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Frequency Packing and Multiuser Detection for CPMs:
How to Improve the Spectral Efficiency of DVB-RCS2 Systems
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Abstract—We consider a frequency division multiplexed sys-
tem where each user adopts a continuous phase modulation
(CPM) and multiuser detection is employed at the receiver
side. The spectral efficiency (SE) is used as a performance
measure to compare, from an information-theoretic point of view,
different modulation formats. More precisely, we consider the
new CPM formats recently included in the DVB-RCS2 standard.
We describe a framework for computing the information rate
(IR) and the SE of such systems, and use it for optimizing the
channel spacing between adjacent users and the CPM phase
response. Our analysis reveals that modulation formats adopted
in the DVB-RCS2 standard are suboptimal in terms of SE, while
if we allow multiuser detection excellent performance can be
achieved by using simple binary formats and highly frequency
packed signals. Furthermore, we consider practical schemes,
where CPMs are serially concatenated with an outer code, and a
low-complexity multiuser receiver is employed, showing that the
theoretical limits predicted by the IR analysis can be approached.

Index Terms—Continuous phase modulations, iterative detec-
tion and decoding, multiuser detection, information rate, spectral
efficiency.

I. INTRODUCTION

PECTRAL efficiency (SE) of frequency-division-

multiplexed (FDM) systems can be increased by reducing
the spacing between adjacent channels, thus allowing overlap
in frequency and hence admitting a certain amount of
interference [1]. This aspect has been investigated from an
information-theoretic point of view for linear [2] as well as
continuous phase modulations (CPMs) [3], showing that a
significant improvement can be obtained through packing
even when at the receiver side a single-user detector is
employed. When a multiuser receiver is adopted, the benefits
in terms of SE can be even larger and the signals can be
packed denser and denser [1]-[3].

In this paper, we focus on FDM systems where each user
employs a CPM (FDM-CPM), which is appealing for satellite
systems for its robustness to nonlinear distortions, stemming
from the constant envelope. CPMs are often employed in
satellite communications and they have been recently included
in the 2nd-generation Digital Video Broadcasting - Return
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Channel Satellite (DVB-RCS?2) standard [4], with the aim of
enabling the use of cheaper amplifier components in modems,
and hence lower cost terminals.

We evaluate the asymptotic performance of FDM-CPM
systems when a multiuser detector is employed at the receiver
side by computing the achievable information rate (IR) and
the SE. We use an information-theoretic approach to optimize
the channel spacing among adjacent channels so that the
achievable SE is maximized, and to compare several CPM
formats. In particular, we consider the new CPM formats
recently included in the DVB-RCS2 standard, which consist
of the linear combination of the classical raised-cosine (RC)
and rectangular (REC) pulses [4]. More precisely, the DVB-
RCS2 standard employs quaternary formats and pulses with
a dominant RC component. Here, we show that pulses with
dominant REC component achieve higher SEs. Thus, our
results show that the modulation formats adopted in the DVB-
RCS2 standard are suboptimal in terms of SE. Moreover, we
demonstrate that if we allow multiuser detection excellent
performance can be achieved by using simple binary formats
and highly frequency packed signals. Finally, we consider
practical serially concatenated CPM (SCCPM) schemes em-
ploying the reduced-complexity multiuser detector described
in [5] as inner soft-input soft-output (SISO) detector. This new
algorithm provides a better performance/complexity trade-off
than all other suboptimal multiuser detectors. We analyze the
convergence behavior of joint multiuser detection/decoding
by means of an extrinsic information transfer (EXIT) chart
analysis and show that the theoretical limits can be approached
by SCCPM schemes.

