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Performance of One-Hop/Symbol FHMA for Cellular
Mobile Communications
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Abstract—This paper is concerned with the bit-error rate (BER)  diversity. However, the multihop system is very complicated
performance of a cellular one-hop/symbol frequency-hopping in implementation due to the use of high-speed frequency syn-
multiple-access (FHMA) system operating through a multipath  yhagizers. On the other hand, in a slow FH system, a very large

Rayleigh fading channel. M -ary frequency shift keying modu- . . L . . g
lation with noncoherent square-law envelope demodulation and PUffer is required to realize interhop interleaving techniques

Reed-Solomon (RS) coding is considered. The multiple-access andWhereby each bit of a codeword is transmitted during a hop to
adjacent cell interference of the cellular FHMA system has been reduce the effect of hits from nonreference users), which is used
studied. In order to illustrate how sensitive both syste_ms are tothe in conjunction with error-correcting coding. Therefore, one hop
near/far problem, performance of the FHMA system is compared o1 sympol is proposed in our study. The bit-error-rate (BER)
with that of a direct-sequence code-division multiple-access system .
for an equal system bandwidth. Also, this paper investigates the performance of one hop per symbol FHM_A systems employing
effect of the values of frequency reuse factory) on the system Noncoherent square-law envelope detection and Reed-Solomon
capacity of the cellular frequency-hopping system. (RS) codingis studied for a cellular mobile channel. The hopping
Index Terms—Code-division multiple-access (CDMA), fre- instants of the various users are not aligned in time. For FH
quency hopping (FH), multipath fading channels. systems, it is natural to consid&f -ary frequency-shift keying
(MFSK) (M = 2, 4, 8, ...) as a candidate modulation scheme.
Reed-Solomon codes are preferable in nonbinary systems

|. INTRODUCTION because of their good burst-error correcting capability [3].
ECENTLY, there has been an increased interest in the
design and performance analysis of spread-spectrum [I. SYSTEM MODELS

systems. Among several other qualities, these systems %N ransmitter Model
combat multipath fading and provide multiple-access capability.

All direct sequence (DS), frequency hopping (FH), and hybrid The transmitter model of a FH system consists of a serial-to-
DS/FH schemes have been proposed for this use [1]-[18 rallel converter, a RS encoder, an interleaver, an MFSK mod-

The main purpose of using DS modulation is that instead Bfator, and a frequency hopper. The transmitted sig.nal oftine

regarding the multipath phenomenon as a disturbance tHET N the FHMA system takes the following form:

needs to be suppressed, it should be regarded as an opportunity Py

to improve system performance [1]. This can be done by Sk(t) IRe{ V2P exp{j2n[fo+ fe, + fu(t)

considering the explicit diversity structure of resolvable paths

(i.e., spre_ad-_spectrum d_iversity) and by optir_nally combining + br()At +jak(t)}}

the contribution from different paths. A basic disadvantage

of DS modulation is the need for power control due to the (1)
) . _—— }gl_here

near/far problem. The use of frequency-hopping multiple-a | part:

cess schemes [2]-[12] has been proposed as an alternati\/%e{°} real part,

to frequency-division multiple-access (FDMA) techniques to £ transmitted power of théth user;
guard against interference from other users. fo carrier frequency, which is common to all users;
The performance of frequency-hopping multiple-access /e, frequency of the;,th cell, which belongs to the set
(FHMA) over Rayleigh fading channels with a single cell {F1, ..., Fy}, whose frequency reuse factori§
was extensively analyzed in the past years. Reference [12)fx(t)  hopping pattern of théth user and takes on a con-
proposed a multihop-per-symbol FHMA system for indoor stant valuef,EA) during theith hop, which belongs
wireless communications. Continuing the previous research on to the sef{11, ..., 14} of g not necessarily equally
performance analysis of single-cell FHMA systems, we consider spaced frequencies with minimum spacitg

multiple-cell FH systems. It has been shown in [12] that in & is assumed tha{f,ﬁ”} is a first-order Markov sequence, so
multihop-per-symbol FHMA system, performance improvethat two consecutive hopping frequencies are always different.
when the number of hops per symbol increases due to multinbgs assumed that the duration of a single hopping interval
Manuscript received March 19, 1999; revised October 2, 2000. This woigwe” tlme) equals one .sy!”nbol duration (I'e" one hOp per
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{£1, £3, ..., (M — 1)}, where M is restricted to be a wherey(t) = pw + an(t — 7)) — 27[fo + for + fr(t —
power of two (one symbol correspondsltg, M bits). The ;) + bi(t — 751)A]7; andC stands for the number of cells,
coded symbol rate and coded symbol duration are given bgich one containing active users, anc, denotes the;th cell
R; = Ry/log, M andT, = 1/R, = T;log, M, respectively, [the integer portion ofl + (k — 1)/K, ¢, = 1, ..., C]. The
where R, and 7, denote the rate and duration of the codefirst cell (c;, = 1) is defined as the cell of interest, afiyy and
bits @, = 1/R,). The information bit rate (i.e., the rate ofé(y, ¢, k) are defined as

