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Abstract—We propose a new spread spectrum (SS) system
based on continuous phase modulations (CPMs). The main idea
is to exploit the sequence of modulation indices of a multi-h CPM
as a frequency hopping (FH) sequence. We will show how the
sequence of indices impacts on the CPM signal bandwidth and
power spectral density (PSD). Spectral spreading, flatness and
smoothness can be easily achieved by an appropriate choice of the
maximum value of the modulation index and of the length of the
index sequence. We will show that a CPM-based spread spectrum
system achieves an overall spectral efficiency larger than that of a
single-user single-i CPM signal even when a single-user detector
is employed at the receiver.

I. INTRODUCTION

Modern satellite communications require modulation for-
mats robust to nonlinearities and multiple access interference
(MAI), as well as power- and spectrally efficient. Robustness
to nonlinearity is mandatory in order to use strongly satu-
rated amplifiers, and spectral efficiency is one of the most
important quality figures in any communication system. For
this reason the choice of using modulation formats such as
continuous phase modulations (CPMs) comes quite naturally.
CPMs robustness to nonlinearity stemming from the constant
envelope is one of the main reasons of their popularity, along
with excellent power and spectral efficiencies [1].

Code division multiple access (CDMA) is one of the most
studied methods for multi-user communication systems. Based
on the employed spread-spectrum (SS) technique, CDMA
schemes are grouped in two major classes, namely direct-
sequence SS (DS-SS) and frequency-hopping SS (FH-SS).

DS-SS has been combined with CPMs in many differ-
ent ways. Lane and Bush [2] proposed a SS multi-A (SS-
MH) CPM whose drawbacks in a multi-user scenario will
be discussed in Section IV. Giannetti et al. [3] studied
only a very special and limited subset of CPMs, known as
generalized minimum shift keying (GenMSK), which can be
approximately viewed as a linear modulation. Hence, classical
results of DS-SS linear modulations apply. Hsu and Lehnert [4]
considered a multi-user system where each user transmits a SS
signal that is the product between a linear modulation (for the
data) and a multi-h CPM (for the spreading chips), giving up
to phase continuity. This problem has been solved by Yang
et al. [5] mapping the M-ary data symbols into M phase
spreading sequences (PSSs) modulated by a single-h CPM
modulator. The main problem of this approach is the time-
consuming design of a unique set of M different and orthog-
onal PSSs for each user. Moreover, a simple receiver structure
is not available because data and chips are not separable. The

separation between data and chips has been preserved in the
dual-phase (DP) technique proposed by McDowell ef al. [6].
Chips are modulated as a multi-h CPM, data are modulated
as a MSK signal, and finally multiplied. The receiver, as in
the linearly-modulated DS-SS systems, is composed by an
analogical (and therefore expensive) despreader and a detector.

To our knowledge, FH has never been studied as a multiple
access technique in CPM-based systems. Nevertheless, FH
has been used with the purpose of spreading the CPM power
spectral density (PSD) for security issues in [7]) and [8]).

Here, a new multiple access technique based on multi-h
CPMs is proposed. The main idea is to exploit the fact that
each CPM can be viewed as a frequency modulation where the
frequency deviation is strictly related to the modulation index.
Since in multi-h CPMs the modulation index is cyclically
varied every symbol period, the resulting effect is a sort of
frequency hopping. This is exactly an instance of FH when
applied to a continuous phase FSK (CPFSK). So, we will
use multi-h CPM not to improve BER performance (as in
[2], [4] and [6]) but to spread the PSD and allow multiple
access without resorting to spreading codes. In other words, we
directly construct a modulation format with a PSD extremely
flat, large, and smooth at will. The correspondig single-user
detector has the same complexity of the classical single-h
CPM detector with the same number of phase states (which is a
clear advantage if compared to the complexity of the receiver
structure of [5] and [6]). In CPM literature, the modulation
index is hardly ever chosen bigger than one, even though
this would not invalidate the CPM definition. Therefore, the
most natural way to spread the CPM PSD is by using indices
varying in a wide range, exploiting indices much bigger than
one. Moreover, using a long sequence of indices, the CPM
PSD will become smoother. Assigning to each user a different
and randomly generated index sequence, we will obtain a
new and efficient FH-SS technique for CPM-based systems,
where the spectral spreading effect is now embedded in the
modulation format itself.