II. SYSTEM MODEL

We assume that the channel is shared by 2U +1 independent
users. Each user employs a code serially concatenated with
a CPM modulator through a bit interleaver. Without loss
of generality, we consider synchronous users, all employing
the same modulation format, and AWGN channels. The in-
formation data v(*) of user wu, is encoded by encoder C;,
into codeword x(*), which is interleaved and mapped onto
a sequence of N M-ary symbols. We denote by 0451“) €
{£1,+£3, -+ ,+(M —1)} the symbol transmitted by user u at
discrete-time n. Moreover, (%) = (aé") .,ag\?zl)T is the
vector of the N symbols transmitted by user u and we also
define o = (o), ..., aly_;)T." The complex envelope of the
received signal can be written as

U

r(t)= > sM(ta™)exp{i2rfMtt +w(t), (1)

u=—U

!"Throughout the paper, (-)T denotes transpose and (-)* transpose conju-
gate.
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where w(t) is a zero-mean circularly symmetric white Gaus-
sian noise process with power spectral density (PSD) 2Ny,
f) is the difference between the carrier frequency of user
u and the frequency assumed as reference for the computa-
tion of the complex envelope, and s(*) (¢, a(*)) is the CPM
information-bearing signal of user u, given by

2E(u) N—-1
s (t, aW) = jf exp {j27rh Z aWq(t — nT)},
n=0

where Eg") is the energy per information symbol of user u, T’

the symbol interval, common to all users, h = r/p the mod-
ulation index (r and p are relatively prime integers), and ¢(t)
the phase-smoothing response. The derivative of ¢(t) is the
so-called frequency pulse g(t), of length L symbol intervals.
In this paper, we consider frequency pulses which are given by
the linear combination of the RC and REC pulses [4], namely
g(t) = pgre(t) + (1 — p)grec(t), where the real parameter
p € [0,1] is the pulse factor, and grc(t) and grec(t) are
the classical RC and REC frequency pulses, respectively of
duration L symbols. When p = 0 (resp. p = 1) we obtain
the REC (resp. RC) frequency pulse. In the generic time
interval [nT,nT+T'), the CPM signal of user u is completely

defined by symbol o) and state o' = (Wi, {"), where
w™ = (oz,(lu_)l, oc,(lu_)Q, ce oc,(lu_)LH) is the correlative state and

¢£Lu ) is the phase state which can be recursively defined as
qSSLu ) — [(bfji)l + whagluj 1 )2, where [-]2; denotes the “modulo
27 operator, and takes on p values.

III. SPECTRAL EFFICIENCY AND EXIT CHARTS

In order to evaluate the ultimate performance limits of
FDM-CPM systems we evaluate the IR and the SE. This
analysis is an extension of the approach described in [3] to a
multiuser detector. The described framework allows us to find
the optimal spacing between adjacent channels.

We assume that all users transmit at the same power
(E§“> = FE;, u=—-U,...,U), employ the same modulation
format and are equally spaced in frequency. Under these
conditions, the frequency spacing is a measure of the signal
bandwidth and the SE can thus be computed. As shown
in [3], the frequency spacing is the most effective bandwidth
definition we can use to evaluate the SE of FDM systems. In
order to avoid boundary effects, we assume U — oo. However,
for complexity reasons we consider a multiuser detector that
assumes the presence of only 2U’ + 1 users and treats the
other remaining users as additional noise. In other words, the
channel model assumed by the receiver is

U/
Z s (¢, ayexp{j2rnf Wt} +n(t), (2)
u=-—U"'

r(t) =

where n(t) is a zero-mean circularly symmetric white Gaus-
sian process with PSD 2(Ny+ Ny), Ny being a design param-
eter which will be optimized through computer simulations.
Notice that the goal here is to evaluate the ultimate per-
formance limits achievable by a receiver designed for the
auxiliary channel (2) when the actual channel is that in (1)
with U — oo. This problem is an instance of mismatched
decoding [6], and can be solved by means of the simulation-
based method described in [7]. The method in [7] requires

the existence of an algorithm for exact maximum a posteriori
(MAP) symbol detection over the auxiliary channel (2), i.e.,
the optimal multiuser MAP symbol detector for 2U" + 1
users for the AWGN channel [5] in this case. We point out
that assuming that the interference due to remaining users is
Gaussian-distributed ensures that this receiver is optimal for
the channel model (2).

