotation at the receive LO;

« a carrier-frequency offset (CFO) at the receive LO;

« optical amplified spontaneous emission (ASE) noise;

o timing drift in the analog-to-digital converters (ADCs)

state-of-

A discrete-time over-sampled channel model of the link has
been developed, capturing all the above-mentioned impair-
ments. Following standard practice, we used a Wiener phase
noise model for the laser phase noise, and a white gaussian
noise model for ASE noise. Atmospheric turbulence was not
explicitly simulated in this work, as it fluctuates at a time scale
much larger than the frame duration, and the fading caused by
scintillation cannot be compensated by DSP algorithms alone,
but rather through adaptive optics, forward-error-correction
(FEC) coding and interleaving, or other forms of diversity.

B. Performance requirements

The following performance requirements were specified:

o maximum X-Y skew tolerance of 0.25 ns;

o peak PDL tolerance of 5 dB;

o maximum cumulated —3dB bandwidth Arv = 600 kHz
for the laser phase noise;

o maximum CFO of +5 GHz;

« tolerance of timing clock drift up to +30 ppm;

o minimum operating electrical SNR E;/Ny = —6 dB

The large X-Y polarization time skew arising from the use
of distinct transmit amplifiers for each polarization, which
may span up to 15 symbol periods, is a notable difference
with fiber-optic communications. Another one is the min-
imum electrical SNR of —6 dB, which translates into a
received optical power in the range —60 < ROP < —55

dBm for typical optical receiver front-ends. Our discrete-
time equivalent channel model does not simulate atmospheric
turbulence. Yet scintillation is tacitly taken into account in
this minimum operating SNR level, which includes sufficient
margin to ensure reliable communication at the desired average
throughput, with the envisioned FEC code and interleaver, in
conditions of turbulence that are typical of GEO links.

C. Design goals and constraints

The present work had two main objectives: i) to pro-
pose a frame format and a comprehensive DSP receiver for
the transmission scenario of Fig. 1, and ii) to evaluate its
performance against the specified performance requirements.
The proposed DSP algorithms should have low latency and
be amenable to parallel processing in order to comply with
the 56 GBaud symbol rate constraint. Other practical design
constraints included a total overhead for the training sequences
and pilot symbols limited to 5% of the symbol rate at most,
and DSP receiver processing at no more than 2 samples per
symbol, to comply with existing 128-Gs/s commercial ADCs.

The driving motivation behind this work was to assess to
what extent can one re-use in outer space the coherent DSP
algorithms and chips developed either for high-performance,
long-haul optical fiber communications [6] or for low-power,
short-reach data center optical interconnects [7].

III. DSP FRAME FORMAT AND RECEIVER ARCHITECTURE
A. Design methodology

We first compared the frame format and baseline receiver
architecture for a popular RF satellite communication standard,
DVB-S2/S2X [8], and for the only public coherent fiber-optic
standard we are aware of, namely the OIF 400ZR agree-
ment for interoperable data center interconnect [9]. 400ZR is
designed for low-power short-reach coherent communication
at a symbol rate of nearly 60 GBaud, in the presence of a
limited amount of fiber dispersion, 120 km at worse, which
comes close to our scenario in several aspects. The goal of the
comparison was to highlight the convergence points as well as
the major differences. RF satellite receivers are not designed
to cope with the polarization and other impairments, e.g.,
laser phase noise, specific to coherent optical transmissions
(although cross-polarization equalization can be required also
on certain RF channels). On the other hand, the 400ZR DSP
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Fig. 2. Block diagram of the DSP receiver (dashed lines show possible feedback paths, not implemented here for latency constraints)

frame and receiver algorithms does not allow for reliable frame
acquisition and carrier/phase recovery at the very low SNRs
that can be encountered in space optical links. This led us
to define a custom frame format and an entire DSP receiver
architecture, FEC excluded, that could meet all the constraints
and performance requirements of the envisioned GEO link.

B. Frame format

The proposed DSP frame format is depicted in Fig. 3. It
achieves a synthesis between DVB-S2 and 400ZR framing.
Each frame starts with a known preamble (frame header) of
size H symbols, followed by I consecutive packets. Each
packet consists of D payload symbols followed by a block of
P pilot symbols. Similar to 400ZR, the X and Y polarizations
use distinct frame headers and pilot symbol sequences.