source bits) is given by, = R,m/n, wherem/n is the rate _

of the RS code. During a given hop interval, oneléfpossible Py =Py /(dey, )" (5)
signals is transmltted. Thé{ S|gna}ls are sinusoidal tones (v, e k) = (doy 1 /1) (6)
of durationZ}; with frequency spacing of 2. In order that

these tones be orthogonal when aligned in tima;/2 must respectively, wherd.,  is the distance of théth mobile user

be integer AT, = n,. However, multiple-access interferencgy jts own base station (thgth cell) andd,, ; # 0.
signals are not time aligned with the useful signal, partially ’

due to multipath propagation. Assuming a misalignment that Receiver Model
is uniformly distributed over a symbol interval, the root mean

. . ||% —1
Sé?::)ir: E(()ernrtelzIagltovr\;iltl)ebgv:segu?ndéz(:tig itsors]ﬁiﬁggntl g(;) o t.o MFSK demodulator, hard decision device, deinterleaver, RS de-
q y: y'arg .coder, and a parallel-to-serial converter. A detailed model of

ignore the correlation between tones at different frequenm?ﬁé frequency dehopper and the MFSK demodulator is shown

The resulting cellular system bandwidth is given by in Fig. 1. The received signalt) enters a bandpass filter that
B =2AMgN = MqN(no/T,) = MqNno/(Ts logy M) removes out of bgnd noise. The mixer _of the deh_opper per-
forms the appropriate frequency translation, according to both
=MqNno(n/m)/(T;log, M) @) the first-cell frequencyt”, and the hopping sequengg(t) of
user:. It is assumed that the hopping pattern of the receiver is
synchronized with the hopping pattern of the signal associated
B. Channel Model with jth path of uset (denoted as the reference path). The band-
. pass filter that follows the mixer removes both high-frequency
Itis assumed that the cellular channel betweenitieuser o5 angd terms corresponding to nonreference user hopping

and the corresponding receiver at the base station of the cel{t@fquency. The dehopper output signal is given by
interest is a multipath Rayleigh fading channel [13]. The multi-

path Rayleigh fading channel between ftile user and receiver CK L

of interest (namely, the receiver in the base station of what we(t) = Z V2P (v, e, k) Z

refer to as the first cell) is modeled by the complex lowpass k=1 =1

equivalent impulse response Brb[fe, + [t — ), B+ filt — 7iy)]

. COS{27T[f0 + bk(t — Tkl)A]t + \I/kl(t)} + ﬁ(t) (7)

The receiver consists of the following: a frequency dehopper,

whereT; denotes the duration of the source (uncoded) bits.

L
hi(t) = W Zﬁki exp(iru)d(t =) (B here
7 =t 8(z, ) Kronecker function, defined @, ) = 1 or0
whered; ,(d; » # 0) is the distance between thi¢h user and for x = y or z # y, respectively;
the base station of the first cell andis the propagation path I} frequency of the first cell (or the cell of interest);
loss exponent. The random gélgy and random phage,; of the n(t) can be treated as bandlimited Gaussian noise
fading component of thih path of thekth user have a Rayleigh with spectral densityV, /2.

distribution with E[32,] = 2pi; = 2p for all k andl and a The phase waveforn¥/,;(t) = wi(t) — 2(t); where z(t)
uniform distribution in P, 2x], respectively. The path delay; is the phase introduced by the dehopper that is constant over
is uniformly distributed in ), 7,]. We assume that there afe symbol interval,zi(A) stands for the constant phase during the
paths associated with each user. The gains, delays, and phasao$ymbol. Note that the dehopper suppresses, at any instant
different paths and/or of different users are all statistically indé all path signals whose hopping frequency at instaliffers
pendent. Also, the channel introduces additive white Gaussfaom F; + f;(t — 7;;). The reference path signal is not sup-
noisen(t) with two-sided power spectral densily, /2. Hence, pressed. The other path signals from the reference user are sup-
the received signal can be represented as pressed during a part of a symbol, depending on the relative
i delay of the considered path with respect to the reference path.
S z . Path signals from the users of the first cell contribute the de-
n(t) =Re {Z 2P:l(y, xs ) Zﬁ“ explytfi(t)] hopper output during those time intervals for which their hop-
=t =t ping frequencies accidentally equal that of the reference path
signal. When the frequency reuse factér= 7 [see Fig. 2(a)],
there is no multiple-access (or adjacent-cell) interference from
all cells of the first and second layers and 12 of 18 cells of
+ byt — m)A]t}} +n(t) (4) the third layer since all their frequencies are different frbm
However, the frequencies of the remaining six (shadowed cells)

