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Abstract—We propose a new spread spectrum (SS) systemmain drawback of this approach is the strict constraint @ th
based on continuous-phase modulations (CPMs). The main ide modulation format. Hsu and Lehnert [5] considered a multi-
is to exploit the sequence of modulation indices of a multh ,qar system where each user transmits a SS signal that is the

CPM as a frequency-hopping (FH) sequence. Spectral spreati, . . ;
flatness and smoothness can be easily achieved by an apprate product between a linear modulation (for the data) and aimult

choice of the maximum value of the modulation index and h CPM (for the spreading chips), giving up to phase continuity
of the length of the index sequence. We will show that the This problem has been solved by Yaepal. [6] mapping the

proposed CPM-based spread spectrum system achieves an oatr - )/-ary information symbols intal/ binary phase spreading
spectral efficiency larger than that of a single-user singld CPM sequences (PSSs) modulated by a siig@PM modulator
transmission even when a single-user det.ector.is emplpyed the The main broblem of this aoproach is the time-consurﬁin
receiver. It also outperforms other solutions in the literaure. ] P ) F_Jp 9
In addition, we will also derive some suboptimal multi-user design of a unique set ai/ different and orthogonal PSSs
detectors. for each user. Moreover, a simple receiver structure is not
available because the data and the spreading chips are not
| INTRODUCTION separable. The separation between data and spreading chips
o ) ) has been preserved in the dual-phase technique proposed by
Modern communications require modulation formats rqQycpowell et al. [7]. Chips are modulated as a multiCPM
bust to nonlinearities and multiple-access interfereMAl},  4ata are modulated as a MSK signal, and finally multiplied.
as well as power- and spectrally efficient. Robustness {9 receiver, as in the linearly-modulated DS-SS systesns, i
nonlinearity is mandatory in order to use strongly satwtat@omposed by an analog (and therefore expensive) despreader
amp_llflers, and_spectral eff|C|en_cy is one of the most |_mpﬂrtaand a detector. Miiller and Lampe proposed in [8] a DS-SS
quality figures in any communication system. For this reasQstem using linear modulations with constant envelope and
the choice of using modulation formats such as continuoYssntinuous phase. To avoid phase jumps to occur at every
phase modulations (CPMs) comes quite naturally. CPMs arggannol change, they pose few constraints on the informa-
family of very appealing modulation formats. Their robe®8 {jon symbol alphabet, the spreading factor, and the symbol
to nonlinearity stemming from the constant envelope is ORg,eform. This latter must depend on the chip sequence and
of the main reasons of their popularity, along with excelleghe chip waveform. This solution, called continuous-phase
power and spectral efficiencies [1]. . chip modulation (CPCM), has nevertheless big spectral side
Code division multiple access (CDMA) is one of the moshpes, incompatible with spectral masks of most wireless
studied methods for multi-user communication systemse8as;ommunication standards. Therefore Miller recently psago
on the employed spread spectrum (SS) technique, CDMA\[9] 4 linear DS-SS system where each user is assigned a
schemes are grouped in two major classes, namely diregl; of very similar spreading sequences, which are chosen in
sequence SS (DS-SS) and frequency-hopping SS (FH-SS)q415_dependent fashion. These sequences are generatad by a
DS-SS has been combined with CPMs in many differefitrative algorithm ensuring their high stop-band atteiomg
ways. Lane _and Bush. [2] proposed_a SS mulGPM whose  gnstant envelope and continuous phase.
drawbacks in a multi-user scenario have already been antq oyr knowledge, FH has never been studied as a multiple
alyzed in [3]. Giannettiet al. [4] studied a special subsetyccess technique in CPM-based systems. Nevertheless,H ha
of single/ binary CPMs, known as generalized minimumpeen ysed with the purpose of spreading the CPM power
shift keying (GenMSK), which can be approximately viewed,ectral density (PSD) for security issues in [10] and [11].
as linear modulations. Hence, classical results of mséiFu fyare 3 new multiple-access technique based on @iPMs
communications for linear modulations apply. Obvioushg t s nroposed. The main idea is to exploit the fact that each CPM
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spread the PSD and allow multiple access without resortiagcontinuous function satisfying the following property:

to spreading codes or to any other DS-CDMA technique.
) {0 whent <0
q(t) =

whent > LT

In other words, we directly construct a modulation format
with a PSD extremely flat, large and smooth at will. The
corresponding single-user detector has practically thaesaL being th lation lenath of the sianal. The f
complexity of a classical single-CPM detector with the same €ing the corretation fength ot Ihe sighal. The frequency
number of phase states (which is a clear advantage if cortdlpa'%Ilse is defined as