Denoting by r a set of sufficient statistics for the detection
of a, we first compute the IR for user u as

p(rja™) b
& p(r) } lch.use]'

3)
The probability density functions p(r|a(™®)) and p(r) can be
computed by a forward recursion of the optimal multiuser
MAP symbol detector [7]. In (3), the expectation is with
respect to the input and output sequences generated according
to the model in (1). Assuming a system with an infinite number
of users, we can define the system bandwidth as the separation
between adjacent channels F' = | — (=1 and use it in
the definition of the achievable SE

1
_T[(a(u); r)

1
I(a™;r) = A}im NE{ lo
—00

n® = [bps/Hz].

Notice that the approach described in this section, due to the
use of a (optimal) mismatched multiuser detector, leads to
achievable lower bounds on IR and SE.

The optimal multiuser detector required to compute the IR
and the SE of FDM-CPM schemes is prohibitively complex
for practical purposes, since its computational complexity
grows exponentially with the number of users. Therefore, for
the design of practical schemes, we consider the suboptimal
multiuser detector for MAP symbol detection proposed in [5],
where computational complexity aspects are also discussed.

We analyze the convergence behavior of this multiuser
SCCPM scheme by means of an EXIT-chart analysis [8].
The aim is to evaluate the convergence behavior of different
joint detection/decoding schemes, and to assess the tradeoff
between high SE and actual performance.

The joint detection/decoding scheme consists of 2U’ + 1
a posteriori probability decoders erlj,, e ,C[},l matched to
encoders C_y,...,Cy+ of the 2U’ + 1 users, and a multiuser
detector module 61\71{1 consisting of 2U’ + 1 SISO blocks (one
for each user) to separate signals from different users. The
2U’ + 1 SISO blocks within the multiuser detector exchange
soft information among each other as well as with the 20U’ 41
decoders in an iterative fashion. We distinguish between local
iterations, within the multiuser detector, and global iterations,
between the multiuser detector and the 2U’ + 1 SISO de-
coders. A global iteration consists of a single activation of
decoders C:llj,, e ,Cl},l and a single local iteration of Cl\_,[b.
Accordingly, the iterative decoding process can then be tracked
using a multi-dimensional EXIT chart. Alternatively, the EXIT
functions of the constituent decoders and of the multiuser
detector can be properly combined and projected into a two-
dimensional chart.

Let IeCJx ; denote the extrinsic mutual information (MI)
generated by decoder C;- ! of user j on codeword xU) at the
output of C;. Also, let I@C_ﬁg) be the extrinsic MI generated
by the multiuser detector on codeword x/) (more precisely
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o . . C;
on its interleaved version). Correspondingly, denote by 1 afx( 5

and IV, the a priori MI at the input of decoder C; ' and of
a,X J

Cyit;» Tespectively. ICC]x (; 1s a function of If;(j), while I@Cﬁg)

is a function of Ilfl:i‘{j) for —U’ < 5 < U’ and of the channel

signal-to-noise ratio (SNR) v = E/No:

Ci _ mCi7Ci
I =T )
Cvmu  _ Cmu ( 7CMU Cnvu
e = T U Sy Ko ):
: C;j _ 71Cmu Cvu 7G5 :
Notice that 17 ., = I"*V, and 1%/ = I . . Combine
a,x(7) e,x(7) a,x() e,x ()

now the EXIT functions of encoders i € {-U’,...,U'}/j
and of the multiuser detector in a single EXIT function, Vghich

C C C -
we denote by 1" ;) = TS (Ia,Ix(j> ,7), where I = 15w
Now, the iterative process can be tracked by displayincg ina

single plot the EXIT function of user 7, Ii;(j) = Tfj (r7 )

a,x(@
and the EXIT function Iecfx(j) =TS (IS,Ix(J‘) ,
computed for all values 0 < I C1 ) <1 by activating all 2U”’
a,x
decoders C~ /... ,C;_ll,C;Lll, ...,Cy;}! and Cyyy; until Ig;(j)
has converged to a fixed value.