~exp{y27([fo + fe, + fr(t — Twa)
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Fig. 1. Detailed model of frequency dehopper and MFSK demodulator.

out of 18 cells of the third layer are the sameias There-
fore, the six cells may cause multiple-access interference, when
their hopping frequencies accidentally equal that of the refer-
ence path signal. On the other hand, when the frequency reuse
factor N = 3 [see Fig. 2(b)], there is no multiple-access (or ad-
jacent-cell) interference from all cells of the first layer, six of
12 cells of the second layer, and 12 of 18 cells of the third layer
since their frequencies are different frafh. However, the re-
maining six of 12 cells of the second layer and six of 18 cells
of the third layer may cause multiple-access interference, since
their cell frequencies are the samelas

The dehopper output signak,(¢) enters a nonco-
herent MFSK demodulator. It consists aoff bandpass
matched filters with impulse responseSC. (T, — t)},
where C.(t) = 2cos[2n(fo + €A)}], 0 < ¢t < T, and
e = %1, 43, ..., £(M — 1), followed by square-law enve-
lope detectors. A square-law envelope detector consists of a
squarer followed by a lowpass filter; the output of the lowpass
filter is the square of the envelope of the bandpass signal at the
input of the squarer. Thé/ square-law detector outputs are
sampled at the instantsl; + ;;; this yields theM random
variables{|X.()\)|? fore = +1, £3, ..., £(M — 1), where

AT 475
X.(\) = / 2ry(t) exp[j27(fo +eA)t]dt.  (8)
(A*l)Ts-f—ng

The receiver bases its hard decision about the coded
symbol bEA) on the M random variables{|X.(\)[*} for
e =41, +3, ..., (M — 1), by selecting the largegk . (\)|?

and declaring that the symbol with the corresponding value of (b)
€ has been transmitted. Fig. 2. The cellular modelY is frequency reuse factor).
lll. STATISTICAL DESCRIPTION OFX. () 1) A complex-valued reference path teffy .()), which is

In the following, it will be assumed thdt[37,] equals 2 for
all £ and!. The random variabl&’. () given by (8) consists of
the following terms:

due to thejth path signal from the reference user. As this
reference path signal passesthroughthe dehopperandonly
through the MFSK demodulator branch with= bEA).
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This useful term is given by branch withs = bEA)], because they carry the same symbols.
The contribution from théth path is given by

Dy .(\) = V2P, 8
exp[jV (i, L V(T = [ = 7i5)6 (=, 00 )

Dj,e()‘)

whereV (k, I, ¢) is a phase angle and is defined as (12)
V(k, 1, ) whereV' (i, I, A) is given by (10). It is known from the channel
© o) model that the path delay,; for any £ and! is uniformly dis-
= pel o — tributed in [Q 73]. Therefore, the delay difference between any
+27 [fo t o+ ’50 + g,;@A} Tl two paths from the reference user — 7;; has a symmetric, tri-
N angular distribution in 77, Z;]. Whene = bEA), the real and
—2r [fo +R+ ;7 A} Tij- (10) imaginary parts of); . ()) are uncorrelated and have the same

variance, equal t&; p72. This variance is obtained by averaging
Strictly speaking, the probability density function ofoverthe gain, the phase, and the delay difference (with respect to
V(k, 1, ¢) should be triangular, sinc&(k, [, {) is a the reference path signal) of the nonreference path signal from
sum of uniform random variables. However, becaushe reference user. When# bEA), Dy () is identically zero.
for exp[yV(k, I, {)] any value ofV(k, I, ¢) outside [0, The variance of the real and imaginary part of the total multi-
2r] is equivalent to a value inside [072 V(k, [, ¢) pathterm inX.()) is given by
is assumed uniform over [0,72 It is clear from (9)
that D, .(\) = 0 for e # b, and fore = b the Sy = PipT2(L — 1)8 (5, b?)). (13)
real and imaginary parts ab; .(A) are uncorrelated
and have the same varianc#’;2772. This variance is The contribution of the multipath term to the nearest demodu-
obtained by averaging over the gain and the phase of tlaor branch is shown in the Appendix with the variance equal to

reference path signal. Therefore, the variance of the rddlip - 777)/(«” - ng), wheren, is an integer. When, > 1, this
and imaginary parts of the useful term is given by variance is much smaller than the variance®f.(\). There-
fore, when the spacing between adjacent tones is sufficiently
Sy = 2P,pT25 (5’ bEA)) ) (11) large o > 1), the contribution of the multipath term to other