d
to the complexity of the receivers in [6] and [7]). In the p(t) = aq(t)
CPM literature, the modulation index is hardly ever chosen )
bigger than one (except for [12] where satellite navigatidi'd (1) can be rewritten as
systems have been addressed), even though this would not °F t
invalidate the CPM definition. Therefore, the most naturals(t)—wTsexp{j l%/ Zhiaip(T—iT)dT—l-e } 2
way to spread the CPM power spectral density is by using -
indices much bigger than one and varying in a wide range [1hich is the expression of a frequency-modulated signaigusi
Moreover, using a long sequence of indices the CPM powgiyylse amplitude modulation (PAM) with shaping pulge)
spectral density will become smoother. Assigning to eaef Us modulating signal. The most used frequency pulses are the
a different and randomly generated sequence of indices, &tangular pulsel(-REC to denote its duration of symbol
will obtain a new and efficient FH spread spectrum techniqugyriods) and the raised-cosine pulgeRC).
for CPM-based systems. With this approach, we will getrid of cpMs are modulations with memory. In the generic symbol

the constraints on the modulation formats (since we considgtervalnT < ¢ < (n+1)T, the CPM signal (1) is completely
generall -ary multi-h partial response CPMs). Obviously thejefined by gymbodn and stater,, = (wn, ¢n), Wherew,, =

1
2

phase continuity and the constant envelope are guarantqed. | «, ,,....a,_41) is the correlative state and
The spreading factor, usually defined in DS-CDMA systems

with linear modulations as the ratio between the bandwidth e

of the spread signal and the bandwidth of the signal before Pn = <7T Z hiai) mod27 3)

spreading, cannot be defined in the same way here because in
the proposed system there is no “signal before spreadinigé—t = (¢n—1 + Thp_ran—r)mod2m

spectral spreading effect is now embedded in the modulatignthe phase state [20], [21]. The correlative state canmassu
format itself. On the other hand, the definition of spreading;L-1 ygjyes, whereas the phase state can asguneues,
factor proposeq in [14],. as the ratio of the .Fourier bandwidhaying definedh; = k;/p wherek; andp are positive integer
of the spread signal to its Shannon bandwidth, could be usg@mpers and integer values fok; are forbidden. Therefore,
However, it requires the computation of an orthonormal®ashe total number of states jg\/-—!. The CPM signal in the

for the spread signal, not available here in closed form.  sympol intervainT < t < (n+ 1)T can thus be expressed as
Since we are considering a multi-user scenario, we also

address the multi-user detection (MUD) issue. Because the oF I

complexity of the optimal multi-user receiver grows expane — ] 228 La(ent0) _ ol .
tially with the number of users, suboptimal detection scbems(t) Ve eXp{J%;hua”lQ(t nTHT)}
are required. We consider different multi-user detectoased L1 h Ko
on hard interference cancellation (HIC) [15], soft inteeiece = /2_Esej(wn+0)H |:exp{j2_7rq(t_nT+Z‘T)H o '(4)
cancellation (SIC) [16], extended to frequency divisionltinu T o p

plexed CPM-based systems in [17], and an algorithm derived

in [17] by using factor graphs (FGs) and the sum-produgt ss.FH-cPM

algorithm (SPA) framework [18].
g ( ) (18] In the proposed multi-user system, multiple access is guar-

anteed by assigning a different sequence of modulatioc@sdi

Il. SYSTEM MODEL to each user. We assume that each user trangthgmbols,
A. CPM signal and we denote by ando{") the symbol transmitted by user
The complex envelobe of a generic mUIicPM sianal is “ at discrete-timen and the corresponding state. We define
[19] P P g 9 a® = (a{",...,a\" )T as the vector of theX symbols
transmitted by user, and alsoa,, = (a%l),...,a%U))T as

} 1) the vector of all symbols transmitted at discrete-tim¢one

1A correct definition of the modulation index requires thatand p are

2F
s(t) =4/ TS exp {j [271' Z hic;q(t —iT)+ 6
i
relative prime to have a minimal trellis representation.itAgill be clear later,

Where E, is the energy Per sym_bolZ“ is the SYmPC" P€- the considered sequence of indices is chosen suchpthistkept constant
riod, {«;} are theM-ary information symbols{h;} is the whereask; is chosen randomly with the only constraint that cannot be

sequence ofV;,, modulation indices; = i mod N, q(t) ijs integer. Whenk; andp are not relative prime, we still use, for simplicity, a

h h hi h .. he f d trellis representation withy states although it could be reduced. This allows
the phase-smoothing response characterizing the tormait, ) always use the same trellis without the need to resort fne-varying

0 is an initial phase offset. The phase-smoothing responsaréis.