As will be demonstrated shortly after, good synchronization
and transmission performance can be achieved by choosing
H = 64, D = 248, and P = 8. Such a choice has the
additional benefit of providing header and packet sizes that
are powers of two, which can substantially facilitate parallel
processing at the receiver side, e.g. through block frequency-
domain filtering. The pilots block size P = 8 and spacing
D = 248 result from a trade-off between estimation accuracy
and fine tracking capability of the expected worst-case laser
phase noise dynamics. We note that 31 symbols only separate
(single) pilots in 400ZR. But the latter has been designed for
lasers having worse frequency noise characteristics.

Repeated | times per frame
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Fig. 3. DSP frame format

Let’s take the CCSDS O3K FEC code length as an example.
The n = 30720 code bits would map onto I = [30720/(2 x
248)] = 62 packets of 248 QPSK payload symbols. The
resulting overhead, neglecting the extra zero-padding in the
final packet, would be n = (H + I x P)/(I x D) = 3.6%,
which is fully compliant with our design constraints.

C. DSP receiver architecture

Several candidate DSP solutions have been evaluated and
compared at each stage of the digital receiver. The goal was to
identify practical and robust DSP algorithms that translate well
into high-throughput hardware processing. Accordingly, the
choice was made to favor open-loop solutions at each step. The
proposed receiver architecture is described in Fig. 2, in which
we distinguish between operations performed at the sampling
rate (twice the symbol rate in our case), at the symbol rate, and
at the bit rate, respectively. Robust blind algorithms are used in
the first stages. Data-aided algorithms then follow for the fine
carrier and phase recovery steps. Section IV provides details
about the purpose of each stage and the selected algorithms.

D. DSP receiver operation

At receiver startup, before regular data demodulation can
begin, a fixed period of time is required for blind initialization
and training of the coarse frequency correction, timing recov-
ery, and adaptive equalization stages. Our simulations have
shown that less than 50us was sufficient to achieve steady-
state convergence, even at the lowest SNR. Once done, the
receiver can enter the frame acquisition process, which could
take another 50us to complete. All in all, initialization and
lock-in was achieved in (usually much) less than 100us, even
in the worst SNR and PDL conditions.

IV. DSP ALGORITHMS

A. Coarse frequency synchronization

At system startup, the initial CFO may be very large. The
function of the coarse frequency correction stage is to bring
the offset down to a small fraction of the symbol rate. Not
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initially foreseen in our receiver design, coarse CFO pre-
correction was found to be mandatory in order to avoid a
detrimental SNR loss due to mismatched receiver filtering
when the CFO exceeded +0.05R;. The very small roll-factor
o = 0.1 imposed by project specifications is to blame for
this high sensitivity to the CFO. Fortunately, simple and
robust open-loop solutions exist, that can handle large CFO
without precise knowledge of the symbol timing. We opted
for the open-loop non-data-aided (NDA) frequency estimator
described in [10, Sec. 3.5.2] and illustrated in Fig. 4. It consists
in applying to the received signal a set of M uniformly-spaced
tentative CFO corrections {df1,...,dfa}, computing the
energy of each of the rotated signals over some window of Ny
samples, and choosing as coarse CFO estimate the hypothesis
yielding largest energy. Since we have a DP signal and the
CFO affects both polarizations in the same way, we collect
and sum the total signal energy over the two polarizations.
Coarse CFO estimation needs only be done once, during
the training period, and is then disabled to save power. The
M tentative pre-corrections can be carried out in parallel.
Assuming a frequency spacing A = Jdf; 41 — df; between
tentative corrections and correct coarse CFO estimation, the
residual CFO after coarse estimation and correction will be
at most =A /2. One can trade estimation accuracy and peak
CFO tolerance for hardware complexity through the number
M of candidate CFO to test. In our simulations, we used
M = 6 candidate CFOs {£0.025, £0.075, £0.125} x Ry, and
averaged over Ny = 4096 samples.

B. Matched filtering

Chromatic dispersion is negligible in FSO links. Accord-
ingly, static equalization reduces to simple matched filtering,
and can be efficiently carried out by block-filtering in the
frequency domain with the overlap-save trick, see e.g. [6],
[7]. We chose to implement matched filtering prior to timing
recovery in order to improve SNR for the latter.