MFSK demodulator branches is negligible. Hence, the multi-

2) A complex-valued multipath term, which is due to théJath term is & useful term.

L._l _other path _signals of the reference user. The CO: T Multiple-Access Interference from the Cell of Interest
tributions from different paths are uncorrelated.

3) A complex-valued multiple-access interference term The contribution from thé&h path signal of nonreference user
which is due to the path signals from th&—1 nonrefer- & of the cell of interest for which thath symbol starts earlier
ence users of the cell of interest. than thexth symbol of the reference path signal, is given by

4) A complex-valued adjacent-cell interference term,whi(jh (=, \)
is due to the signals from the adjacent cells, whose fr&:'\"’ A (A A
guencies are the same as the frequetgy 6f the cell of = V2P, {ﬁkl {eXP[jV(kv L A8 [f,f , fi( )} 6 [E’ b’(“ )}

interest. iV
5) A complex-valued Gaussian noise term, which is due to [%H)(T”(A) 7)) +(iilz)[‘jv(k’ LAT L]
the noisei(t) at the dehopper output. The real and imagi- '5[fk o i }5[57 by, } (7ij — Tkl)}}-
nary parts of the noise term are uncorrelated and have the (14)
same varianc&/yT;. The noise contribution of different
matched filter outputs are uncorrelated. Fig. 3 schematically represents thth hop of the reference
path signal and the earliest and the latest path signals from non-
A. The Multipath Term reference usek. Let us consider the case where tita hop of

During theAth hop (symbol) of the reference path signal, pathe reference user starts during thid symbol of the earliest
of the signal corresponding to the same hop of another pathRgth signal from usek.
the reference user, passes through the dehopper that is synchrd) When the frequencies of tha-{1)th, Ath, and @+1)th
nized to the reference path signal. During the considered hop of  hops of usek are all different from the frequency of the
the reference path signal, the signals corresponding to the next Ath hop of the considered reference path, there is no in-
hop of an earlier path signal of the reference user or the previous terference from usek.
hop of a later path signal of the reference user are suppresse@) When the frequency of theth hop from usek equals the
by the dehopper. This is because two consecutive hopping fre-  frequency of thexth hop of the considered reference path
guencies are always different for the first-order Markov hopping  signal, the considered reference path hop is partially hit by
sequence. The dehopper output signal passes through the same all L path signals of usek. The interfering path signals
MFSK demodulator branch as the reference path signal [i.e., the  pass through the branch of the MFSK demodulator with
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k T, 1 area, as in [1]. As shown in Fig. 2(a), when the frequency reuse
reference path hop } A 1 factor/V = 7, itis only possible for adjacent cell interference to
be from six (shadowed cells) out of 18 third-layer cells, whose
_ frequencies are the same Bs However, when the frequency
carliest path of user ‘ Vi 1 Sy ' reuse factotV = 3, adjacent cell interference could be from
six of 12 second-layer cells and six of 18 third-layer cells [see
Fig. 2(b)]. Referring to [1, Table 1], the average&fy, cx, k)
l 1 r 7 } over the areas of the shadowed cells, indicated in Fig. 2(a) and
(b), is shown in Table | for different values of propagation ex-
ponent €). Therefore, when the frequency of theéh hop from
userk equals the frequency of theth hop of the considered
ey . . . reference path signal, the considered reference path hop is par-
< _.b’i . When the spacing between adjacent tones IStiaIIy hit by all L path signals of usek. The interfering path
sufficiently large, the effect on other MFSK demodulator . .
. . . _signals pass through the branch of the MFSK demodulator with
branches can be ignored. The variance ofthe real (orimag® ", () . . .
= b;”’. The variance of the real (or imaginary) part of such

inary) part of such interference from ugeis N .
y)p interference from usek is

o3y, 2) = BpT2LE(y 28 (e, 0V) . (19)

latest path of user £

Fig. 3. lllustration of multiple-access interference.