symbol per user), and = (af,...,ak )T, where(.)T de- support, the choice of a proper value df ensures that this

notes transpose. Similarly, we defiag, = (04", ...,o"))T approximation can be made good at will. The approximated
ando = (ol ,...,0% _,)T. We also define statistics can be obtained by extractiNgsamples per symbol

interval from the received signal (6) prefiltered by means of

2E§“) K-1 o low-pass filter which leaves unmodified the useful signal and
s )= T exp 220y haq(t—iT)+70"% (5) has a vestigial symmetry arour/2T [22]. The condition
i=0 on the vestigial symmetry ensures that the noise samples
the signal transmitted by userand, without loss of generality, are independent and identically distributed complex Gaass
we assume that all users employ the same valugs dff, L, random variables with independent components, each with
p. Ni, andhmax , hmax being the maximum value taken by themean zero and variangé = NoN/T [22]. An alternative (and
modulation index. We will also assume that all users empldpt approximated) set of sufficient statistics can be okthin
the same phase-smoothing respon&s. as described in [17]. We denote by, ,,, the m-th received
We consider an asynchronous multiple-access system onsafiple (withm = 0,..., N — 1) of the n-th symbol interval.
additive white Gaussian noise (AWGN) channel, so that thecan be expressed as

complex envelope of the received signal is U
Prm = Y 850, (@5, 0 () + wnm (7
U u=1
T(t):ZS@(Q@J—T@HW@ where, as mentioned{w, ,,} are independent and iden-
u=1 6 tically distributed complex Gaussian noise samples and
— s0a®, t—70) +ZU: D, ¢ — 70 4 () © (" o) (whose dependence ar?) and ol wil
=sAan =T _15 L WAL be omitted in the following) is the contribution of user
=7 to the useful signal component. In the following, we will
— T
Initial phase offset®(*) and delays-(*) are random variables denote byr, = (rno,7n1,...,7n.N-1) the vector of
. g . . the received samples in the-th symbol interval, byr =
uniformly distributed in[0, 27) and [0,T), respectively. For  + 7 T AT :
4 ; {ry,ri,...,r7_,)" the vector of all the received samples,
user/, the reference user, without loss of generality we Wlﬁ

(u) _ (w) _(u) (u) T i
assumed® = (O — 0. The thermal noise is a zero-mear"d PYsn” = (s, 0,8, 1,---, 5, y_1)" the vector collecting

circularly symmetric white Gaussian process with PSE,. the samples o_f the_ signal of usein the n-th symbol interval.
Fixing the indices denominatgris mandatory to keep con- When considering coded CPM schemes where the CPM
stant the number of the phase states, while fixing the maximdpgdulator is concatenated, possibly through an interieave
numerator allows every user to undergo the same spectjh an outer encoder (as an example, see [23], [24] and
spreading. Each user has a different sequence of randorﬁﬁff’rences therein), the receiver is usu_aIIy _based on a soft
generated modulation indices. The spectral spreadingndispe!Put soft-output (SISO) detector that iteratively exches
only on the range of values assumed by the modulati§Aft information with the outer SISO decoder according ® th
index—the larger this range, the stronger the spreadiregeff turbo principle. Regarding single-user SISO CPM detection
The number of modulation indices;, plays a role only in the little can be added to what already said in the literature (as
smoothness of the PSD. A CPM with high, will show a 20 €xample, see [25] and references therein)—the adoption
smooth PSD with small oscillations and no sidelobes (see @kmulti-h CPM signals here entails only trivial modifications
numerical results in Section IV). with respect to the case of singleCPMs or the adoption,

The number of users allowed in the system depends ifncase of simplified detectors, of the Laurent decompasitio
the total number of possible indices = phmax — |fimax] extended to multk signals [26]. As far as the optimal multi-

(where|z| denotes the maximum integer lower tha If we user detector (MUD) is concerned, it has a complexity which

impose the absence of overlaps, in a synchronous system '%8}%%%%&'%;? r:]jti?sg?(esrlgzjuégjl\sﬂaggtelcszt(t)?:Scz!\r:wfeaallicl)- be

maximum number of users would coincide with the numb&}€- . ) ) )
of possible indices conceived by extending those described in [17] for freqyenc
division-multiplexed CPM systems.

1) HIC-based receiverThe most trivial multi-user detector
. is that based on HIC [15]. The receiver for each user is
C. Multi-user Detectors composed by a SISO SUD, a SISO decoder, an encoder and a

Although not necessary in the derivation of the algorithmgjodulator. The SUD receiver for user estimates its own
since it applies unmodified independently of the employed deformation bits through a proper number of iterations of
of sufficient statistics, we will adopt, as in practical reee the soft detector and the soft decoder. If the estimated bits
implementations, an approximated set of sufficient stesist form a val?d codewor_d, this is re-encoded and re-modulated.
for MAP symbol detection obtained as described in [22]. WEhe resulting signal is then passed to the SUD detectors of
assume the useful signal component to be band-limited waH other users to allow the interference cancellation.nlhe
bandwidth lower tharV/2T, whereN is a proper positive in- ,_ o _

.. . . . . For its derivation, the reader can refer to [17, SectionA]ll.In fact,

teger. Altr_‘OUgh this is obviously an apprommatlpn n th.em_a.although [17] deals with CPM-based frequency-divisioriiplexed systems,
of CPM signals, whose PSD has, strictly speaking, an infinitie derivation holds unmodified in the case of SS-FH-CPMesyst

Umax:V.



