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OverlappingM-ary Frequency Shift Keying
Spread-Spectrum Multiple-Access Systems
Using Random Signature Sequences

Lie-Liang Yang,Member, IEEE,and Lajos HanzoSenior Member, IEEE

Abstract—In this paper, a multiple-access spread-spectrum In multiuser communication environments, however, research
communication system using binary frequency shift keying has been focused on DS-SSMA and hybrid DS-SFH SSMA
(BFSK) or ~M-ary frequency shift keying (MFSK) and gygtems due to their multiple-access potential. In the context of

noncoherent demodulation is considered. In contrast to previous . . .
work typically assuming that the frequency shift keying (FSk) DS-SSMA and hybrid DS-SFH SSMA subjected to multiple-

tones are nonoverlapping after direct-sequence (DS) spreading, @ccess interference, [4] and [7]-[11] analyzed the performance
here we consider a spread-spectrum multiple-access (SSMA)of binary and AM-ary frequency shift keying (FSK) using

system under the assumption that the DS spread signals of noncoherent demodulation. Their analysis was based on the

different FSK_tones are only orthogonal over the information assumption [4] that the frequency tones are at frequencies of
symbol duration. Consequently, the frequency band of a A — 41 —1 for BESK dm — 1.2 M
spread FSK tone may be fully or partially overlapping with Je +mA (m = +1,-1 for » andm = 1,2,---,

the other spread signals. An estimate of the variance of the for MFSK) with A > T!, where T is the signaling
multiple-access interference is obtained by assuming that the interval duration, and that the interference among the FSK

phase angles and time delays of the received signals are mutuallytones of a given signal can be considered negligible. In other

independent random variables, provided that random signature ;s the frequency tones used for signaling were spaced far
sequences are employed for spreading. On the basis of the above !

assumptions, the bit error rate (BER) of our DS spread-spectrum apart. .in comparison to the signgling rate or Baud rate. 'V'f?re
multiple-access (DS-SSMA) and that of our hybrid DS slow SpPecifically, in the above-mentioned references concerning
frequency-hopping spread-spectrum multiple-access (DS-SFH BFSK and MFSK the approximations to the bit (symbol) error

SSMA) systems using FSK modulation is analyzed, when the probabilities were derived by assuming that> 7.7 and
channel impairments are consfituted by a combination of ha¢ the effect of the sidelobes of the DS spread FSK tones

additive white Gaussian noise (AWGN) and multiple-access . . 1 .
interference. From our analysis and the numerical results, we [OF frequencies outside thig"-related range was negligible,

concluded that, for a given system bandwidth and for a certain WhereZ,, was the chip duration of the spreading sequences,
value of M, the system’'s BER performance can be optimized as noted for example in [4] and [8]. These assumptions

by controlling the amount of overlapping and that the systems jndicate that the main lobes of the frequency tones remain
with optimized overlapping outperformed the systems using nonoverlapping even after DS spreading.

no overlapping. However, due to the inherent properties of pseudonoise
Index Terms—Frequency shift keying (FSK), slow frequency sequences, the orthogonality of the system is not affected by
hopping, spread-spectrum multiple access. direct sequence spectrum spreading [12] and the spread signals
are required to be orthogonal only over the frequency range
|. INTRODUCTION related to the reciprocal of the symbol duration, i.e., dvet,

. rather than over the reciprocal of the DS chip duration, i.e.,
READ-SPECTRUM multiple-access (SSMA) schemes o 71 "\once for BESK and MESK DS-SSMA systerss,
ave received considerable attention and have been pro- : ; 1 o

. . : S . Is only required to be wider thah~ after DS spreading, i.e.,
posed for use in a wide variety of applications, in orde

. . . > L. is impli [
to mitigate the different problems encountered over different = r AIthough this implies that there is a strong spect.ral
L . o . .~ “overlap of the different frequency tones after DS spreading,
communications media [1], [2]. In addition to its multiple-" =" " : .
. . X . which increases the multiple-access interference, however, for
access potential, SSMA is also capable of combating various

types of interferences. The most commonly used forms a_given overall system bandwidth of each frequency tone the

SSMA are direct-sequence SSMA (DS-SSMA) [3], [4] fre_BfS spreading bandwidth can be increased, which potentially

quency hopping SSMA (FH-SSMA) [5], [6], and hybrid DSMProves the system's performance.

g . - N In this paper, we consider a general DS-SSMA or DS-SFH
slow frequency-hopping SSMA (DS-SFH SSMA) [7] [11]'SSMA system with BFSK or MFSK modulation, in which the

. . . . _ FSK tones after DS spreading are required to be spaced wider
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DS spread frequency tones and to minimize the effect of the g5

T T T T T TrTTTY [T T T T [ T T T

multiuser interference. Although the overlapping main lobes | W, . ' i
and sidelobes of the FSK tones after DS spreading increase ,, | Wos ¢ N
the interference inflicted upon the reference user, nonetheless, ©

the numerical results in Section IV show that an enhanced bit
error rate (BER) performance can be achieved by optimizing
the amount of the spectral overlap of the spread FSK tones.
The remainder of this paper is organized as follows. In %2[
Sections Il and Ill, we are concerned with the bit error prob- -
abilities of DS-SSMA and hybrid DS-SFH SSMA systems, 0.l |-
under the assumption that the FSK tones after DS spreading |
are only spaced wider than the reciprocal of the information
symbol duration, i.e.. 7! or 7' for BFSK or MFSK,
respectively. The performance of these systems is compared
in Section IV by assuming a constant total system bandwidth.
Similarly to [4] and [7]-[11], we assume that the channel
impairments are a combination of additive white Gaussia@m. 1. Frequency spectrum of DS spread-spectrum signal with binary FSK
noise (AWGN) and multiple-access interference. We algepdulation.
assume that all transmitted signals have the same power at

the receiver, i.e., ideal power control is used. We note thﬁ’rtobability instead of the sef+1,—1}. In addition, the

in order to make the paper more readable we consolidaigd gyration 77 has to be replaced by the symbol duration
the more detailed mathematics in Appendixes I-IV, easing _ 7 log, M for the data sequence. Furthermore, the

the readers’ passage through Sections Il and Ill to the m‘?fésumption ofA > 7! stipulated for the BFSK system
informative part, namely, Section IV. should be replace_d b > 7oL,

