IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 28 September 2023, accepted 20 October 2023, date of publication 25 October 2023,
date of current version 16 November 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3327643

==l APPLIED RESEARCH

End-to-End Performance Evaluation
of SLP Waveforms

JEVGENUI KRIVOCHIZA™, (Member, IEEE),
JUAN CARLOS MERLANO DUNCAN “, (Senior Member, IEEE),
JORGE QUEROL ", (Member, IEEE), AND SYMEON CHATZINOTAS ", (Fellow, IEEE)

SNT Research Center, SIGCOM Research Group, University of Luxembourg, 1855 Luxembourg City, Luxembourg

Corresponding author: Jevgenij Krivochiza (jevgenij.krivochiza@uni.lu)

This work was supported in part by the Luxembourg National Research Fund (FNR) under Grant IPBG19/14016225/INSTRUCT.

ABSTRACT In this paper, we investigate the demodulation and decoding of the symbol-level precoded
(SLP) signal using the conventional logarithmic likelihood ratio (LLR) and low-density parity check (LDPC)
decoding algorithms operating in real-time on the software-defined radio (SDR) receiver. Its conventional
forward error correction (FEC) is designed assuming symmetric additive white Gaussian noise (AWGN).
While SLP generates asymmetric constellation point clouds it is unclear if it can achieve similar FEC gains in
an end-to-end coded setup. The receiver is implemented based on the DVB-S2X standard. It estimates multi-
beam interference-limited channel coefficients by using the orthogonal pilots embedded into the DVB-S2X
frames to facilitate precoding at the transmitter. After the received frames are fully synchronized the payload
symbols are decoded in two stages: soft decision using the LLR and hard decision using the LDPC decoders.
We benchmark the bit error rate (BER) and frame error rate (FER) of the complete decoding chain while
using the zero-forcing (ZF) and the selected SLP channel-interference canceling techniques. The conducted
in-lab experiments show that the SLP can improve BER and FER performance in the conventional receiving
and decoding design for symmetric constellations while achieving its original optimization goals.

INDEX TERMS Satellite communication, non-terrestrial networks, user terminals, precoding, interference
cancellation.

I. INTRODUCTION allow FFR to be implemented. Recent works study the

Terrestrial and satellite communications (SATCOMs) are
an integral part of the future technologies and use cases
proposed by the telecommunication industry [1]. The global
broadband access demand is rising together with the
demand for high-speed internet connectivity, facilitated by
the global digitization of all private and state sectors. 5G
non-terrestrial networks (NTN) [2] can provide connected
services to remote areas and complement the terrestrial
services [3].

In this scope, we focus on the multi-beam high-throughout
satellites and the full frequency reuse (FFR) approach
to achieve maximum throughput and spectrum efficiency.
Both DVB-S2X [4] and 5G communications standards
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practical application of precoding in SATCOM to cancel
the interference in FFR scenarios [5], [6], [7]. Precoding
is implemented at the gateway in the digital domain [8].
In recent years, many extensive in-lab and field tests were
published to increase technology readiness level (TRL) and
demonstrate precoding benefits in SATCOMs [9], [10],
[11]. In [12], [13], and [14] the authors presented an in-
lab real-time satellite precoded transmission test-bed, where
a satellite has 6 transmitting antennas and simultaneously
serves 6 user terminals (UTs). The demonstrated test bed
was developed for the in-lab environment and tested over
the simulated multi-beam satellite channel. The authors in
[15] and [16] showcased over-the-air validations using actual
satellite links by using closed-loop precoding. The authors
in [17] demonstrated their field trials of multi-satellite multi-
user precoding. Linear precoding was experimentally verified

© 2023 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.

127402

For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 11, 2023


https://orcid.org/0000-0003-4695-3627
https://orcid.org/0000-0002-9652-679X
https://orcid.org/0000-0002-8500-5534
https://orcid.org/0000-0001-5122-0001
https://orcid.org/0000-0002-4982-2975

J. Krivochiza et al.: End-to-End Performance Evaluation of SLP Waveforms

IEEE Access

over the actual satellite link in [18] using the standard DVB-
S2X framing.