this process of iterative soft detection/decoding, imtexfice The outputs of the SISO detector are the estimates of the
estimation and cancellation is iterated until a valid codelv a posteriori probabilities needed by the other users’ SISO
cannot be decoded. detectors to perform soft cancellation:

2) SIC-based receiversOne of the reduced-complexity - ¢
SIC algorithms with a very good performance available in (o). [r) o An (o)) Bua (0,11 GO O (12)
the CDMA literature is that proposed in [16]. Being based ojhere 4, (o) and B, (o) are the forward and backward
a Gaussian approximation of the MAI, the algorithm can hgessages of the BCJR algorithm.
obtained by replacing the probability mass function (PMF) 0 The S|C MUD is then formed by enhanced SISO
the interfering symbols with a complex circularly symmetriSUDS’ each of which computes the mean veq:tffl) and the
Gaussian probability density function (PDF) with the samg,yariance matrixd® for every symbol interval through (8)

mean and variance. In the following, we will denote byng (10), inverts@ﬁl% and then computes the branch metric
P(.) (respectivelyp(.)) the PMF (respectively, the PDF) ofiy (11 "Finally, it computes the a posteriori probabikitie
a discrete (respectively, continuous) random vector. p(ag) Ur(f)|r)} with (12) and passes them to all the other

Users will employ a SISO SUD each, and will exchangg|so detectors for soft cancellation. In the following,sthi
soft information to cancel out the interference. For theesak algorithm will be referred to as SIC1. Its complexity is

simplicity, let us considet/ synchronous users. We assUMgyadratic in the number of users [16].

the discrete-time equivalent channel for uééo be This algorithm can be simplified by neglecting the off-
diagonal elements oft") [16]. Consequently, the matrix
inversion results to be computationally less expensivéhat t
where >}, accounts for both interference and noise, that i$fice Of a performance degradation. This simplified detecto
' will be referred to as SIC 2 and has a complexity that linearly
u depends on the number of users.

i = 0+ 20,

szZn = szfT)nern,m. 3) FG-based receiver:This algorithm, proposed in [17]
u=l for FDM-CPM systems and based on the application of the
FG/SPA framework, derives from a suitable factorization of
The vectorzgf) = (zfﬁ), .. .,sz)Nfl)T is assumed Gaussianthe PMF P(«, o|r):
with mean vector,ugf) and covariance matrixﬁgf), respec-
tively, defined as P(a, ofr) o< p(rla, o) P(o|a) Par) .
U
Each term can be further factored as follows:
wy) = ®)
pts U K-1
P(e) =] ] P(es)
ﬁglu) — Z p(aglu)’ Ur(LU) |I‘)S§lu) (9) u;l n=0 ol
(@b o) Wy T W (W) (u
P(ola) = [T Ples) T] Plotiilal, o)
U u=1 n=0
20=3" 3 Plal? o9 ) (s (s — )" = d
2 a0 otlae)x ] Ao TT #00.of)
“ v n=0 u=1
+2¢71 where
wherel is the identity matrix,(.)” denotes conjugate trans- P(U,(Lﬁllafluﬁ o) oc IV (a,(:jzl,a,(l“), alw)
pose, and{P(a%“),oflu)h)} are the estimates of the a poste- Uu-1 U 1 ‘ .
riori probabilities provided by the single-user SISO datec Fo(an,0,) = H HeXp —?%[SJ)HS%”}}
related to the interfering user. The SISO detector for user i=1j=i+1
£, in the form of a BCJR algorithm [27], will employ the ) (o Hwy — 1% H(u)
following branch metric (dependencies are omitted for tiees n (o, o) = exp e {r” Sn } :
of notational convenience) Hence, we finally have
Gg)ocexp{Q%[sg)H@g?_l(r—ug?) —sg)H@g)_lsg)} (11)
U K-1
where#[.] stands for the real part operator anddenotes a  P(a, o|r) x H P(o—(()“)) H F.(an,0)
proportionality relation. Denoting by,(f)(o—fﬁl, o—,(f), a%)) the u=1 n=0

indicator function equal to one i\, o\ and Ufﬁrl satisfy

U
. (W) (W) Sy (W) _(u) () (u)
the trellis constraint for usef, and equal to zero otherwise, HH" (0, on ) " (o1, 007, 0) Plag”) . (13)
we define vt
The resulting FG, not shown here for a lack of space, has
cO "), 60,00y =10, 60, a9 P?). cycles of length four. As known, the application of the SPA



(2)
Pty
+ ) (2) (2)

i1 Optt)

P and then use them to compute the needed waveforms in each
symbol period. The same waveforms are also required to be
computed every symbol epoch or precomputed and stored for
the implementation of all MUDs as well.