C. Timing recovery

The function of the timing recovery block is to compensate
for the sampling clock offset and reconstruct a discrete-time
over-sampled signal at exactly twice the symbol rate used
at the transmitter. Symbol rate down-sampling will happen

Digital
Interpolator

> s(n):r(n—;)

Timing
Estimator

3| )

Fig. 5. Block diagram of timing recovery

later on, at the adaptive equalizer output. Timing recovery
is performed block-wise, in the manner shown in Fig. 5,
wherein a sampling time offset estimate is calculated for
each block, and then corrected by digital interpolation of the
block samples. Due to X-Y skew, the sampling time offset
will generally be different on the two polarizations, requiring
independent timing recovery functions for each. Blind timing
estimation under the constraint of feed-forward processing at
2 samples per symbol leaves little choice but Lee’s estimator
[11], or its asymptotic unbiased variant [12]. When averaging
over blocks of 5000 symbols or more, (an equivalent PLL
would have a normalized loop bandwidth BpTs =~ 1079,
this estimator can provide accurate timing correction in the
presence of phase noise and CFO, as demonstrated by the
mean-square error (MSE) performance in Fig. 6. Other simu-
lations, not reported here, have assessed its robustness to cross-
polarization impairments (skew and SOP rotation), as well as
its ability to track timing clock drifts of +30 ppm.

10 T T T T T
—— MCRB
—O— Lee (sim)

MSE(7/T)

SNR (dB)

Fig. 6. Mean-square error performance of Lee’s timing estimator with a block
size of 5000 symbols, a normalized CFO of 0.025/T%, and 600 kHz of laser
phase noise; Comparison with the modified Cramer-Rao bound (MCRB)

D. Adaptive cross-polarization equalization
As FSO links are not impaired by PMD, we can revisit and

simplify the usually power-intensive 2x 2 adaptive equalization
stage at the core of coherent optical DSP receivers [13]. In
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the present case, the role of this fractionally-spaced equalizer
(FSE) reduces to recovering the SOP, possibly compensating
for bandwidth limitations in the opto-electrical front-end, and
eventually synthesizing the optimum sampling epoch to return
to one sample per symbol period. Accordingly, we propose to
use the simplified equalizer structure in Fig. 7. It replace the
classical four-filters butterfly arrangement by a 2 x 2 scalar
multiplication stage in charge of polarization demultiplexing
[14], followed by two adaptive fractionally-spaced filters only,
one per polarization. The two complex scalar coefficients (a, b)
and two complex-valued filters (gx,gy) are jointly adapted,
based on a regularized constant-modulus algorithm (CMA)
criterion that enforces a unitary transform constraint on the
first stage. The proposed cost function reads

J(a,b,gx,8y)=E(lsx(n)]* —1)> + E(|sy (n)|* — 1)
+ A (la]* + [b]* = 1)? (1)

where ) is a non-negative real coefficient that balances the
relative weight given to the CMA constraint and to the first-
stage unit norm constraint, respectively, in the tap coefficients
update. Adaptation of the scalar demultiplexing coefficients
(a,b) and filter taps for (gx,gy) uses a standard stochas-
tic gradient descent approximation of the cost function (1).
Equalizer adaptation is performed block-wise, to enable fast
adaptive frequency-domain filtering [13], [15]. Our simula-
tions used 16-taps filters for (gx, gy ). Equalizer coefficients
were adapted once every 32 symbol periods, with step-size
parameter ;. = 10~ for training, and y = 5.10~* for tracking.
Parameter A was set to 0.7.

Blind equalization was preferred to decision-directed adap-
tation as the latter can lead to catastrophic error propagation
at very low SNR. In addition the use of tentative decisions
would require a feedback path from the carrier and phase
recovery stages, thereby increasing latency. In contrast, the
CMA has the advantage of being insensitive to CFO and
phase noise. Owing to its first stage, the proposed equalizer is
also structurally immune to the well-known CMA singularity
problem, whereby the CMA may happen to converge to
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Fig. 8. Block diagram of the frame synchronizer

the same input on both outputs, entailing the loss of one
polarization. Our equalizer reached steady-state convergence
with proper polarization demultiplexing in less than 30us in
most simulations, even at negative SNRs. This came as a
surprise for the authors which did not expect a blind algorithm
to be so robust at these noise levels.