The conventional channel-based precoding techniques use
the knowledge of channel state information (CSI) to generate
the optimal precoder. The most common channel-based
strategies are zero-forcing (ZF) and the minimal means
square error (MMSE) precoding methods [19], [20], [21].
Advanced precoding techniques, such as symbol-level pre-
coding (SLP), use the CSI and calculate the optimal precoder
for each individual transmitted data symbol to achieve
more power-efficient signaling and service availability [22].
Despite numerous publications on SLP techniques, the effect
of per-symbol optimizations by SLP on end-to-end coding
and decoding performance remains unclear. Conventional
forward error correction (FEC) was designed assuming
symmetric Additive White Gaussian Noise (AWGN). Con-
trariwise to this assumption, SLP generates asymmetric
constellation point clouds. It is unclear if the theoretical FEC
gains are maintained in an end-to-end coded setup.

In this paper, we investigate the demodulation and
decoding of SLP symbols in the conventional LDPC and
LLR-based receiver. The preliminary results and broader
discussions on SLP decoding were presented in the Ph.D.
thesis by the corresponding author [23]. Here, we focus on
the performances of the coded BER and FER and the spectral
efficiency of the receiver running in real-time operation
mode. The implemented DVB-S2X compatible receiver is
based on the software-defined radio (SDR) technology,
equipped with the industry-standard FEC. The receiver
estimates SINR from the pilots embedded into the DVB-S2X
frame and decodes information bits from the data symbols
using logarithmic likelihood ratio (LLR) estimations and the
low-density parity check (LDPC) decoder. We compare the
SINR, BER, FER, and spectral efficiency performance of
SLP to a conventional ZF precoding technique to evaluate
the receiver’s performance. In this benchmark, the receiver
was not modified to decode symbols enhanced by the SLP
processing at the transmitter side. Thus, we investigate the
impact of the SLP symbols on a conventional receiver
chain. The benchmark resembles a realistic SLP processing
deployment in a communication system, where only the
transmitter is modified, while the user terminals remain
unchanged.

Il. SYSTEM DESCRIPTION

A. SYSTEM MODEL

We consider a system model with the forward link of a
multi-user multi-antenna wireless communication system.
We assume the system to use the full frequency reuse
scenario, in which all the antennas transmit in the same
frequency and time domains. The multi-user interference
is managed using precoding. We define the number of
the transmitting antennas as N; and the total number of
single-antenna UTs as N, in the coverage area. In the
specified MU-MIMO channel model, the received signal at
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the i-th UT is given by y; = h:rx+ul-+n,-, where h;r isalxN
vector representing the complex channel coefficients between
the i-th UT and the N; antennas at the transmitter, x is defined
as the N; x 1 vector of the transmitted symbols at a certain
symbol period, u; is a constructive interference component of
SLP precoding, and n; is the independent complex circular
symmetric (c.c.s.) independent identically distributed (i.i.d)
zero mean AWGN measured at the i-th terminal’s receive
antenna.

Looking at the concatenated formulation of the received
signal, which includes the whole set of receiver terminals, the
linear signal model is

y=Hx+u+n=HW(s+u)+n, (1)
where y = [y1,%,--->yN] € CNexl pn =
[}’ll,ni,...,l’lNu] S (CN”XI, X € (CN’XI, s € (CN”XI,

u=[ug. ui,...,uy,] € CV* and H = [h],h],... . h} ] €
CNuxNi We define a precoding matrix W e CNoNu that
maps the information symbols s into precoded symbols x.
We consider the data symbols s to be unit variance complex
vectors |s;] = 1 for every i = 1,2,...,N,. The vector
u represents the constructive interference in the received
symbols of all the users. The precoding matrix W and the
vector u are defined according to the selected precoding
technique, which we describe in the following section.