With respect to traditional DS-SS systems based on linear
modulations, a much larger number of correlations has to be
1) computed. This is the price to be paid to have signals with con

stant envelope (and large spectral efficiency, as shown).late

However, we point out that a significant complexity reductio

can be obtained by extending the technique described in [25]

for singleh CPM signals to the case of mukiisignals using
Figure 1. FG corresponding to (13) after stretching vaeshbt" in the decomposition in [26] that allows to express a muilti-
(e, 04" and for U = 3. Circles and squares represent variable andignal as a sum of linearly-modulated components. In this
function nodes, respectively. case, the number of trellis states of the SUD is reducegd to

and also the branch metrics computation results to be greatl

gmplified.

(1) (1) Crr(3) (3)
H, I Hn}l[/r{l

(2)
n+14n+l1

j (2)
H//-L

]

3) _(3)
(“’71 ,0n )

3)
On O

to a FG with cycles allows an approximate (because of th
presence of cycles) computation of the a posteriori proba-
bilities {P(asl“)|r)} required for the implementation of the . o . . . .
MAP symbol detection strategy [18]. However, the presence 1h€ main quality figure we consider in this work is the
of shortest cycles of length four makes the convergenceeof tverall spectral efficiency) of the system. Since we are

SPA to good approximations of the a posteriori probabgitieonsidering a multiple-access scenario where all users sha
{P(a%“)|r)} very unlikely [18]. It is possible to remove the same bandwidth, the most intuitive way to compyiteis

these short cycles by stretching [18] the variabid¥ in to evaluate the spectral efficiengyof a reference user, and
(a%“),a,(l“)). In other words, instead of representing variabletQen defineyy = Un.
The spectral efficiency for the reference user can be com-

an’ alone, we define a new variable given by the coup ted as

(a%“), a,(f‘)). This transformation does not involve approxima-
tions, since the resulting graph preserves all the infaonat
of the original graph. The resulting FG, shown in Fig.1,
has cycles of length twelve. Since cycles are still presepfhere B is the bandwidth occupied by the CPM signal and
the SPA applied to this graph is iterative and still leads tp js the information rate of the user. CPM bandwidth is
an approximate computation of the a posteriori probaesiti theoretically infinite because the PSD of a CPM signal has rig
{P(a|r)} [18]. However, the absence of short cycles allowsrously an infinite support. Hence, we consider the tradtio
us to obtain very good approximations, as shown later. As thefinition of bandwidth based on the power concentration,
SIC2, this algorithm has a complexity which is linear in thénat is the bandwidth that contains a given fraction of the

Ill. SPECTRAL EFFICIENCY

- % Ibit/s/H2] (14)

number of users [17]. overall power. Being this fraction a parameter, we choose to
use thed9.9% of the overall power. This definition is coherent
D. Complexity considerations with systems where a limitation on the out-of-band power

, . _ ists. Ti te this bandwidth d the CPM
With respect to the optimal detector for a singleEPM exIs's. 10 cOmpUte this bandwidih We need mhe power

. . spectral density, which cannot be evaluated analytically i
signal, the SUD for a SS-FH-CPM signal has the same numt&%sed form but only numerically. The adopted algorithm is
of states (provided that the values pf M, and L are the the one proposed in [28] and [29]
same) and the same number of trellis branches. In order tor, ;

ovaluate the branch metrics. we need fNesampless ™ o compute the information raté for the reference user,
' pIESsy we can use the simulation-based technique described in [30]

of all the possmle waveforms that can be transmltteo_l N \Ghich only requires the existence of an optimal MAP symbol
syml_)ol period. These samples will be the_n co_rrelated with t}aetector for the considered system. Unfortunately, the-com
r%ce(%ed samples in a given symbol pepod, €., the prOdlﬁExity of the optimal MUD is exponential i/, making the
r,Sn’ has to b? computed. For a singlesignal, these evaluation ofl practically infeasible. Therefore, we can eval-
waveforms are)™ and can be precomputed and stored ifjaie an achievable lower bound by resorting to the concept of
a look-up table (LUT). On the other hand, for a SS-FHyismatched detection [31]. We can consider an approximated
CPM signal the number of possible waveforms also depengs,nnel model (the auxiliary channel) for which an exact MAP
on the possibleL-tuple of consecutive modulation indicesyympo| detection with affordable complexity exists—therao

n th_e sequence ONh mod.ulat|on |Irjld|cesLad0pted by thegimilar the auxiliary channel to the actual channel, thattg
considered user, which arein {N,, (;) } M*, although not o optained bound on the spectral efficiency.

all are em_ployed in the same tre_ll|s section. If this numiser i A< qone in [1], we approximate the channel model at the
too high, it could not be convenient to store them but couldcejyer sige by modeling the interference as a zero-mean
be preferable to_precompute and store the samples 0Lthe‘circularly symmetric white Gaussian process with P&y,

WaVGfOFmS{eXP [127”61(15 - Z'T)} } i=0,1,...,L—1,in (4) N, being a design parameter independent of the thermal noise.



S signal with a long index sequence is—intuitively speaking—

T N2 the average of the PSDs of all the singlesignals that use as
il index one of ther possible indices.