c
7). 1. ;) can be

IV. NUMERICAL RESULTS

Due to lack of space, we consider only binary and qua-
ternary CPM formats. This choice is justified by the need to
illustrate the relevant concepts and by the results which show
that we can design transmission schemes with very high SE
using simple CPMs. We consider binary CPMs with h = 1/3,
and quaternary formats with h = 1/4. All considered schemes
are characterized by a frequency pulse of length two symbol
intervals (L = 2). The shape of the frequency pulse is specified
by means of the pulse factor p. The following results are
obtained by simulating a system with a large number of users
and by using an optimal multiuser receiver working on the
2U’ +1 central ones. Moreover, we consider the performance
of the channel with index 0, when the detector takes into
account U’ adjacent channels on each side.

Figs. 1 and 2 show the SE as a function of the spacing
F for the considered binary and quaternary CPM formats,
respectively. In particular, we compute the achievable SE for a
given value of F, /Ny, when a multiuser detector for different
values of U’ is employed. The curves with U’" = 0 refer to the
use of a single-user detector. For the binary CPM schemes,
we also evaluate the optimal spacing when a detector with
U’ = 1 is employed; however, the curves are not plotted in
Fig. 1 for the sake of clarity. These figures show that for
each considered CPM scheme, the multiuser detection strategy
allows to achieve a much higher SE than that achievable by
the single-user detector. Also, the frequency spacing which
maximizes the SE is lower in the multiuser detection case.
Moreover, we can also observe that schemes with pulse factor
p < 0.5 achieve the highest SE values, showing that the
formats in the DVB-RCS2 standard [4], for which p ranges
from 0.625 to 0.98, are suboptimal from the SE point of view.

In the following, we consider the optimal modulation for-
mats, corresponding to p = 0 for M = 2 (B-pp) and p = 0.25
for M = 4 (Q-pg.25), in the case of multiuser (U’ > 0) and
single-user detection (U’ = 0), with channel spacing resulting
from the previous optimization—we noticed that the optimal
spacing only slightly depends on the considered value of SNR.
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Fig. 1. Binary formats: Spectral efficiency as a function of the normalized
spacing for different values of U’, and for F /No = 10 dB.
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Fig. 2. Quaternary case: Spectral efficiency as a function of the normalized
spacing for different values of U’, and for F /No = 12 dB.

In Fig. 3, we plot the SE as a function of Ej/Ny, being
E), the energy per information bit. We first discuss multiuser
schemes, and fix the receiver complexity by choosing U’ = 3
for the binary format and U’ = 1 for the quaternary format.
Since the MAP detector for the system has a computational
complexity which is proportional to (pMZ%Z)2U'+1 [5], the
receiver has about the same complexity for both considered
schemes. These results show that, with constrained complexity,
binary and quaternary formats perform similarly for low values
of SE, and that the binary scheme achieves asymptotically a
higher SE, whereas it can be shown that without constraints
on the receiver complexity the SE (slightly) increases when
we go from binary to quaternary formats. Unfortunately, since
the IR cannot be computed in closed form, there is no way to
demonstrate this fact. We can only bring forward numerical
evidences. In the same figure, we compare our optimized
schemes with the formats in the DVB-RCS2 standard. In
particular, among all formats in the standard we considered the
quaternary scheme with L = 2, h = 1/5, p = 0.625, FT =
0.974 (DVB-RCS2 modl) providing the highest SE for high
SNR values and the scheme with L = 2, h = 2/7, p = 0.75,
FT = 1.21 (DVB-RCS2 mod2) providing the highest SE for
low to medium SNR values. We can see that, as expected,
the multiuser schemes strongly outperform the DVB-RCS2
formats. Moreover, the proposed quaternary scheme based on
single-user detection allows achieving SE values higher than
those obtained with the DVB-RCS2 formats.