E. Frame synchronization

Frame synchronization is in charge of resolving the polar-
ization ambiguity at the blind adaptive equalizer output, and
locating the frame header on each of the two polarizations. At
this stage the FSE should have taken care of any fractional
delay (with respect to symbol rate) on each polarization
through the two filters (gx, gy ). However, due to X-Y skew,
there may still be a relative integer delay, multiple of the
symbol rate, between the two polarizations. It follows that the
search for frame headers has to be performed independently
on each, to compensate and correct for this integer delay.

Frame header search uses the robust differential correlation
metric proposed in [16]. In addition to being virtually immune
to CFO and highly robust to laser phase noise, one can easily
trade synchronization performance for hardware complexity
by increasing or decreasing the maximum correlation order.
Note that the correlation calculations at different orders can
be carried out in parallel, and that higher-order correlations
need less hardware resources than lower-orders.

The whole frame synchronization and polarisation ambigu-
ity resolution proceeds as illustrated in Fig. 8. We search in
parallel for the X and Y frame headers, on each of the X
and Y signals delivered by the blind equalizer. Once a header
has been detected on both polarizations, we verify that the
solution is consistent, i.e. that we have either received X on
Xand Yon Y, or Xon Y and Y on X. Any other situation is
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regarded as a synchronization failure for the current position.
A header size H = 64 symbols with a maximum correlation
order of 32 for the synchronization metric, supplemented by a
simple synchronization protocol that checks and confirms the
header location within two consecutive frames, was found to
be sufficient for reliable frame acquisition down to -6 dB, in
less than 50us, even with 5 dB of PDL.

F. Fine carrier-frequency recovery

Fine carrier-frequency recovery uses the Mengali and
Morelli data-aided frequency estimator [17]. The reason is
twofold. First it has an estimation range and threshold very
close to those of the maximum-likelihood data-aided estimator
of Rife and Boorstyn. Second, it makes direct re-use of the
correlations calculated at the frame synchronization stage,
which greatly simplifies receiver design. From the simulation
results in Fig. 9, which assume a block size H = 64 symbols
with maximum correlation order H/2 = 32, one observes that
this estimator has optimal performance at SNR > —4 dB, and
acceptable performance below, with and without phase noise.

CFO estimation is performed once per frame, using the
frame header. Estimation is carried out jointly on the two
polarizations, for maximum accuracy (better noise averaging).
The calculated frequency correction is then applied to the
whole frame, and the process repeated frame after frame.
Simple first-order exponential smoothing is applied to the CFO
estimates from one frame to the other, in order to further
improve accuracy over time.

G. Fine carrier-phase recovery

Two feed-forward carrier-phase recovery schemes very pop-
ular in the fiber-optics community are the Viterbi and Viterbi
(V&V) estimator [18], and the blind phase search (BPS)
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Fig. 10. Carrier-phase recovery scheme

algorithm [19]. Both allow fast tracking of phase noise in
a hardware-friendly, non-data-aided manner. Our studies have
shown that the performance of both approaches collapse at low
SNR (E;/Ny < 5 dB). Specifically, the V&V is hindered by
excessive noise amplification caused by 4-th power elevation.
BPS does not have this problem, but its use of tentative
decisions gives rise to catastrophic error propagation. We
have chosen to work instead with pilot-based ML estimation,
which is a much more robust solution, particularly at negative
SNR. Simple linear interpolation between unwrapped phase
estimates is used to coarsely track the phase noise variations
in-between consecutive pilot blocks [20], as well as any non-
negligible residual CFO that might have survived thus far. The
overall carrier-phase recovery scheme is depicted in Fig. 10.

Carrier-phase estimation can be performed either inde-
pendently on each polarization, or jointly. Joint estimation
improves estimation accuracy by averaging over the two
polarization. Equivalently, it can reduce by half the number
of pilot symbols required to reach a given MSE performance,
as compared to separate estimation. However joint estimation
requires that both polarizations share the exact same phase
offset. One can show that this assumption does not hold in
the present case, due in part to X-Y skew, but also to a 7/2
phase ambiguity at the output of the adaptive CMA equalizer.
Fortunately it turns out that both issues can be taken care
of easily, by simple prior estimation and correction of the
relative phase shift between polarizations (not shown in Fig.
10), making joint phase estimation possible after all and with
little additional calculation.

H. Symbol detection

Symbol detection consists in computing a soft-decision (log-
likelihood ratio) on each modulated bit, for subsequent soft-
decision FEC decoding.