II. SYSTEM MODEL
A. CPM signal
The complex envelope of a generic multi-h CPM signal is

s(t) = \/?exp {_; [QWZhiaiq(t—iT)+9 } (1)

where E; is the mean energy per symbol, 7" is the symbol
period, {«;} are the M-ary information symbols, {h;} is the

2335



sequence of Nj; modulation indices, i = ¢ mod Ny, ¢(t) is
the phase-smoothing response characterizing the format, and
6 is the initial phase offset. The phase-smoothing response is
a continuous function satisfying the following property:

q(t) = {?

L being the correlation length of the signal. The frequency
pulse is defined as

when t <0
when ¢t > LT

p(t) = —q(t)

and (1) can be rewritten as

s(t)_w/QEexp{ [271'/ ZhalpT—’LT)dT—f—@
)

which is the expression of a frequency-modulated signal using
a pulse amplitude modulation (PAM) with shaping pulse p(t)
as modulating signal. The most used frequency pulses are the
rectangular pulse (L-REC to denote its duration of L symbol
periods) and the raised-cosine pulse (L-RC).

CPMs are modulations with memory. In the generic symbol
interval nT < t < (n+1)T, the CPM signal (1) is completely
defined by symbol «, and state o,, = (wy, @), where w, =
( an—r+1, ,Qy—1) s the correlative state and

Pn = (W

= (¢n—1 + Thy_ o, )mod 27

n—L

Z hiOZi mod 27
B 3)

i=—00

is the phase state. The correlative state can assume MEZ~!
values, whereas the phase state can assume p values, having
defined h; = k;/p where k; and p are positive integer
numbers! and integer values for h; are forbidden. Therefore,
the total number of states is pM L~

B. SS-FH-CPM

In the proposed multi-user system, multiple access is guar-
anteed by assigning a different sequence of modulation indices
to each user. We assume that each user transmits /K symbols,
and we denote by a( ) and 07(I ") the symbol transmitted by user

u at discrete-time n and the corresponding state. We define

aW = (aéu),. a%) 1)T as the vector of the K symbols
transmitted by user u, and also o, = (aif), .. ,aglU))T

the vector of all symbols transmitted at discrete-time n (one

symbol per user), and a = (..., ok )T, where (.)T de-
notes transpose. Similarly, we define o, = (07(11), .. 70£U))T

'A correct definition of the modulation index requires that k; and p are
relative prime to have a minimal trellis representation. As it will be clear later,
the considered sequence of indices is chosen such that p is kept constant
whereas k; is chosen randomly with the only constraint that A; cannot be
integer. When k; and p are not relative prime, we still use, for simplicity, a
trellis representation with p states although it could be reduced. This allows
to always use the same trellis without the need to resort to a time-varying
trellis.

T )T

and o = (ol,...,0% _|)T. We also define

st (™ t) =

K-1
s (uw)  (u)
T exp {j [27r ; hi o } @)

the signal transmitted by user u and, without loss of generality,
we assume that all users employ the same values of T', M, L,
D, Np and hpax , Amax being the maximum value taken by the
modulation index. We will also assume that all users employ
the same phase-smoothing response ¢(t).

We consider an asynchronous multiple-access system on an
additive white Gaussian noise (AWGN) channel, so that the
complex envelope of the received signal is

T) + 6™

a® t — (W) £ a(t)

=sOa® t )+ Z s (@™ ¢ — 7)) 4 w(t)

u#

&)
Initial phase offsets #(*) and delays 7(*) are random variables
uniformly distributed in [0,27) and [0,T'), respectively. The
thermal noise is a zero-mean circularly symmetric white
Gaussian process with PSD 2Nj.

Fixing the indices denominator p is mandatory to keep con-
stant the number of the phase states, while fixing the maximum
numerator allows every user to undergo the same spectral
spreading. Each user has a different sequence of randomly-
generated modulation indices. The spectral spreading depends
only on the range of values assumed by the modulation index,
the larger this range, the stronger the spreading effect. The
number of modulation indices N;, plays a role only in the
smoothness of the PSD. A CPM with high N, will show a
smooth PSD with small oscillations and no sidelobes.

The number of users allowed in the system depends on
the total number of possible indices v = phmax — [Fmax]
(where |z] denotes the maximum integer lower than x). If we
impose the absence of overlaps, in a synchronous system the
maximum number of users would coincide with the number
of possible indices

Unax = V.