B. PRECODING TECHNIQUES
1) CHANNEL INVERSION
We define the precoding matrix Wzg as the ZF precoder:

Wzr = HEHE?) ™ /f7r, 2

N . .
where fzp = \/ ZnN’zl > Wzp2 , is a rescaling factor to
account for sum power constraints. In this case u; = 0 for all
i=1,2,..., Ny

2) SYMBOL-LEVEL PRECODING

We define the SLP as in [22]. This SLP aims to minimize the
total transmitted power while respecting SINR constraints at
the terminals. The technique is not targeting to improve SINR
at the receivers, but can introduce constructive interference
to the received symbols. We chose the SLP technique for
its low complexity, which is optimized to run in real-time
transmission mode using field-programmable gate array
(FPGA) acceleration. The SLP technique solves a convex
optimization problem for the N, terminals to jointly optimize
the transmitted modulated signals on the N; antennas. The
following optimization problem is devoted:

muin WzeB(S +0)|2

s.t.u; >0, 3)
where u; is the constructive interference for the symbol 5; =
1 foreveryi = 1,2,...,N, and B is the rotation matrix of
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FIGURE 1. Stucture of DVB-S2X frame [26].

the symbol vectors and is defined as

s1 00...0
0s0...0

B = 00s...0 . (4)
0...0 0 sy,

The following equality is therefore respected

s = Bs. &)

The problem (3) is a non-negative least squares (NNLS)
problem. It can be solved directly by using the Fast NNLS
algorithm developed in [24]. In [25] we proposed the closed-
form sub-optimal solution as follows

i = diag[(ATA)""1ATd. (6)

where A = [Re(A); Im(A)], d = [Re(d”), Im@”)]”, A =
WzrB and d = —WzpBs. We do not show the complete
derivation steps to get this solution as it is out of the scope
of this paper. In [22] it was demonstrated that this algorithm
provides a good trade-off between the precision of the results
and the real-time performance capabilities using the FPGA
acceleration.

Further in the paper, we will refer to the SLP technique
based on the convex problem (3) and solved by closed-form
algorithm (6) as CF NNLS SLP.

C. DATA-AIDED CHANNEL ESTIMATION
The UTs use the pilots of the superframe format 2 (Fig. 1) to
estimate CSI.

The pilot k-th sequence Py is generated as in [26].
The pilot fields are determined by a WH sequence of size
32 symbols. The pilot sequences are transmitted as BSPK
modulated symbols by applying (1 + 1)v/2 to each element of
the sequences. Each user knows its own dedicated sequence
k.

We can distinguish each orthogonal WH sequence in the
jointly received signal and estimate CSI for the k-th received
signal at the i-th UT side as

32

CSlix = D yilt] x Pili]. (7)

t=1
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The estimated channel matrix is then formed at the
transmitter based on the reported CSI as

CSIii CSLip ... CShy,

- CSh1 CShL, ... CShp,

H= . . . . 3
CSINMJ CSINu’z .. CSINu,Nt

D. DATA-AIDED SINR ESTIMATION

To evaluate the performance of the precoding techniques,
we consider the signal-to-interference-plus-noise ratio
(SINR) by measuring the actual pilots at the UT side rather
than using SINR estimation based on the precoding matrix
[27]. SINR estimation is suitable for SLP techniques, where
SINR depends on both the precoding matrix and the symbol
constructive interference. We use the signal-to-noise ratio
estimation (SNORE) algorithm [28].

In data-aided (DA) mode, the SNORE algorithm uses the
pilot signals that are present in the transmitted frames. The
pilots are used to estimate the SINR of the payload symbols,
which are precoded with the same technique as the pilots. The
pilots are based on a known bit sequence (P2) and modulated
with BSPK, as described in [26]. The DVB-S2X standard
follows this method and sends pilots at the start of each frame
for each user.

At each UT, the SINR is calculated as follows:

Epy _ Py ©)
No Py
where P - power of the intended signal and Py - power of
noise plus interference. We calculate Py as

180
1 2
Py =150 12—1 yilt] x P2[t]| (10)

We calculate Py from the total signal power
P, =P, — Py, (11)

180
where P, = 180 i |)’z[t]|2

E. LLR CALCULATION

To deal with the noisy channels the UTs apply FEC to
demodulate symbols and to improve the communication
quality. They use the LLR algorithm for soft demodulation
and get the LLR values for the LDPC decoder. The decoder
uses these values to recover the information bits from the
symbols. The LLR is given by:

2
S, Oexp( ] otb) )

P lexp( Lyilt]— c(b)\z)

where y;[f] is the received complex symbol, c is the
nominal constellation complex point, and o2 is the noise
variance. To calculate the LLR of the j-th bit from y;[7],
we compute the squared distance between y;[f] and each
constellation point, and separate them by their j-th bit value.