03—

20 0 0 10 S
Frequency Spectrum of DS spread BFSK Signals

IIl. SSMA SYSTEM WITH DS SPREAD-SPECTRUM SIGNAL o ) ) )
B. Restrictions on the Signal Design and Analysis

A. The Transmitted Signals In Section 1I-A, we made the assumptions that- 7°—* for

- —1

Our model for the asynchronous DS-SSMA system resefit€ Pinary FSK DS-SSMA system anl > 7, for the M-
bles that of [4], where BFSK and MFSK modulation schemé¥Y FSK DS-SSMA system. In order to optimize the spacing
with noncoherent demodulation are employed. Fiteuser's of the DS spread FSK tones and consequently to minimize the

(1 < k < K) transmitted signal for the BFSK system can pAultiuser interference inflicted to the signal of the reference
exp_ress_ed as user, in the following analysis, we impose the restriction

of A = (i/T) or A = (i/T,), where the integei obeys
sk(t) = V2Pa(t) cos{2r[f. + be()AJt + 0x (1)}, i > 1 following A > 7T=! or 771, Using this restriction, the
1<k<K (1) optimized spacing of the DS spread FSK tones can be found
by optimizing the value of, an issue which will be analyzed in
where f. is the carrier frequency an@ is the power of gection IV. The frequency spectra of the DS spread BFSK and
the transmitted signal. The signature wavefarpit) consists MESK signals are shown in Figs. 1 and 2, respectively. We
of a sequence of rectangular pul&f'g) of duration7. for assume that the total system bandwiiith (Hz) is a constant
I, <t < (I + 1T, and has amplitudes of-1 or —1 and(W,/Wy) = N > 1, wherelW, (Hz) represents the binary
with equal probability for the random signature sequenceaseband signal’'s bandwidth andis an integer representing
considered in this paper. Thgh user's data signdl,(t) is a the total spreading gain of a DS-SSMA system using binary
sequence of mutually independent random variables with upibdulation. This assumption is readily applicable in practice,
amplitude, positive and negative, corresponding to rectangudiice the signal bandwidth after spreading is usually much
pulses of duratiori’. Again, we assume thath > T~ so higher than that of the original information signal.
that the spacing between two FSK tones after DS spreadingBased on the above assumption, it is plausible that, for the
becomes wider than the reciprocal of the symbol duratioBPSK DS-SSMA system of [3] or for the DPSK DS-SSMA
The waveformdy(t) is the phase introduced by thigh FSK  system of [4], the bandwidth expansion factor, defined as the
modulator, that is, ifbgk) = m for m = +1 or —1, then DS bandwidthiW s (Hz) divided by the baseband information
0,(t) = bk for IT < ¢t < (I +1)T, whereby, ,,, is the phase signal’s bandwidti¥, (Hz) is N, since each DS spread BPSK
corresponding to the frequency torfe+ mA. signal or DPSK signal occupies the whole system bandwidth.
For an MFSK rather than BFSK system, the transmitteddowever, for the BFSK and MFSK communication systems
signal is expressed also as in (1). We only need to modiépnsidered here, the DS spread signals activate different fre-
the BFSK model in a straightforward fashion in order tguency tones according to the transmitted information. Hence,
account for the fact that the information sequencédsary, the bandwidth expansion factor of each BFSK and MFSK tone
rather than binary and, hence; takes values from the setis typically lower than that of BPSK and DPSK, when using
{1-M3-M,--,-1,1,---,M — 3, M — 1} with equal a constant total system bandwidth, which is a consequence
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.5 [P e e model, and an estimate of its average error probability can
L W | be obtained from the results, which will be derived in this

) paper, simply by replacing with N/2 or (N/M)(log, M)

and ignoring the effects of the interference from the spectral
sidelobes of the interfering signals.

04

0.3

C. Receiver Description
0.2
Let us assume that we want to receive the signal transmitted

by the first user which is treated as the reference user or
reference signal in our analysis and that the receiver is capable
of acquiring perfect time-domain synchronization. We use a
receiver structure that is optimum for the AWGN channel.
However, since in our system all users communicate over the
s o e 0 0 e e s same frequency band, there is multl_ple-acc_ess mterference in
Frequency Spectrum of DS spread 8FSK signals addition to the AWGN, rendering this receiver suboptimum.
_ _ _ Nevertheless, we evaluate its performance next.
Fig. 2. Frequency spectrum of DS spread-spectrum signal with 8-ary FSK g, binary FSK modulation, thé users’ signals in the
modulation. . !
form of (1) are transmitted asynchronously over the AWGN

. ) channel, where the received signdt) is given by
of the orthogonality of different frequency tones at least

over the reciprocal of the information symbol duration. From

0.1

0.0

-0.1

K

Fig. 1 we can infer that the bandwidth expansion factor of r(t) =s.(t) + Z su(t =) +n(t) (4)

a DS spread BFSK tone is given byg = (Wps/Wy) = =2

(W, — 2A)/W,). SubstitutingA = (i/T), Wy = (2/T), si(t =) = V2Par(t — 7x)

and using(W,/W,) = N, we obtain - cos{27[fe + b (t — ) Al + @i (D)},
Ng=N —i. @) 1<k<K (5)