In practical receivers, an approximated set of sufficient
statistics for MAP symbol detection is obtained as described
in [9]. We assume the useful signal component to be band-
limited—although this is an approximation in the case of CPM
signals, whose PSD has an infinite support—with bandwidth
lower than N/2T, where N is a proper positive integer.
The approximated statistics can be obtained by extracting
N samples per symbol interval from the received signal (5)
prefiltered by means of a low-pass filter which leaves unmod-
ified the useful signal and has a vestigial symmetry around
N/2T. The condition on the vestigial symmetry ensures that
the noise samples are independent and identically distributed
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complex Gaussian random variables with independent com-
ponents. We denote with 7, ,, the m-th received sample
(with m = 0,..., N — 1) of the n-th symbol interval, with

ry = (Tnos---,"n, N_l)T the vector of the received samples
in the n-th symbol interval, and with r = (I'g7 o ,rITf_l)T

the vector of all received samples,

When considering coded CPM schemes where the CPM
modulator is concatenated, possibly through an interleaver,
with an outer encoder (as an example, see [10] and refer-
ences therein), the receiver is usually based on a soft-input
soft-output (SISO) detector that iteratively exchanges soft-
information with the outer SISO decoder according to the
turbo principle. Regarding single-user SISO CPM detection,
little can be added to what already said in the literature (as
an example, see [11] and references therein)—the adoption
of multi-h CPM signals here entails only trivial modifications
with respect to the case of single-h CPMs or the adoption,
in case of simplified detectors, of the Laurent decomposition
extended to multi-h signals [12]. Suboptimal multi-user SISO
CPM detectors” can also be conceived, by extending those
described in [13] for frequency-division-multiplexed CPM
systems. The derivation of the algorithms is not shown here
for a lack of space.

ITII. SPECTRAL EFFICIENCY

The main quality figure we consider in this work is the
overall spectral efficiency 7y of the system. Since we are
considering a CDMA scenario, the most intuitive way to
compute 7y is to evaluate the spectral efficiency 7 of a
reference user, and then define ny = Un.

The spectral efficiency for the reference user can be com-
puted as

d bit/s/H 6
=BT [bit/s/Hz] (6)
where B is the bandwidth occupied by the CPM signal and [
is the information rate of the user. CPM bandwidth is theoreti-
cally infinite because the PSD of a CPM signal has rigorously
an infinite support. Hence, we adopted the traditional definition
of bandwidth based on the power concentration, that is the
bandwidth that contains a given fraction of the overall power.
Being this fraction a parameter, we chose to use the 99.99%
of the overall power. CPM power spectral density cannot be
evaluated analytically in closed form but only numerically. The
adopted algorithm is the one proposed in [14],[15].

To compute the information rate I for the reference user,
we can use the simulation-based technique described in [16],
which only requires the existence of an optimal MAP symbol
detector for the considered system. Unfortunately, the com-
plexity of the optimal MUD is exponential in U, making the
evaluation of I practically unfeasible. Therefore, we can eval-
uate an achievable lower bound by resorting to the concept of
mismatched detection [17]. We can consider an approximated
channel model (the auxiliary channel) for which an exact MAP
symbol detection with affordable complexity exists—the more

2The optimal multi-user detector (MUD), although known in principle, has
an exponential complexity in the number of users U and is thus unfeasible.

similar the auxiliary channel to the actual channel, the tighter
the obtained bound on the spectral efficiency.

As done in [1], we approximate the channel model at the
receiver side by modelling the interference as a zero-mean
circularly symmetric white Gaussian process with PSD 2Ny,
N being a design parameter independent of the thermal noise
and optimized via numerical simulations. This approximation
is exploited only by the receiver, while in the actual channel
the interference is generated as in (5). Hence, the considered
auxiliary channel model is that for which the received signal
reads

r(t) = s () + (1) (7)

where ((t) is a zero-mean circularly symmetric white Gaus-
sian process with PSD 2(Ny + Np). The simulation-based
method described in [16] allows to evaluate the achievable
information rate for the mismatched receiver, i. e.,

W } [bit/ch.use]
®)

where we used the superscript J to remark that a sequence
is truncated to its first .J elements. In (8) p(r’|a®)”) and
p(r7) are PDFs according to the auxiliary channel model (7),
while the statistical average is with respect to the input and
the output sequences evaluated according to the actual channel
model (5). Both p(r’|a®”) and p(r’) can be evaluated re-
cursively through the forward recursion of the MAP detection
algorithm matched to the auxiliary channel model [16]. The
mismatched receiver can assure error-free transmissions when
the transmission rate at the CPM modulator input does not
exceed I(a'®),r) bits per channel use.