B. Overall spectral efficiency

We consider an asynchronous SS-FH-CPM system using
TR R a 2-RC frequency pulse)N;, = 16 andp = 8. Since we

are not interested in a particular sequence of indices but in
the average behavior of the system, we consider a packet
transmission (with1024 symbols per packet) and, for each

PSD (dB)

o - i
Tl | user, we change the sequence of indige$”} V"1 the time
140 - 5 o e o o - delay 7(*) and the initial phase offsét*) every packet. We
fr generate the indices in a quasi-random way. For the first user

we generate the index sequence randomly, while the segaience
of the remaining users are shifted versions (modulg,) of

the sequence of the first user. The shifts are chosen in order
to maximize the pairwise index distance defined as

This approximation is exploited only by the receiver, while

Figure 2. Power spectral densities for different singlend SS-FH-CPM
signals.

in the actual channel the interference is generated as in (6) d= Eﬁﬂl hgu) - hl(-v)
Hence, the considered auxiliary channel model is that for
which the received signal reads between each couple of users. Obviouglyemains the same
for i = 0,..., N, — 1. Using the maximum distance, the
r(t) = sO(t) + ¢(t) (15) correlations of all the possible couples of users are mirgahi

. . . . and our system becomes more similar to an orthogonal system.
where((t) is a zero-mean circularly symmetric white Gaus:

sian process with PSR(N, + N;). The simulation-based Finally, to remove the correlation introduced by the shift,

method described in [30] allows to evaluate the achievabfilerandom interleaver is used to scram_ble the S|mul_taneous
: : : . . indices among the users. In the following computations of
information rate for the mismatched receiver, i. e.,

spectral efficiency, we adopt as bandwidth definition thedban

1 (r’|aO7) _ width that contains th69.9% of the overall power. Changing
O p)= lim — piria )
™, r) _JILHQOJE{IOg p(r7) [bit/ch.us¢ (16) i< gefinition would obviously cause a quantitative, but no
. . qualitative, variation of the results.
where we used the superscripto remark that a sequence is | . .

e T (0)J 7 n order to make some comparisons with the proposed SS-
truncated to its first’ elements. In (16)(r” |a'9”) andp(r”) . . . .
are probability density functions according to the aujlia FH-CPM system, we first consider single-user systems using

b nty Ity tunct ng URyl binary singleh CPMs with a2-RC frequency pulse antl <

channel model (15), while the statistical average is witipeet 1, as traditionally done in literature. There is no interest i

to the input and the output sequences evaluated accordingto . . . ; .
the actual channel model (6). Bogi(r’|a(®7) and p(r’) 91:0n5|der|ng singlér systems withh > 1 because they have

: .a larger bandwidth than those with< 1 [19], resulting in a
can be evaluated recursively through the forward recursipn - spectral efficiency. For the singlesystems the signal

of the MAP detection algorithm matched to the auxma%andwidth strongly depends dn (as shown in Table ), and
channel model [30]. The mismatched receiver can assyre | oos the spectral efficiency '

communication with arbitrarily small nonzero error probiap

when the trans(gussmn rate at the CPM modulator input does (R (1B [ 38 [ 12 [ 55 [ 75 ]
not exceed (o', r) bits per channel use. (BT 004 128 | 162 ] 1.87 [ 2.12 |
Table |
IV. NUMERICAL RESULTS BANDWIDTHS OF SINGLE-h 2-RC CPMs WITH DIFFERENT MODULATION
INDICES.

A. Power spectral density

In order to describe the spectral behavior of the proposed
system, we consider three different binary CPM signalsgusin Hence, we chosé = 1/8, h = 3/8, h = 1/2, h = 5/8,
the 2-RC pulse and show their PSDs in Fig. 2, computed bypd » = 7/8, and compared the corresponding spectral
using the technique described in [28], [29]. The first sigeal efficiencies versu&), /Ny, E;, being the received mean energy
a single# signal withh = 3/8. The remaining ones are SS-per information bit, with the overall spectral efficiency tbe
FH-CPM signals withh < 5 and characterized by sequenceSS-FH-CPM binary system withmax = 39/8 andU = 37
of modulation indices of different lengthy;,. It is possible to asynchronous users. The number of udérbas been found
see that increasing the number of indices the PSD becomeaximizing ny (via numerical simulations) as a function of
smoother. Moreover, the sidelobes disappear (since threre @ and the interference variand€; assumed at the receiver
no frequency notches) and are replaced by a small rippls. Tfor a fixed signal-to-noise ratio (SNR) value. As it can be
spectral behavior is not surprising, since the PSD of a CP&éen in Fig. 3, the SS-FH-CPM system has a better spectral
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Figure 3. Spectral efficiencies of the consideeRC binary SS-FH-CPM Figure 4. Spectral efficiencies of the conside2eRC binary and quaternary
with N, = 16, p = 8, hmax = 39/8, and of different singld+ 2-RC CPMs SS-FH-CPM with N, = 16, p = 8, hmax = 39/8, and the same systems
with h =1/8, h =3/8, h=1/2, h =5/8 andh = 7/8, respectively. For with double bandwidth /max = 79/8). All curves have been obtained with
the SS-FH-CPM signal, we used the (suboptimal) single-dsé&zctor. a single-user detector.