For MFSK DS-SSMA, the bandwidth expansion factor of ¥neré ¢i(t) = 6u(t) — 2r[f. + bi(t — m)Alm, n(t) is
DS spread MFSK tone can be similarly computed®y, = the channel noise, which is assumed to be a zero-mean
(W, — 2(M — 1)A)/W,) with A = (i/T,), Wy = (2/T,). stationary Gaussian process with double-sided spectral density
Using (W, /W) = N(log, M) for data sequences with a bitOf No/2; Tk.,2 <k S. K are the time deIay; relatlvg to_ the
duration of 7" and with the chip rate fixed t@; ! = N7 1, reference signal, which are modeled as uniformly distributed
Ny, can be simplified to ¢ independent random variables ojérTT].
. For noncoherent reception and a correlation receiver
Ny =N logy M —i(M —1). (3) matched to the reference user’s signal, during the reception of

As shown in Figs. 1 and 2, there is an overlap of the specff} data bit the in-phase component of the two quadrature

associated with different FSK tones. However, since th&j@nches is given by Fig. 2 of [4], which is redrawn here in
7. 3 for convenience, yielding

are spaced wider than the reciprocal of the symbol durati
the signal associated with each FSK tone can be recovered, T

as long as the channel does not violate this condition. We Zem :/0 r(t)ai(t) cos[2n(fe +mA)t] dt (6)
will show that, although the spreading-induced overlappin\g en assuming a rectangular chip waveform ane- 41 —1
implies that there is interference amongst the FSK tones, whi Il? d b 9 h gd P & ? I'
aggravates the multiple-access interference, nonetheless”ﬂ‘n%r ertoo ta|n.t € qua rature component,,, we simply
system benefits from the increased spreading gains. From | acecos(") by sin(-) in (6). Fro”.‘ (23). of Appendix |, the
and (3) we can infer that the bandwidth expansion fackgs, bve expression of; ., can be simplified as

is larger thanV/2, when1 < ¢ < N/2, and Ny, is larger than P

(N/M)(log, M),if 1 <i< (N/M)(log, M). However, for Lem = \/j T

K
Den+ Y Ien(ks 1)+ N | (7)

a conventional system, where the main lobes of the FSK tones k=2
remain nonoverlapping even after DS spreading, the largegiere
possible bandwidth expansion factor for each FSK tone is Do = (bg,m) €08 om )

N/2 or (N/M)(log, M) for the BFSK and MFSK systems,
respectively, since, in these systems the largest mainlobgsthe desired signal componetby, m) = 1 for by = m,
bandwidth occupied by the spread signals equalsiigil. otherwise§(bg,m) = 0 and ¢, is the phase angle of the
Actually, the bandwidth expansion factéfz or N, of the reference signal whet, = m. Furthermore
spread-spectrum system using overlapping toned/j& or -1

(N/M)(logy M) if i = N/2 or (N/M)(log, M) for BFSK  _ < \/f T) / n(t)an(f) cosf2zm(fo + mAY] dt
or MFSK, respectively. Consequently, the spread-spectrum’ 2 0

model with nonoverlapping frequency tones is included in our 9
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T 0,1,---,M — 1 instead of+1, —1. Furthermore, in (7) and
[ f Zedg | o (9)-(12), T has to be replaced b{, = T(log, M) for
% : an information sequence with constant bit duration 7af
o (1) cosf2n(fu + A)E) " the variance ofN. ,, by (2E, log, M/Ny)~* and by by
B the M-ary symbolby, o. In (10)—(12),6*) and 5* have to
?':TZSJ . be replaced by the\/-ary symb_olsbg\’}?_1 and bgw)o, which
? J ﬁ O are assumed to take values in the range{of— M,3 —
(%) (k)
- s (£} sin[2n(fo + A} M,---,—l,l,-- M3, M 1}. Last, ] andyg ’ must be
] Oz replaced by<p _, and <pMO, which are the phase angles of
t=T the kth user relatlve to the reference signal for the transmitted
4.?_> i Zal data symbolsy | and b{?).
[ ay () sin[2n(f. — A)] 7z D. Average Bit Error Probability
(=T In this section, the BER performance of the binary ddd
I _f Ze ()2 ary FSK DS-SSMA system will be evaluated by assuming
% that all interferences are Gaussian distributed and treated as
a1 (1) cos[2n(Jo — A)] additional noise. The interferences from different users are

treated as mutually independent random variables.
Fig. 3. Receiver for a DS-SSMA system employing binary FSK modulation. For BFSK modulation, the interference term due to itfe
user’s signal can be approximated as a Gaussian distributed

is a normally distributed Gau55|an random variable with zeV@”able with zero mean, while its variance conditioned on
mean and a variance ¢2E, /No) ! [4], where E, = PT is <k, &1 IS given by

the transmitted signal’'s energy per bit. The interference term 1 o
due to thekth user’s signal is defined by Varlem(k, L o, 21)] = 75 [r(@r) +5(38)] (13)

where x;, and ;. are related to the data bits transmitted by
userk and are defined as;, = b(_’“l) —m andzy = bé’“) -
where ¢ ) and (p(k) are the phase angles of thigh user accordlhg to (11) and (_1_2) and (29) and (30), respectlvely, of
_ ) 8@ Appendix Ilk. Thek quant|t|es/(a:k)kandfy(a:k) are the variance
reIatn(/e) to the reference signal for the transmitted datab of R b(_) ( )] and £, [ﬁ“b( )7<p0 )] for the given bits
andby . They are independent, identically distributed (i.i.d. g(fl) and b(()k)7 which are computed by considering, (_kl)
random variables uniformly distributed ov@ﬂ, 27]. In the nd o® mutually independent random variabl ver
spirit of [3], the termsR.[r,, b*), o*)] and R.[ri,, 05", o] and wo - @s mutialy independent random variabes ove

are continuous-time partial cross-correlation functions defineé)agﬁéo(%rg[if'r:s;\éﬂaiflﬁ)isélttgtgg; k;n?jngeyn(;’a)erfirr?gmthat