LLR; = In

. (12)
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TABLE 1. LDPC decoder supported modes.

Mode | Frame Size | Code rate (Cr)
1 64800 172
2 64800 2/3
3 64800 3/4
4 64800 5/6

A common simplification of the LLR is to use only the closest
constellation point with b; = 0 in the numerator and the
closest one with b; = 1 in the denominator. The simplified
LLR is:

1
LLR; = 5— (vl =il = bl — o). (13)

as shown in [13]. We use equation (13) in the following
benchmarks.

F. LDPC DECODER
The FEC system can correct more errors if it has more
redundancy and a better coding algorithm. The LDPC codes
are very good channel codes that can achieve near-optimal
error correction. They also allow efficient hardware architec-
tures because they can be processed in parallel. The LDPC
decoder in the receiver uses the LDPC Block Codes (LDPC-
BC) or QC-LDPC Quasi-Cyclic LDPC Codes, as the DVB-
S2 standard specifies [26], [28]. These LDPC codes have
block-structured LDPC codes with circular block matrices.
The whole parity check matrix can be divided into smaller
block matrices, which are either zero matrices or right cyclic
shifts of identity matrices. The parity check matrix can be
represented by a base matrix with cyclic shifts. This feature
has the advantage of providing high throughput and low
complexity in implementation. The current LDPC decoder
implementation uses a log-domain LDPC iterative decoding
algorithm (Belief propagation) approximation called the
layered offset min-sum algorithm [29].

The supported modes of the UT LDPC decoder are
presented in Table 1.

Ill. EXPERIMENTAL VALIDATION
A. IN-LAB VERIFICATION STAND
For the experimental validation, we built the in-lab verifica-
tion stand. It consists of the multi-antenna transmitter, the
channel emulator, and the UTs. The RF hardware is based on
the National Instruments SDRs. Each SDR has 2 RF inputs
and 2 RF outputs operating in the full duplex mode.

As shown in Fig. 2 the transmitter simultaneously transmits
6 precoded signals towards 6 UTs through a 6-by-6 multi-
beam satellite channel emulator. The channel emulator
acquires the gateway signals, applies Gaussian noise and
multi-beam interference, and transmits the signals to the UTs.
The UTs estimate the CSI based on the DVB-S2X pilots and
report the estimated values to the gateway through a dedicated
feedback channel over an Ethernet link. This setup allows
us to test the receivers in real-time operation mode while
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FIGURE 3. Channel selected beams configuration.

using actual RF-modulated signals. In this setup, we provide
the multi-beam interference through the emulated channel
matrix, which is fixed for all the tests. When we need to
change the SNR, we increase or decrease the amplitude
of the Gaussian noise generator. We did not consider any
other satellite channel impairments in this paper, such as
payload non-linearities, phase noise, Doppler spread and
shift, or timing errors, as they would further affect the SNR
experienced by the UTs.

B. EMULATED CHANNEL DESCRIPTION

We use the realistic channel matrix generated based on
the provided satellite beam pattern as shown in Fig. 3. In
Table 2 we show the channel matrix coefficients loaded
into our channel emulator [13] during the experimental
validations. We have 6 transmitting antennas for each of
the beams and 6 UTs located in the coverage area of at
least one of the beams. Each UT experiences interference
from the adjacent beams, which can be seen in the channel
estimations reported in Table 3. The UTs estimate CSI
as in (9).

The CSl s different from the actual channel matrix applied
in the channel emulator due to the hardware impairments,
the fixed-point implementation precision, and the cable losses
between the transmitter and the UTs.
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TABLE 2. Applied channel matrix in the channel emulator.