| format | hmaxy [ BT. | BT |

efficiency than all single-user singlesystems for medium to

. o SS-FH-CPM] 311/8 | , | 38.25

high SNR values. At low SNRy is in the same range of GiluRe 51 162 13883

values as the single-spectral efficiencies. According to the MuLa 18 2.21 | 39.78

well-known results in information theory, the curve in F3g. Mu 44 0.88 | 38.63

can be approached, even with > 1, using a SUD and a Table Il

proper Channel Code_ PARAMETERS USED TO COMPARE DIFFERENT SYSTEMS WITH THE SAME

In traditional DS-SS systems, the number of users that BANDWIDTH BT = 38.

maximizes the global spectral efficiency linearly depends o
the total occupied bandwidth. Since in the proposed system h b ¢ h has b imized
the theoretical results obtained for linear modulationsnca 1 N€ number of asynchronous users has been optimized,

be used, we will show via numerical simulations that thi}aomtly with the interference varianceVy, for all systems

dependence is approximately linear also for the sS-EH-CBM order to maximize the global spectral efficiency. For the

system. In Fig.4 we show the optimizeg: of the SS-FH- CILURE system we have chosen teRC format (for a
CPM system considered before, and the optimizedof a fair comparison with thc_—} proposed SS-FH-CPM system) and
system with the same parameters but doubled bandwidth (i/&1dom chips as described in [4]. For the MuLa system we
a higher value ofinay). For comparison, we show the sam@ave_ phosen a roll-off factoa_ - 0 since _'t is the value
curves also for two quaternary systems. It is clear from&#bl providing the best spectral efficiency [8]. Finally, for thvu

and Fig. 4 that doubling the bandwidth allows (approxirr}atelSyite"_1 we used the same parameters used in [9pi-e.1/3,
doubling the number of users. Moreover, optimized binagf)’. Primary iterations 10 secondary iterations and random

systems outperform optimized quaternary systems. initial binary chips. The results reported in Fig.5 showttha
our proposed system outperforms all other systems.

[ M ] 2 [ Z | Finally, in order to show that it is possible to approach the
hmax || 39/8 | 79/8 | 39/8 | 79/8 performance promised by the information-theoretic anslys
BT || 6.03 | 12.25 | 15.43 | 30.31 we show the information rates fof = 3, 6, and 9 synchronous
Table Il users (Fig.6) and the corresponding BER curves (Fig.7)
BANDWIDTHS OF 2-RC CPMs WITH Nj = 16 AND p = 8. obtained with rate-1/2 convolutional code with constraint

length 5, generatorR, 32)s and codewords of lengtB4000
information bits, concatenated with the modulator throagh
This last result is the reason why in the following we wilrandom interleavet.For both figures, the interference variance
discard higher order modulations and focus only on binarfy; has been optimized through numerical simulations. The
modulations. Therefore, a comparison among the SS-FH-CPierleavers (one for each user) used in the BER simulations
system and other binary systems, namely those proposedave been generated randomly. At the receiver, iteratitecee
[4], [8], and [9], named in the following GiLuRe, MuLa, andtion and decoding is performed for a maximum of 20 allowed
Mu, respectively, is needed. We fix the total bandwifth ~ iterations. As it can be observed, f6f = 3, the loss with
38 for all the four systems and chose the spreading factaespect to the information rate curve is around 1 dBlfoe 3,
of GiLuRe, MulLa, and Mu systems, and the valuegfax
for the proposed system accordingly. The resulting pararset Sitis clear that the larger the number of users, the lowerrf@mation rate
. . . of each user (see Fig. 6). Hence, for a high number of usermtbenation
are shown in Tablelll, where is the spreading factor and

h : ) rate of each user is very low. For this reason, in order to eynpbdes with
T, =T/~ is the chip period. a rate sufficiently high, we consider a limited number of as@t most 9).
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Figure 5. Spectral efficiencies of the propose®RC binary SS-FH-CPM Figure 7. Bit error rate of the proposedRC binary SS-FH-CPM with
with Nj, = 16 and hmax = 311/8, GiLuRe 2-RC system withy = 24, Nj = 16 and hmax = 39/8. U = 3, U = 6, andU = 9 users have been
MuLa system withy =18 anda = 0, and Mu system withy = 44. All  considered.

curves have been obtained with a single-user detector.