1 4
Lem(k, 1) = 7 {Relri, 84, oM+ Relri, 6" 0”1} (10)

(k

by A= (/T), @=(T/T.) = Ng,and Ng = N — ¢, we can
Rufre b o] = / a1 (Dan(t — 12) simplify (13) as
Var[l. (K, L; 25, &1
Cos{27r[ ( — m]|At + o } dt  (11) N—i/1 L i
Bl 30,0 422 <x_§[ Smc( - tﬂ
Re[ri, by "0 '] = ar(t)ar(t — &) L
Tk -I-i [1 - SinC(zmckZ)}) (14)
ccos{2a[b{ —mlat+ oy dt (12) 22 N—i

for 0 < 7, < T. However, they are different from thoseWheresinc(z) = (sin(x)/x).
defined in [3], hencel,. .,(k, 1) in (10) cannot be evaluated by L€tz andz; of (14) be replaced by andy, and compute
the conventional method of [3], [4], in which the interferinghe limit hmw—>g Var[lem(k, 1;2,y)]. Then we find that
signal employs the same frequency tone as the desired sigtia. variance ‘of the interference from then user equals to
It follows namely from these references that the variance of th¢3(N — ). This is the variance, when a reference signal
multiple-access interference from usgecan be approximated is totally overlapped by théth interfering signal, that is
by 1/3N, where N is the bandwidth expansion factor, unless®*) = y; and 5"’ = m. In addition, wheni = 0, then all
b(’“) m and b(’“) =m in (11) and (12). the frequency tones are fully overlapped, which only happens
The quadrature componet, ,,,.(m = +1,—1) can be when BPSK or DPSK baseband modulation is employed.
obtained from the in-phase component, if we replasg-) Hence, the spectrum of the modulation scheme occupies
by —sin(-) in (7)-(12). the whole system bandwidth all the time. Consequently, the
For MFSK modulation the output of the in-phase branchariance of the interference from an interfering user’s signal is
of the receiver matched to the reference signal is also giverduced tol /3N, which is a typical approximated value used
by (6), wherem takes values of2j — M + 1) with j = for performance evaluations of DS-SSMA systems.
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The variance given by (14) is conditioned a@p and #, When independent information sequences are concerned, then
which are related t<b(_kf andbé’“). Below the variance will be Var[l. ,.(k,1;xx, %)) can be averaged by considering all
averaged by consideririgf“l) and bé’“) as independent randomPOSsible values af;. and:; for A different frequency tones
variables, which take values from the set pf1,—1} for of the reference_ S|gr_1al. However, it is cumbersome to_do this,
BFSK and from{2j — M +1,j =0,1,---, M —1} for MFSK when M is a high integer. Hence, below we only aim for
with equal probability. computing the upper bound and the lower bound of the average

For BFSK, the information sequence is an independeY@lue of Var[L. ., (k, 1)]. _
random variable with unit amplitude, as noted in Section II- From Fig. 2 we infer thavax(L. ., (k, 1)] is upper bounded,

A. Hence,z;, andzy, in (14) take values of —2,0} or {0,2} when the reference user activates frequency tgpes\, since
with equal probability for the values of. = +1 or m = —1. these two frequency tones are overlapped byithaumber of

As a result, Var[I,(k,1)] can be obtained by averaginglegitimate frequency tones with a maximum overlapping area
Var[L. m(k, 1;“755’;)] for the z;, and &, values of {—2, 0} from both left and right because the frequency tones’ sidelobes

and {0, 2} for the values ofn = +1 and —1 close to the main lobe have not decayed to a low value. Hence,

the upper bound can be expressed as [see Appendix Il1]
Var[l. (k1
Hemif, 1) Var[l, . (k, D]v

=1 N varlom(k, ek, &) _ L { 1
@, €{—2,0} N M | 3(N logy M —i(M —1))
N log, M —i(M-1)
+ ar{Le (k. 1 2. : 2me M
[ Z var[lem(k, 1; zx wk)]] . o M
@, 8: C (0,2} m=—1 - |1 — sinc -
(15) N log, M —i¢(M —1)
M N log, M —i(M —1)
SubstitutingVar[Z, ., (k, 1; 2., &1)] from (14) into (15) for all + 3 g24 T
possible values of; andzy, the result is computed as A=1 AT
. 4 A
B 1 N —1¢ ~|:1—SiIlC< - )}}
Var[-[c,rn(ka 1)] - 6(N — 'L) + 167T2i2 N 1Og2 M — 'L(M — 1)
L (19)
. [1 — Sinc< )} . (16) )
N —1 By contrast, Var[I.,(k,1)] is lower bounded, when the

As noted in Section II-C,N.,, is a normally distributed '€férence user activates frequency tongs+ (M — 1)A
Gaussian variable with variance d@2E,/Ny)~!, and all Since these two frequency tones are overlapped byithe

interferences are treated as additional noise. Hence, accordiHg!Per of legitimate frequency tones of the interfering signals
to (7) the normalized variance &, ,,, can be computed by with a minimum overlapping area because in this case the

0% = (2E,/No) t+(K —1) Var[l.(k, 1)] or alternatively frequency tones’ sidelobes have decayed to a lower value due
as B to their higher frequency-domain separation. Therefore, the
- lower bound can be expressed as [see Appendix 1V]
2 b
=) e Var Lok, Dl
< 1 +N—i[1 Sic< 4 )D 1 1
. " " — Sl " . = —
6(N —1) 16w N —1 M | 3(N logy, M — (M —1))
17) _
& N logy, M —i(M—1)