1
I(a\9 r) = ]lim jE {log
J —00

IV. NUMERICAL RESULTS

We consider an asynchronous SS-FH-CPM system using
binary data symbols (M = 2), a 2-RC frequency pulse,
Np = 16, p = 8 and hyx = 39/8. Since we are not
interested in a particular sequence of indices but in the average
behaviour of the system, we consider a packet transmission
(with 1024 symbols per packet) and, for each user, we change
the sequences of indices {hgu)}ﬁv:’lo_l, the time delays 7(*) and
the initial phase offsets #(*) every packet. Since the sequence
of indices is randomly generated, the signal bandwidth B is
a random variable too. Hence, we evaluated the average PSD
over a thousand different sequences of indices in order to find
the mean and the variance of B.

As shown in Fig. 1, the average PSD is extremely smooth
and the normalized bandwidth has mean BT = 6.66 and
variance 0%, = 0.096. In Fig. 1, we also show the PSD of the
unspread signal used in a SSMH system [2]. The frequency
pulse is 2-RC and two modulation indices, 1/2 and 5/8, have
been adopted.

Let us now compare the spectral efficiency of different
systems. We first compare the proposed SS-FH-CPM system
with a couple of SSMH systems in [2], then with different
single-h systems. In a multi-user scenario, the SSMH-CPM
systems in [2] need the use of spreading sequences of length
N, chips per symbol period, with N, > U (even though
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Figure 1. Power spectral density of the considered 2-RC binary SS-FH-CPM

with N, = 16, p = 8, hmax = 39/8, and of the binary 2-RC SSMH scheme
with {h;} = {1/2,5/8} in [2].

Table T
BANDWIDTHS OF THE CONSIDERED 2-RC BINARY SS-FH-CPM WITH
Np, =16, p = 8, huax = 39/8, AND OF THE BINARY 2-RC SSMH
SCHEME WITH {h;} = {1/2,5/8} IN [2].

[ modulation format | BT |
SS-FH 2-RC 6.66
SSMH 2-RC (N, = 1) 2.07
SSMH 2-RC (N, = 3) 6.22
SSMH 2-RC (N. =4) | 83

some overload is possible). The normalized bandwidth of the
unspread signal is then multiplied by a factor V., and therefore
the global spectral efficiency is very low. As a benchmark, we
consider the SSMH-CPM system already considered in Fig.
1. For this SSMH-CPM system, the used spreading sequences
are random binary sequences generated every packet period
together with the time delays and the initial phase offsets. We
will show the maximum spectral efficiencies 7y achievable
by the SSMH system (obtained by the joint optimization of
U and Njy) with N, = 3 and N. = 4. We chose these two
values of spreading factor to compare our SS-FH-CPM system
to two SSMH systems with similar bandwidth, as shown in
Table I. Figure 2 shows the spectral efficiency ny as a function
of the ratio F}/Ny, Ej, being the received signal energy per
information bit. It is easy to see that the SSMH system has
values of 1y much lower than that of the proposed SS-FH
system, for which the considered number of users U has been
found jointly maximizing 7y as a function of the number of
users U and the interference noise variance N; for a fixed
signal-to-noise ratio (SNR) value. We also considered N. = 16
(in analogy to the length of the indices sequences of the SS-FH
system N}, ), but the maximum achievable 7 fell down to zero.
The same happened with U = 30 users. These considerations
prove that the SSMH technique is not suitable for multi-user
systems.

In order to make some other comparisons with the proposed
SS-FH-CPM system, we also considered single-user systems
using binary single-h CPMs with a 2-RC frequency pulse and

Table II
BANDWIDTHS OF SINGLE-h 2-RC CPMS WITH DIFFERENT MODULATION

INDICES.
[ A [ BT 2RO |
1/8 1.33
4/8 2.15
7/8 2.95
1 : : :
U=30, N;=16, h<5
—— U=1,h=1/8
U=1, h=4/8
0.8 [ =¥ U=1,h=7/8
v SSMH U=4, N =3
SSMH U=7, N=
N 06
<
=
=2
£ 04
B T
*
02 ¥
e
,,.z'/ P
2 0 2 4 6 8 10 12 14 16
Ey/N, (dB)
Figure 2. Spectral efficiencies of the considered 2-RC binary SS-FH-CPM

with N, = 16, p = 8, hmax = 39/8, of different single-h 2-RC CPMs with
h = 1/8, h = 4/8, and h = 7/8, respectively, and of the binary 2-RC
SSMH scheme with {h;} = {1/2,5/8} in [2] with N = 3 and U = 4,
and with N. =4 and U = 7.