12 ‘ For the suboptimal multi-user detector described in [17],
= s the performance also depends on the adopted scheduld. Seria
) el —— or parallel schedules are usually considered in the lileeat
Since the difference in performance is practically negligin
- 0° s this scenario of users transmitting at the same power, we onl
2 /z/ consider the parallel schedule. In this case, at eachiteralfl
g % =g o users are activated simultaneously. The computed sofft:tait
- )Z/ il h ided to the other users for the next iteratiah an
o 7 are then provide
gy/ after deinterleaving, to the decoders.
02 Vi Since SIC 1 and SIC 2 detectors show the same performance
ﬁw when the users are uncorrelated (or weakly correlated) [32]
o . . " . . e we decided to introduce a correlation to point out the differ

behavior of the two algorithms. Therefore, we generated the
index sequence for user = 1 randomly, and from that we
derived all the other sequences as

Eg/N, (dB)

Figure 6. Information rates of the propos2dRC binary SS-FH-CPM with
Ny = 16 and hmax = 39/8. U = 3, U = 6, andU = 9 users have been () (1)
considered. All curves have been obtained with a single-dstector. h,” =h;’ +

u—1

. If hE“) is an integer then we changed its valuehfr]l) +u/p.
2.dB forU = 6, and 3 dB forU = 9, despite the use of a|n other words, the modulation indices of all users are close
very simple coding scheme [23]. An extensive search of the each other as much as possible. The performance of the
optimal convolutional codes for the three cases would &irthconsidered detectors is shown in Fig. 8. The HIC algorithm
improve the BER performance (in particular for the systeigerforms as the SUD because the interference prevents a cor-

with U = 9). rect bit estimation, which implies that (almost) no caratidin
is done.
C. BER with equal powers The SIC 2 algorithm performs much better than the HIC,

bH}, as expected, even better does the SIC 1. However, the FG-

o It?m(;rldl\ejlrutgsas;:scsoahge dg;r;o;m;n dcee dogsﬂ_]EHquDCI\r/:b:dsé %r')ﬁ';lsed receiver has the best performance because the Gaussia
b ' . ) >y approximation of the interference is not accurate with only
with U = 3 synchronous users using binarg-®C CPM with

p = 4 hmax = 19/4, and Ny, — 8. All users have the Sametwo interferers. To see the SIC algorithms outperform the FG

() based receiver, we should consider a much higher number of
energy per symbol (i.eks; "’ = E,, u = 1,2,3) and employ USers

the (64,51) extended Bose, Ray-Chaudhuri, Hocquenghem

(eBCH) code with rateR = 0.79 and codewords of length ]

1024 bits described in [24], serially concatenated with thE- BER with unbalanced powers

modulator through art-random interleaver, withS = 22. We also considered the case of unbalanced powers in a
As a benchmark, we consider the BER of a SUD with=3 system with the same characteristics and parameters as¢he o
users and the BER of a SUD in the absence of interferendescribed in the previous section. Without loss of gentgrali
(U = 1 user). Again, we optimized the noise variance assuma@ chose to order the users in a decreasing way according
by each detector and allowed 20 detector/decoding iteratioto their energy, i.e.,E§1) > E§2) > ... > E§U). We



1 determine the optimum sequence sets is available [35]. More
) s e 55 recently a new approach to the optimization problem has been

10 \\‘\‘ carried out by exploiting mathematical tools coming frore th

102

10°

game theory [36].

Nevertheless, none of these techniques can be applied
to CPM-based systems because of the nonlinearity of the
modulation format. In linearly-modulated CDMA systems th
waveforms are independent of the information symbols and
depend only on the signature sequence of each user. On the
contrary, in CPM-based systems the waveforms depend in a
nonlinear fashion not only on the index sequence, but also on

A all transmitted symbols because of the modulation memory.
Ey/No (0B) Therefore it is no longer possible to assume the orthogiynali

condition as an optimality criterion because symbols and
Figure 8. BER performance of the SUD and different MUDs inthee of a Waveforms are no more separable. Therefore, even though it
binary 2-RC system withU = 1 andU = 3, N; = 8, p = 4, hmax = 19/4, might be possible to further investigate this issue, therad
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and a(64, 51) eBCH code with ratefz = 0.79. evidence that a simple (or, at least, a practical) solutiene
exists.
10°
RDE-4-H-53--4-Ba-Ba-BR-R- R R-R-R-R-BRHRR
0t P T . V. CONCLUSIONS
102 N\’\ We proposed a brand new technique allowing to use multi-
h CPM in CDMA systems. Tuning the highest value the
& o0 K modulation index can assume, it is possible to set the sgectr
“ % spreading of the CPM signal. PSD smoothness is reachable
104 using a long enough sequence of modulation indices. Binary
I & multi-h CPM-based system outperforms a similar quaternary
10° H X U5 eica T L X system and other alternative solutions proposed in thealite
ﬁ Bzg Elcgbzased ture.
10° . 5 3 4 c o In a multi-user scenario, the proposed system can sur-
Ey/No (dB) pass the spectral efficiency of a single-user sirtgkgystem,

whereas the BER performance can be improved by a subop-

Figure 9. BER performance of the SUD and different MUDs in ¢thse of timal multi-user detector.
an unbalanced binar3-RC system withl = 1 andU = 3, Nj, =8, p =4,
hmax = 19/4, and a(64,51) eBCH code with rateR = 0.79.
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