The normalized variance of the quadrature-phase component T Z STZ 22
Zsm can also be obtained according to the method above, A=1
resulting ino?,, = o2 . L 47 i

Finally, the bit error probability of the BFSK DS-SSMA TR log, M —i(M —1) ’
system with( K — 1) interfering users is approximated as (41)

(20)
of [4]
1 1 Hence, the normalized variance 8f ,,, for MFSK systems
Popsi (K —1) = 5 &P <_ 452 ) (18)  can be obtained according to the method employed above for
om BFSK with (2E,/Ng)~* replaced by(2E, log, M/Ny)~*.

for a receiver employing square-law detection. From (19) and (20), we can infer that the varianceZf,,

For MFSK modulation, the variance of the interferencig upper bounded by
inflicted upon the in-phase branch of the receiver conditioned 1
on z; and zy is also given by (14), where, and z; may o2 () = <2Eb log, M) (K- 1)
take values from the sef0,+2,+4,---,+2(M — 1)} and om No
N — i should be replaced bWw(log, M) — (M — 1). - Var[I, (K, D]v (21)
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and lower bounded by Gluck [15] have shown that by designing the DS-SFH system
1 with overlapping frequency hopping slots, the system can
2F, log, M . . ) ; . . S .
o2 (L)y=["7""2=2"—" + (K —1) improve its antimultitone jamming capability in comparison
’ No to those with nonoverlapping slots. Moreover, the results of
- Var[le,(k, 1)) (22) [16] showed that, for a given total bandwidth and for a given

modulation scheme, a hybrid DS-SFH system with optimized
o&erlapping frequency slots outperformed the systems with
noverlapping frequency slots, when they were compared in a
ultiple-access environment. Furthermore, in DS-SFH SSMA
ystems with BFSK or MFSK modulation, both the frequency
hopping slots and the DS spread FSK tones can be designed

Similarly, the variance ofZ; ,, can be computed, whose
upper bound and lower bound become identical to (21) a
(22). Finally, the upper bound and the lower bound of tq%
bit error probabilities of the DS-SSMA system using MFSI%
modulation can be expressed as [4]

Pursk (K — 1D|g with overlap and hence enhance the system performance by
gho1 M-l M1 ) optimizing both overlaps. However, in this paper, we consider
- Z (1)t < ) that the frequency hopping slots are nonoverlapping, while the
M-1 &~ no ) n+l DS spread FSK tones can overlap with each other.
n For the above-mentioned system, which uses nonoverlap-
" exp <‘m) (23) ping frequency hopping slots and overlapping DS spread FSK

tones, as in [8], we can compute the upper bound of the aver-
where representd/ or L for the upper bound and the lowerage error probability by first evaluating the conditional error
bound, respectively, antl = log, M is the number of bits probability given the number of “hits,” where a “hit” implies

per symbol. that an interfering signal activates the same frequency hopping
slots as the desired signal. Otherwise, when the reference user

. SSMA SYSTEM WITH DS-SFH and the interfering user activate different frequency slots, there

SPREAD-SPECTRUM SIGNALING will be no multiple-access interference to the reference signal

DS systems exhibit high-antimultipath resistance [2], [13], ing matched bandpass filters in the receiver. After obtaining
[14], while frequency-hopping (FH) schemes are robust agal e conditional BER, the unconditional error probability can

artial-band jamming and the near—far problem [5], [6], [8 . " .
F9] Hence Jthe hygrid form of DS-SILOH sprea[d—]spge]ctr[uhe computed by averaging the conditional BER with respect
) ! to_the distribution of hits.

systems have received considerable interest in recent year, . .
[71-[11], [13]-[15]. The performance of hybrid DS-SFH sys- hen independent random signature sequences as well as
' ﬁpdom memoryless frequency hopping patterns are consid-

tems has been widely studied when multiple-access is ¢ _ .
cerned and when the channels are modeled as Gaussials?rSFI and the powers of the transmitted signals are assumed
be equal, we can write the upper bound of the bit error

multipath fading with coherent or noncoherent receivers usi i . o
different modulation schemes [7]-[11], [13][15]. Typically, i %obablllty of the hybrid SSMA system with binary and-ary

a hybrid system, the information symbols to be transmitted a'?g K modulation as

first DS modulated, and then frequency hopped according to K—1 . K1k

the frequency hopping pattern in order to form the transmitted Pp(OFSK) < Z < k ) B/(1-h)”

signal. At the receiver the signal is demodulated similarly to k=0

receiving pure DS signals, except that the received signals need “Forsi (k) (25)

to be firstly dehopped to perform the appropriate frequen%ereo < k < K—1andP, is the probability of a hit from an

translation. For a hybrid DS-SFH SSMA system with BFSKo fering signal. In asynchronous systems, the upper bound
or MFSK modulation, the transmitted signal can be express&d P, is given by [9]

as

’fge to their nonoverlapping frequency hopping slots and due to

K-1

2
sk(t) =V2Pax(t) cos{2x[f. + br(t)A + fu(t)]t P = p (26)
+0u(t) + ()}, l<k< K (24) where ¢ is the number of frequency slots of the frequency
where {f;,} represents the frequency hopping pattern of usBPPPINg pattem.Porsy (k) in (25) denotes the conditional
& which is derived from a sequenc(g‘(k)) of frequencies bit error probability, given thak hits occurred from the other
7 ] 1

while «;(¢) represents the phase waveform introduced —1 interfering users, i.ek out of K —1 users in the system

the kth frequency hopper, which takes on the constant val 8t|yated the same frequency slot as the reference user, which

(%) . P . . Is given by (18) or (23) with the relatell — 1 represented by
Sérar?wltjartlgrgs tirr:ezztz)fr;r(qeutehneci;rzzp;nsgir:jvz/f)ll time. The otherk7 while © represents “B” or “M,” corresponding to Binary