We now consider practical SCCPM schemes by concate-
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quaternary schemes and for DVB-RCS2 modulation formats.

TABLE I
CONVERGENCE THRESHOLD VERSUS ACHIEVABLE INFORMATION RATE

SE Mod FT IR th Convergence th Gap R
U'=1/3 U'=1/3 U'=1/3 U'=1/3
2 B-po 0.3 4.8/42dB 6.4/5.35 dB 1.6/1.15dB  0.6/0.6
233  B-po 03 6.2/52dB 8.3/6.4 dB 2.1/1.2 dB 0.7/0.7
2.66  B-po 0.3 10.6/7.6 dB 17.5/9.4 dB 6.9/1.8 dB 0.8/0.8
Q-po.25 0.6 7.8 dB 11.55 dB 3.75 dB 0.8

nating the CPM modulator with an outer code through a
random interleaver. Instead of the optimal multiuser detector,
at the receiver we employ the suboptimal multiuser detector
described in [5]. Here, we employ a 16-state convolutional
code for moderate rates R and eBCH codes for very high
rates (R > 0.75) [9]. Notice that the code rate is completely
determined by the SE and the employed channel spacing.

In Table I we report the iterative convergence thresholds [8]
for binary and quaternary SCCPM schemes for several values
of the SE and U’ = 1,3. In all cases, we use the optimized
channel spacing. The corresponding code rate is also reported
in the table. For each CPM format, the highest value of SE
which has been considered is slightly lower than the maxi-
mum achievable SE since we consider suboptimal reduced-
complexity detection schemes. In Table I, we also report
the achievable IR threshold in E,/Ny for the mismatched
multiuser MAP detector obtained through the information-
theoretic analysis.

The EXIT-chart analysis reveals that for each scheme the
gap with respect to the theoretical limits is bigger for in-
creasing values of the SE. Despite the use of a suboptimal
detector, for U’ = 3 all schemes perform between 1.15 — 1.8
dB away from the achievable IR. Among the considered
schemes, the best tradeoff between SE and actual performance
is given by the binary format with U’ = 3 and code rate
R = 0.8. This is an interesting result, which shows that
by optimizing the channel spacing and by using multiuser
processing, we can achieve high SEs with simple binary CPMs
and no improvement can be obtained, when the complexity is
constrained, by resorting to higher-order modulations.

In Fig. 4, we plot the bit error rate (BER) curves of the
binary optimized schemes with SE= 2.33 bps/Hz and 2.66
bps/Hz. Here, U’ = 3, K = 64000 information bits, and
the curves for the middle user are reported. A maximum
of 20 iterations between the detector and the decoders is
allowed. In the figure, the iterative convergence thresholds are
also reported, showing that the BER results are in agreement
with the EXIT-chart analysis. It can be also observed that the
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Fig. 4. BER performances and convergenge thresholds for the binary schemes
with SE=2.33 bps/Hz and 2.66 bps/Hz. In both cases U’ = 3.

proposed scheme performs quite close to the theoretical limit
(notice that the multiuser detector is suboptimal).

V. CONCLUSIONS

We investigated the ultimate performance limits of FDM-
CPM systems in terms of IR and SE. In particular, we
considered CPM formats consisting of a linear combination of
RC and REC pulses, adopted in the DVB-RCS2 standard. We
optimized the channel spacing of FDM-CPM systems using
binary and quaternary CPMs to maximize the SE. We showed
that, for low spectral efficiencies, the performance of binary
and quaternary CPMs is similar. However, with constrained
complexity, binary multiuser schemes allow achieving higher
spectral efficiencies. Our analysis showed that the modulation
formats adopted in the DVB-RCS2 standard are suboptimal
in terms of SE. We also considered practical serially concate-
nated CPM schemes using a suboptimal multiuser detector. We
analyzed the convergence thresholds of serially concatenated
multiuser CPM through an EXIT-chart analysis and showed
that the theoretical limits can be approached.
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