h < 1, as traditionally done in literature. There is no interest
in considering single-h systems with h > 1 because they have
a larger bandwidth than those with A < 1, resulting in a
lower spectral efficiency. For the single-h systems, the signal
bandwidth strongly depends on h (as shown in Table II), and
so does the spectral efficiency. Hence, we chose to show the
highest (at high signal-to-noise ratio values), an intermediate,
and the lowest curves of spectral efficiency, obtained with
h=1/8,h=4/8,and h = 7/8 respectively. As it can be seen
in Fig. 2, the SS-FH-CPM system has a spectral efficiency that
surpasses that of all single-user single-h systems.

For the proposed system, the curve in figure 2 proves that an
error-free communication, at the obtained spectral-efficiency
values, is possible, even with U > 1, using a single-user
detector (SUD) and a proper channel coded scheme. BER
performance curves, not shown here for a lack of space,
confirm these results. In order to assess the performance of
the suboptimal MUDs previously mentioned, we consider a
coded SS-FH-CPM system with U = 3 synchronous users
using binary 2-RC CPM with p = 4, hy. = 19/4, Nj = 8.
Each user has the same power (i.e., Egl) = E§2) = ... =
Y = E,) and uses the (64,51) eBCH code with rate
R = 0.79 and random interleaver described in [10]. As for the
spectral efficiency, since we are not interested in a particular
index sequence but in the average behaviour of the system,
we considered a packet transmission (with 128 symbols per
packet) and changed the index sequences {hE“)}fﬁb‘l, the
initial phase offsets #(*), and the code interleaver every packet
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for each user. As a benchmark, we consider the bit error
rate (BER) of a SUD with U = 3 users and the BER of
a SUD in absence of interference (U = 1 user). For each
detector, we increased the noise variance used by the receiver
to 2(Ng + N;)N/T, where N; is an optimized parameter
aiming to reduce the overestimated confidence of the BCJR
algorithm [13]. Being the MUDs iterative, we considered 20
iterations between detector and decoder.

For the described suboptimal multiuser detectors, the perfor-
mance also depends on the adopted schedule. Serial or parallel
schedules are usually considered in the literature. For a lack
of space, and also because the difference in performance is
practically negligible in this scenario of users transmitting at
the same power, we only consider the parallel schedule. In this
case, at each iteration all users are activated simultaneously.
The computed soft-outputs are then provided to the other users
for the next iteration and, after deinterleaving, to the decoders.

In the figure, we considered the detectors that in [13] are
called SIC 1 and SIC 2 (see [13] for the relevant description),
and that based on factor graphs and the sum-product algorithm
(FG in the figure) originally proposed in [13]. Since SIC 1
and SIC 2 detectors show the same performance when the
users are uncorrelated (or weakly correlated), we decided to
introduce a correlation to point out the different behaviour of
the two algorithms. Therefore we generate the index sequence
for user u = 1 randomly, and from that we derive all the other
sequences as

B = p® 4 21
p

If hgu) is an integer then we change its value in hgl) + u/p.
The relevant performance is shown in figure 3. Clearly, since
the users are strongly correlated, the SUD fails. The SIC
2 algorithm performs much better but, as expected, even
better does the SIC 1. However, the FG receiver exhibits the
best performance since the Gaussian approximation of the
interference, over which SIC 1 and SIC 2 are based, is not
accurate with only two interferers. To see the SIC algorithms
outperform the FG receiver, we should have considered a
higher number of users, that unfortunately would have made
the simulations extremely burdensome and slow.

V. CONCLUSIONS

We proposed a brand new technique allowing to use multi-
h CPM in CDMA systems. Tuning the highest value the
modulation index can assume, it is possible to set the spectral
spreading of the CPM signal. PSD smoothness is reachable
using a long enough sequence of modulation indices. In
a multi-user scenario, the proposed system can surpass the
spectral efficiency of a single-user single-h system, whereas
BER performance can be improved by a suboptimal MUD.
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