In DS-SFH systems the DS bandwidth may be design(e)crzl M-ary FSK.

wider than the FH carrier spacing, in order to overlay the
frequency hopping “slots,” where the term slots was used to
indicate the frequencies for frequency hopping, in order toIn this section, the previously derived analytical perfor-

distinguish them from the DS spread FSK tones. Laxpati antance formulas are numerically evaluated and compared

IV. NUMERICAL RESULTS AND CONCLUDING REMARKS
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with the conventional systems using nonoverlapping frequency ..,
hopping slots and nonoverlapping DS spread FSK tones,
under the assumption that the systems employ the same total
bandwidith. g 000
In Figs. 4 and 5, the variance of the multiple-access in-
terference term?, ,,,(k,1) from one of the interfering users
was evaluated for a constant total system bandwidti pf=
256 % 20", The curves were plotted as a function of
which controlled the amount of overlap, with paramet&rs-
(Ws/Wy4) = 256, and M = 2 (Fig. 4) as well a8 (Fig. 5),
where increasing corresponded to higher spectral spacingg
and less overlap between frequency tones for a constant valde, o5
of M and a constant total system bandwidth. Bdr = 2,
the exact value of the variance was computed by (16). For
M = 8, the upper bound and the lower bound of the
variance were computed using (19) and (20). In addition, when

o«

rianc
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i > (N/M)(log, M), the DS spread MFSK discussed in thigig. 4. variance off.. . (k, 1) from (16) with a bandwidth expression of
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paper is reduced to the conventional nonoverlapping scenafio= 236 and the binary case ot/ = 2.

if the spectral sidelobes are ignored, and the approximation to
the multiple-access interference term of the MFSK DS-SSMA
system given by > (1/3N log, M) was plotted as a hori-
zontal line in both Figs. 4 and 5, so that the performance of the
system with overlapping frequency tones can be conveniently
compared with that of the system having nonoverlappin@
frequency tones. From these results, we can conclude that the
multiple-access interference can be minimized by controllinq1 0.00045
the overlap. Thus, the advantage of the increased spreadifg
gain of the frequency tones outweighs the disadvantage @ 0.0004
the increased multiple-access interference, provided that tlf\;e
optimum ¢ values are used. For example, for the binary FSK ;44035
DS-SSMA system with a total spreading gain of 256, the
variance of the multiple-access interference inflicted upo& 00003
the reference user is minimized by lettiny ~ (85/T), as
seen in Fig. 3. Apparently, two frequency tones are partially
overlapped forA =~ (85/T) < (128/T), wherel28/T is the
minimum frequency spacing of the conventional MFSK DS
system using nonoverlapping frequency tones. Furthermo'gg,
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we observe, also from the analysis that the optimum value ;_Q?d (20) withN' = 256 and M = 8.

¢ for DS-SSMA using BFSK, wher&ar[I, ,,,(k,1)] achieves
its minimum value isN/3, but the optimum value of for
DS-SSMA using MFSK achieving the minimum value of
Var[l. ,.(k,1)] is not analytically tractable. These optimum

0.0008

values of: for different MFSK systems can be obtained by 0.0007

numerical computations.
In Fig. 6, we estimated the performance of variddsary :
FSK DS-SSMA systems for a constant total system bandwidth.
The upper bounds oWar[/, ,.(k,1)] were computed with
N = 512 and M = 2,4,8,16,32. In the computations,
the available maximum value affor different values ofAf
was obtained fromi < (N/M)(log, M) for systems with
overlapping frequency tones. From (19) to (22), we can infer :
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that, for a constant system bandwidth, constant bit rate and  oono

bit energy, increasing/ means that not only the ratio of
2E, log, M/N, is increased, but also the spreading gain
[N log, M —i(M —1)], which results in the reduction of the
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5. The upper and lower bounds of the variancé.of, (k, 1) from (19)

multlple_-access mterfere_nce. Hence,. the figure |Ilystrates th@gt_ 6. Comparison of the variance bf . (k. 1) with a total spreading gain
the variance of the multiple-access interference is gracefullyn = 512 and M = 2,4,8,16,32 computed from (16) foi/ = 2 and

improved, as the value off increases.

(19) otherwise.
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Fig. 7. Achievable multiple-access interference variance reduction of the Ey/N (dB)
proposed overlapping scheme over the conventional orthogonal scheme with
M = 2.4,8,16. Fig. 8. Bit error probability of DS-SSMA using binary FSK and a total

spreading gain ofV = 256 for k' = 10, 30, 50, and 100 users computed
Note that, since the sidelobes of the DS spread FSK fig2™ (18)-
guency tones were included in our computations, from the
results of Figs. 4—-6 we observed that the multiuser interference
power from thekth user at the poini = (V/2) for BFSK, o % — Conventional scheme
or at an overlap ofi = (N/M)(log, M) for MFSK was == Upper-bound
higher thanl1/3N for BFSK or 1/3N log, M for MFSK, o = I N Lower-bound
which was the approximated interference power inflicted by :
an interfering user, an estimate, which is frequently invoked ;2
in conventional DS-SSMA systems. Hence, we can argue that