02721 + 0.00008 —0.0082 + 0.15131 | 0.0052 — 0.0020i | —0.0154 — 0.0303i | —0.0075 + 0.0001i | —0.0067 + 0.0051%
—0.0172 + 0.0328i 0.3988 — 0.0000i 0.0190 + 0.0248i 0.0111 + 0.0037i 0.0515 — 0.0367i 0.0034 — 0.0182i
—0.0046 + 0.00621 —0.0245 — 0.05051 0.3698 + 0.00001 0.00061 + 0.000851 0.1573 + 0.06631 0.0281 — 0.01341

0.1548 + 0.00641 —0.1847 + 0.04191 | —0.0121 +0.02071 | 0.2847 +0.0000i | —0.0051 — 0.0320{ | 0.0184 + 0.00071

0.0009 — 0.00751 —0.0595 — 0.10181 | 0.1466 — 0.00631 0.0742 — 0.03771 0.3857 — 0.0000{ | 0.1308 + 0.15461

—0.00033 — 0.000151 | 0.0006 + 0.00871 | 0.2330 + 0.0942% 0.0003 +0.00241 | —0.1504 + 0.1480i | 0.2881 + 0.00001

TABLE 3. Estimated channel matrix.

0.3834 + 0.0000i | —0.0004 — 0.03251 | —0.0045 + 0.0112i | —0.0991 — 0.20551 | —0.0111 — 0.03591 | 0.0201 — 0.01571
0.0944 — 0.0920% 0.3101 + 0.0000% 0.0165 — 0.0210i | —0.0631 +0.1730i | 0.0540 + 0.0380i | 0.0051 + 0.02161
—0.0111 — 0.03831 | 0.0382 — 0.04681 0.3826 + 0.00001 0.0074+ 0.07731 | —0.0616 + 0.10891 | 0.0638 — 0.25351
0.0470 + 0.0161i —0.0164 +0.0109i | —0.0369 + 0.0037i 0.4325 — 0.0000i 0.0600 — 0.0117i 0.0226 + 0.05451
—0.0082 + 0.0223i | —0.0455 4 0.0045i | —0.1172 — 0.0148i 0.0079 — 0.0737i 0.2022 + 0.0000i 0.0483 + 0.1917i
0.0126 — 0.0213i 0.0325 — 0.0046i 0.0886 — 0.0069i —0.0002 + 0.0179i | —0.1229 + 0.0879i [ 0.2641 + 0.0000i

Visualization of Estimated Channel

Receiving Terminal Index
Normalized Gain (dB)

1 2 3 4 5 6
Transmitting Antenna Index

FIGURE 4. Graphical visualisation of the estimated channel matrix.

We visualize the estimated channel matrix in Fig. 4. The
visualization would look like a diagonal matrix without inter-
ference between the beams. In our case, we can see that most
of the UTs experience a very strong interference. However,
UT 1 has interference only from a single neighboring beam
and the UT 4 has no interference at all. The UT 5 receives a
very strong interference, which is as strong as its main signal
carrier.

Finally, we run numerical benchmarks to estimate the
performance of the precoding techniques with the gener-
ated channel matrix. In Fig. 5 we can see the expected
received power per each UT for the ZF and the SLP
techniques. The SLP technique provides the gains to the
UTs 2, 3, 5, and 6. It is evident, that the UT 5 has
more gains due to more constructive interference pre-
served in the signal. UTs 1 and 4 have no visible gains
due to the lack of any constructive interference at their
location.

C. RECEIVED SYMBOLS OF SLP

In Fig. 6 we can see the received QPSK symbols for each UT.
The BF symbols modified by the SLP are visible in UTs 2, 3,
5, and 6. These results match the theoretically predicted gains
derived from the channel matrix analysis.
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FIGURE 6. Received data QPSK symbols at UTs modified by CF NNLS SLP.

D. SINR PERFORMANCE OF CF NNLS SLP

We focus on UT 5 as it is the one most affected by the SLP
technique. We set the relative noise power in the channel
emulator to O to measure the SINR (SINRy) at the UT for the
ZF technique. We then increase the relative noise power with
a 0.2 dB step to measure the SINR estimations in the region
of our interest. We calculate the average SINR value and the
standard deviation of the average at each point by measuring
the SINR from 1000 bundle frames. We also calculate the
SINR value at the channel emulator as SINR( + relative noise
power.