V. RECEIVER PERFORMANCE

The performance of the proposed receiver has been assessed
under several transmission scenarios. Several performance
metrics have been considered, including the uncoded bit-
error rate (BER), and also the generalized mutual information
(GMD), for FEC performance prediction [21]. As an illustra-
tion, Fig. 11 and 12 shows the GMI and BER measured at the
DSP receiver output in the presence of various transmission
impairments, and with different receiver configurations, some
stages being enabled or disabled depending on the impair-
ments. The frame size was 64 + 16 x 256 = 4160 symbols
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(4.8% overhead). At every SNR, 400 frames were used for
training, followed by a maximum of 300 frames for frame
acquisition. BER and GMI were then evaluated over the next
512 frames.

We first verify here that blocks of 8 pilots about 256
symbols apart enable fine estimation and tracking of phase
noise over the all SNR range. Switching on carrier-frequency
recovery worsens the performance at negative SNR, due to
the residual frequency error. The pilot symbols could be used
to improve estimation accuracy and reduce this error. It is
noteworthy that, in the absence of turbulence and PDL, the two
main sources of degradation in communication performance
are equalization noise at low-to-medium SNR, and laser phase
noise at high SNR, respectively. The later was expected. The
former is more surprising, and arises independently of X-Y
skew or SOP rotation. It could be due to noise intrinsic to the
adaptive tap coefficient update (stochastic gradient descent).
One can note also that clock drifts do not hinder performance.

In the absence of PDL, we simulate a single rotation
between the transmit and receive lasers SOPs. PDL simulation
uses a lumped PDL model with a Jones matrix of the form
Ry, (v 10+ g \/10_77 Ry, with T = 10log;o 22 the PDL
factor, in dB. In that case two SOP rotations occur, one before
the introduction of PDL, to align with the most- and least-
lossy PDL axis, and another one after, to align with the LO
polarization axis. DSP alone cannot compensate for the PDL
power loss, which impacts performance at all SNRs and to
varying degree, depending on the first SOP rotation 6;. In the
setting in Fig. 11, the power loss distributes evenly on X and
Y due to the §; = 45° rotation prior to PDL introduction. This
explains that the two polarization show similar BER and GMI
performance in that particular case.

Marker x : X-Pol
Marker +: Y-Pol

BER
S

AWGN (ref)
10 PN=600kHz (with CPR only)
PN=600kHz, CFO=5GHz (with CFR+CPR)
PN=600kHz, CFO=5GHz, XY Skew=0.23ns, XY Rot=45°
(with EQ+CFR+CPR)
PN=600kHz, CFO=5GHz, XY Skew=0.25ns, XY Rot=45°,
Clock Drift=20ppm (with TM+EQ+CFR+CPR)
PN=600kHz, CFO=5GHz, XY Skew=0.25ns,
XY Rot=45° + PDL=5dB + XY Rot=45°,

Clock Drift=20ppm (with TM+EQ+CFR+CPR)
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Fig. 12. Uncoded BER at the DSP receiver output, with different impairments
and receiver configurations (same settings and legend than in Fig. 11)

VI. SUMMARY

We have demonstrated the possibility to establish reliable
GEO links at an electrical SNR as low as -6 dB, in the presence
of realistic system impairments, using less than 5% signaling
overhead for the header and pilots. This was made possible
by the design of a custom DSP receiver based on simple,
proven feed-forward algorithms that borrow both from fiber-
optic communication and from RF satellite communications.
The proposed DSP receiver is just a proof-of-concept whose
performance can be improved in many ways, e.g. by using the
pilots to refine CFO estimation, supplementing feed-forward
clock recovery by a lower-frequency feedback loop driving the
ADC frequency, or by more accurate tracking of phase noise
in-between pilots blocks.

These results underscore the value of a dedicated receiver
architecture, both from the point of view of performance
and hardware complexity (see e.g. equalizer simplification).
However it is also worth recognizing that coherent fiber-optic
DSP receivers would need little modification to reach full
operational capability on GEO feeder links.

Atmospheric turbulence was not simulated, yet accounted
for in the minimum operating SNR. In practice, however, deep
fades will ineluctably appear and possibly span many frames.
How to modify the proposed receiver so as to stay locked as
long as possible in such a situation, and to recover quickly
from hang-up, requires further work. Finally, albeit designed
for a GEO link, the proposed frame format and DSP receiver
should apply to LEO links as well with few changes.
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