1/3N and1/3N log, M are the approximated interference &, L N\ A B I -

. . m %
lower bounds of the conventional DS-SSMA systems using e e

BFSK and MFSK with nonoverlapping DS spread FSK tones, 4+ L %
3 \\

respectively.
In Fig. 7, Inax = (1/3N log, M)/Iy expressed in 10’
decibels was plotted versu®, the total system spreading
gain, when different values o/ were concerned. The term 10", " "
1/3N log, M was the approximated lower bound interfer- E,/N, (dB)
ence variance from an interfering signal of the conventional _ N ,
MFSK DS-SSMA system with nonoverlapping tones, as noté(f, %, &% e pobabily of DS Ssya tsing a5y £ok and o o
previously, while I;; was the optimum (minimum) upperfom (23).
bound of Var[I. ., (k,1)] for a givenM and N, which was
quantified by (19). It can be observed from the results of Fig. 7,
and also from the results of Figs. 4-6 that the achievaldlee lower bound bit error probabilities of th&/-ary FSK
multiple-access interference reduction due to using overldpS-SSMA system using overlapping frequency tones, and
ping tones is on the order of 0.5-1.5 dB for a single interferirtat of the conventional system using nonoverlapping tones
signal, depending on the value d@#, rather than on the were plotted versust, /Ny, with the above parameters of
system’s total bandwidth. As observed in the figure, thef® = 256, K = 10,50,100 for an 8-ary FSK system. Note
is no improvement, as the total system spreading gain, that the upper bound and the lower bound of the bit error
increases. This is particularly pronounced for the systemsobabilities were computed by assuming that the frequency
employing a sufficiently high DS spreading bandwidth, or itones were optimally overlapped and hence the variance of
other words, when the value @¥g or N, computed from multiple-access interference was minimized. As expected, the
N was high enough. In addition, we can conclude that thiesults show that the bit error performances degrade, as the
BER performance improvement due to increasing the totalimber of active userk increases and the proposed system
system bandwidth (ofV) is the same, whether overlappingwith overlapping frequency tones achieves a lower BER, than
frequency tones or conventional nonoverlapping frequentlye conventional system using nonoverlapping tones, provided
tones are employed by the MFSK DS-SSMA systems. that the frequency tones are optimally overlapped. Taking an
In Fig. 8, the BER versus the bit energy-to-noise ratio @-ary FSK system withi{ = 50 users as an example, the DS-
E,/Ny was plotted for the binary FSK DS-SSMA systenSSMA system with MFSK tones optimally overlapped needs
with a bandwidth expansion factor oV = 256 and for 3-4 dB less SNR per bit, than the conventional system in order
K = 10,30,50,100 users. In Fig. 9, the upper bound ando achieve the same BER of & 10~*.

20 25
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. mance of BFSK and MFSK DS-SSMA as well as for DS-SFH

e I . .
——— = ____ (opventional scheme SSMA with nonoverlapped and partially overlapped frequency
o o ——- Qverlapping scheme tones. The optimum frequency overlap was also determined.
= b 3 i The approach can be used for direct sequence spread-spectrum

systems with MFSK modulation to minimize the partial band

1
= jamming by optimizing the frequency tones’ overlap, and the
Mo % work can be extended to the analysis of multicarrier CDMA
e == . .
S = : ARRS — systems, which use overlapping frequency bands.
5 N=32g=256 ==pietmR —
N=256,q=32 XN oy e
o Pure DS g = APPENDIX |
7 ] SIS < T SIMPLIFICATION OF THE IN-PHASE COMPONENT Z_ ,,,
0, 5 10 15 20 25 This Appendix shows, how to obtain and simplify the in-
Ey/No (dB) phase component of (6). We assume that the databis

Fig. 10. Bit error probability of DS-SFH SSMA using binary FSK, support—Sent by the reference user in the first bit period, and the phase

ing K = 100 users, and foy N = 8192 in various combinations of the angle isy,, whenb, = m. Then substituting:(¢) from (4)

number of frequency slotg and spreading gaitv computed from (25) for jnto (6), and simplifying it, we obtain
the hybrid DS-SFH case and (18) for the pure DS case.

Zc,rn
10 —— Conventional scheme P P -
. [ Upper-bound V3 L'q 8(bo,m) cos pm + 2 T
10 o Lower-bound

T
./0 n(t)ai(t) cos2n(f. + mA)t] dt

+;Z %/0 a1 (an(t — )

- cos{2m[b(t — i) — MJAL + pi(t)} dt

(27)

_ , . _ . Letus assume théf_kf andbé’“) are the data bits transmitted
Fig. 11. Bit error probability of DS-SFH SSMA using 8-ary FSK, supportin

K = 300 users, and foyN = 8192 in various combinations of the numbergby thekth user in the time ’intervaiov’:k] and[r, T relative to
of frequency slotg and spreading gaifV computed from (25) for the hybrid the reference signal, arw(_l) and<p(() ) are the phase angles of

DS-SFH case and (23) for the pure DS case. the kth signal for transmitting the data bibé_kf and b(()k). The
third term of (27) can be expressed by the partial correlation

In Fig. 10, we plotted the BER of a binary FSK schemgyethod [3]. Hence, (27) can be written as
while in Fig. 11 the upper bound and lower bound BER of an

8-ary FSK hybrid DS-SFH system. The figures were plotted -1
versus bit energy-to-noise ratib, /Ny, assumingk = 100 _ /P [P

(Fig. 10), K = 300 (Fig. 11), and a constant product of Zeim = 2 Tq b0, m) cosom + 2 r
qgIN = 8192, whereq was the number of frequency slots of

the frequency hopping pattern, whil¥ was the frequency ./T n(t)ay(t) cos[2n(f. +mA] dt
band expansion factor of each frequency slot. Note that, 0 ¢

N = 8192,¢q = 1 indicated a pure DS-SSMA system, which K rq =

marked as pure DS in the figures. From the results we can —|—Z {T / a1 (t)ar(t — 1)

infer that, as shown in the pure DS-SSMA case of Figs. 8 and k=2 0

9, the DS-SFH SSMA system with the MFSK tones optimally ccos[2r (b — m)At + ™)) at
overlapped achieves a lower BER than the conventional DS- 1 /T

SFH SSMA system using nonoverlapping tones. Moreover, the + T / ay (B)ar(t — 1)

bit error performance improvement depends mainly on the DS
spreading. This conclusion was shown in numerous papers
[8]-[11] related to the analysis of hybrid DS-SFH SSMA - cos2n (b — m)At + o] dt
systems, under the assumption of perfect power control.