In Fig. 7 we can see the estimated and the expected
SINR curves. In the ZF case, the SINR estimation is close
to the SINR, calculated using the relative noise power at
the channel emulator. The values are within the range of
the standard deviation from the actual SINR. In the SLP
case, the estimation of the SINR in the high SINR region
(> 8 dB) is lower than the channel emulator SINR and SINR
estimated for the ZF case. Below the 8 dB threshold, the
SINR estimated for the SLP case is consistently higher than
the actual SINR at the channel emulator. In the interference-
limited region, the SLP-modified pilots greatly increase
P, in (11) but since only some pilots are changed SLP
only partially increases P in (10). As a result, SNORE
overestimates the noise variance of the signal. In the noise-
limited region, the SLP-modified pilots do not contribute
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FIGURE 8. LDPC BER plots for ZF and CF NNLS SLP vs the channel emulator SINR.

to the perceived P,, but still Py is increased due to signal
correlation properties. This leads to over-optimistic SINR
estimations.

E. CODED BIT ERROR RATE PERFORMANCE OF CF NNLS
SLP

In Fig. 8 we show the LDPC BER score using the QPSK
signal at the UT 5. Each measurement point is an average
of 1 million LDPC frames, where each block is 64800 bits
long. The BER curves are plotted against the SINR estimated
at the channel emulator, which is based on the noise power
rather than the estimated SINR for the SLP or the ZF cases to
achieve a fair comparison between the two techniques.
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We can see that the SLP BER saturates (BER = 1) at lower
SINR values than in the ZF case. The result is reproduced for
every Cg.

F. FRAME ERROR RATE PERFORMANCE OF CF NNLS SLP

In Fig. 9 we show the LDPC frame error rate using the
QPSK signal at the UT 5. The total length of the LDPC
frame with payload and parity check bits is 64800 bits.
After the decoding process, the parity check bits are removed
and the payload is transferred into the FER calculator. BCH
(Bose-Chaudhuri-Hocquenghem) code is applied to correct
the residual errors. Each measurement point is an average
of 1 million frames. The FER curves are plotted against
the channel emulator SINR as in the case of the BER
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benchmarks. We can see that the SLP FER saturates (FER
= 1) at lower SINR values than in the ZF case. The result is

reproduced for every Cg.

G. SPECTRAL EFFICIENCY OF CF NNLS SLP
Spectral efficiency can be expressed as:

SE = g—i(l—FER)(biIt;Z/S), (14)

where the payload bit rate is:
Rp = logy(M)RCr(bits/s), (15)

and the signal bandwidth is:
= (16)

B, =

1
Fs(ﬂ + D(Hz).
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Spectral efficiency plots for ZF and CF NNLS SLP vs expected SINR.

Given that the symbol period and the symbol rate are related
as Ty = I%S(s), M = 4 for QPSK modulation order, and the
matched filter roll-off factor is 8 = 0.2, we substitute eq. (15)
and (16) back to eq. (14) and get the final expression for the

spectral efficiency:

E— _2CrR (l—FER)(bits/ s) (17)
02+1) Hz

In Fig. 10 we can see the spectral efficiency of the ZF and
the SLP techniques vs. the SINR. We can see that the SLP
saturates at the maximum spectral efficiency at lower SINR
values than the ZF. In the case of the Cg 1/2 the SLP achieves
the maximum theoretical spectrum efficiency at 2.2 dB, for
Cr 2/3-3.1dB, Cg 3/4-4.5dB, and Cg 5/6 - 6 dB. We can
see that the SLP has a consistent advantage in the SE over
the ZF. We can see that the SLP-modified symbols can be
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correctly decoded by the receiver with no prior knowledge
of the modifications in the symbols of the conventional
QPSK constellation. Additionally, these modified symbols
result in lower BER and FER scores and improved spectrum
efficiency.

IV. CONCLUSION

In this paper, we experimentally investigated that the SLP
asymmetric symbols can be successfully decoded by the
conventional receiver using the unmodified LLR and LDPC
algorithms. We showed that the design of the receiver does
not need special adjustments to correctly decode symbols
when the transmitter uses the SLP technique to optimize the
signal. We used the conventional LLR and LDPC decoder to
extract the information bits from the symbols. Moreover, the
SLP showed improved received signal quality in terms of the
SINR and Spectral efficiency compared to the linear precod-
ing. However, we discovered that the SNORE algorithm tends
to underestimate or overestimate the SINR values due to mod-
ified symbols by the SLP. The transmitter can disable the SLP
while precoding the pilots to address this issue. Additionally,
other types of modulated signals and SLP techniques can be
verified using the presented setup in future works.
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