In conclusion, we provided explicit formulas for the perfor- (28)
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APPENDIX I Lo

VARIANCES OF THEPARTIAL CROSSCORRELATION FUNCTIONS + Z Z ai(r)ax(G —1—1+7)
In this Appendix, we will analyze the continuous partial = 2;2
cross-correlation functions of (11) and (12) and show how to cai(s)ar(G—1—1+s)
compute their expectations by assuming that the phase angles
and time delays are modeled as mutually independent random . cos B4 (r, 7) cos /3ka(377)]
variables, each of which is uniformly distributed over the
appropriate interval. We can find the variance of the multiple- 4 (1 —1T)[(I + 1T, — 7] sinclrzA(r — IT,)]

access interference term of (11) and (12) by computing the

expectations of the square of ~sinc[rzA((l+ )15 — 7)]

{ 1-1
R(r,z,9) = / a;(t)ar(t —7) cos(2nzAt+ ) dt (29) ’ 2) Zo ai(r)ar(G —1—1+47)
0 r= S=
and . az(s)ak(G =1 —il__sl) C?S [3ka(7‘7 7_)
T
Rr, 2, ¢) = / ai(t)an(t — 1) cos(2riAt + o) dt. (30) s Fra(s,7) + z_% z_% ai(r)ax(G — L+ r)ai(s)
Below we only analyze the expectation &(r, z, ¢), the (G —1—1+5) cos Bulr,7) cos Brals,T)
expectation ofR(r, &, ¢) can be obtained following the same
approach. L1+ DT, — 72 sinc[rzA((1 + 1T, —
From (29) we have ( JTo = 7] sinc[reA(( T =)
-1
4 2 2 2
Riro0) = 3 aii)a(G —1—1+7) 2 (G =L+ 1) o fralr7)
=0
jTe+7—1T, -1 -1
: / cos(2rzAt + @) dt + Z Z a;(Par(G — 1+ 71)a;(s)ar(G -1+ s)
JT. — =
-1 =0 5#9
+>° ai()a(G -1+ )
7= -cos P (7, 7) cos B (s, 7) | - (33)

(J+DTe
. / cos(2mzAt 4+ ) dt  (31)
JTeAr—IT.

wherelT, < 7 < (I+1)T. andG = N or N, for BFSK or Since we assumed that random signature sequences are
MFSK, respectively, representing the number of chips per d&x@ncerned in our system,(r) is statistically independent of
symbol period or the bandwidth-expansion factor per spreag(s) wheni # k orr # s, and takes values of 1 or —1 with
FSK tone. Upon evaluating the integrals in (31), we find th&dual probability, hence, taking the expectationR3{r, z, ¢)
with respect to thes;(r), ax(s), ¢ andr we obtain
R(r,z,¢) =(r = IT,) sinc[rzA(r — IT..)]

(@) =ER (1,3, 9)]

1 G-l  L(I+DT.
> [ r-wy
o “1

.MN

o

al(y)ak(G - l -1 +7) Ccos [3ka(jv 7_)
J
_l’_
l

— |l
=

(I + DT, — 7] sinc[raA((l + 1)T. — 7)] 2T
sinc?[rxA(T —IT.)] - (1+ 1)+ [(1+ DT — 7]?
[

maA((I+1)T. — )] -1} dr. (34)

|
-
Lol

ai(§)ar(G — 1+ 34) cosBrp(d,7)  (32)

.
Il
o)

where Upon evaluating the resulting integral we find that

Bra(d,7) =mzA2iT. +7—1T.)+ ¢

B (. 7) =ma (25 + V)T +7 — 1T2) + ¢ G

v(zx) = oyl [1 —sinc(2rzAT,)]. (35)

The expression of??(r, x, ¢) is computed from (32) as
R (7,2, ¢) The corresponding expression f9fz) can be obtained by

evaluating the expectation dt2 (7,2, ¢) In the same way, as

_ 2 2
= (7 = UT1e)” sinc[raA(7 — U10)] for R%(7,z, ), and the result is expressed as

i

> aF(aR(G — 1= 1+43) cos® Bralj,7) @ _
=0 (@) = m[l — sinc(2r2AT,)]. (36)



1994 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 48, NO. 6, NOVEMBER 1999

APPENDIX I expressed as
UPPERBOUND VARIANCE OF AN INTERFERENCESIGNAL
M-1
This Appendix shows how to compute the upper bound,, ) _ 1 ) .
variance of an MFSK DS-modulated interference signal in—Val[Ic’m(k’l)]L M Az_:o Varllem(k, 1324, 20)]. - (39)

flicted upon the reference signal. For an MFSK DS-SSMA
overlapping system, the maximum interference is experiencglq, simplification, we obtain
by the frequency toneg. + A since they are overlapped by

the other frequency tones with the maximum overlapping area Var[L o (k, D],

for a given value of and consequently experience maximum A

interference from the interfering signals. = S { ! i
When an interfering signal activates the specific frequency M 3(N logy, M —4(M —1))
tones, which will inflict interference upon the desired signal, "N logy, M —i(M —1)
x3, and #; can take values corresponding to the set= + Z 20252
{-M,—(M —2),---,-2,0,2,---,(M — 2), M} according A=l .
to xp = bg\’})_l —m and & = bg\’})o — m for the given .[1 _Smc< 470"" )} } (40)
frequency tones of. + A of the reference user. Hence, when N logy M —i(M — 1)
an independent information sequence is considered, the upper
bound ofI. ,,,(k,1) can be expressed as ACKNOWLEDGMENT
The authors wish to thank the anonymous reviewers for
Var([le,m(k; Do their helpful suggestions.
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