o2 = PupT2Lé (5, b§j>) . (15)

Note that Whenf,g’\) = fi(’\), neitherf,g’\_l) nor f,g’\J’l) is
equal tofi(A), since two consecutive hopping frequencies are IV. BIT ERROR RATE
different. For a large numbeg) of available hopping frequen- foll ¢ . h h | d i
cies, the probability of a hit from a nonreference user is small. It tollows rc;m hSectlon HII, t "’}t tde rerz\j an 'maﬁ'
Therefore, in the following, we shall consider only two domiinary parts of the complex-valued random variables

nating events and ignore the other events. The two dominatih{’lgf()‘)k = =l s (M h_ D} are uncorrilated_and
events are as follows. ve the same variance. This variance can be written as

2
1) The considered reference path symbol is not hit by aﬁé&?ﬁa (), wheresi(e) denotes the useful part, caused by the

. ence path signal term and the multipath term, &f{d) is
nonreference_ user from the C.e”. of interest, the total mutlﬁe contribution from the additive noise, the multiple access, and
tiple-access interference is similarly zero;

: L adjacent-cell interference. In Section IV-A, it will be assumed
2) theconS|deredreferencepathsymbol|sh|tbyonlyonenq(ﬂ—at the random variable§X.(\)e = +1 (M — 1)}
r?‘hei[egc?nusrerr:‘rcr)? ;ht:c:llofmt;erﬁst; thrijo'ﬂtcr)scll:"re? e Gaussian, which will allow us to obtain analytical results
OTNISbymorenonreterence usershasamuch Smaller prope s form. The Gaussian approximation is shown accurate
ability than the occurrenceofasmg_le hlt_(roughhqiand 12] when the number of pathk is large ¢ > 1), because
i/{[q,_reslperc]:_t;vely) etmd,thereftc))lre,w:llbe |fgnct)rr]ed.Therfea e channel parameters (gain, phase, delay) are assumed inde-
single-hit eventsi/ possible values for the nonrefer- endent from path to path and because each multiple access

encssymbtql|nvolveQ|nt?edhg) and the probability of eac terference (MAI) term (14) looks like Gaussian (Rayleigh
such event s approximated by gain and uniform phase).

bn = 2K = 1)/(aM). (16) A. Symbol Error Probability Before Decoding

The receiver bases its hard decision about the syhﬁ%bn
o _ the M decision variable§X. (\)[?(s = +1, ..., £(M — 1)).

The contribution from théth path signal of usek of an ad- The receiver declares that the symbol corresponding to the
jacent (or ther,.th) cell, for which thexth symbol starts earlier |argest| X, (1)|2 has been transmitted. The symbol error rate
than thexth symbol of the reference path signal of the first celySER) p, after hard decision is approximated by theion

C. The Adjacent-Cell Interference

is given by bound Let us consider the case wheé) = 1. Then this
Wi (e, A) = VEG, o, BIx,a(e, Nolf,, B (17) @PProximation yields

whereé(y, cx, k) andl (e, \) are given by (6) and (14), re- Py =3 Pi(eln)Pu(h) (20)

spectively. When the frequency of tkgth cell is equal taF; e#l held

(the frequency of the first cell), there may be adjacent cell "U\?here
terference. Otherwise, there is no interference fromdjth
cell. Wy i(e. A) has the conditional variance conditioned on P,(e|h) = Pr[|X1()\)|2 < Xe()\)|2|h]~ (21)
(v, cx, k) given by
Py, (h) is the probability of everk and H is the set of the joint

E[WE (e, Mletr, en, 1) =E(vs s K)E[IE 1 (g, M16[ e 1(71113) occurrence of the following considered events:

In order to average the variance over the area oftttecell,  H = {ho, hz,, hey, ..., he,|he, = 21, ..., £(M — D)}
we approximate the hexagonal cell with a circular cell of equal (22)
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TABLE |
ADJIACENT CELL INTERFERENCE FOR ASHADOWED CELL
N=3 N=T7
Y Ev, D E(v,2) £, 3)
second layer third layer third layer

2 0.049 0.0202 0.0156

3 0.013 0.0033 0.0023

4 0.0037 0.0006 0.0003
In the above,k, is the no-hit event. Whereah..,i = Itis clear from (23b) and (24b) that the two error probabilities
0, ..., I'} are single-hit events both with as the interfering are approximately the same. However, when one of the inter-

symbol and! as the total interfering cells; whereas, is a fering symbols is from the intracell andz should be com-
single-hit event from the cell of interest. When the frequengyarable. Both (23a) and (24a) are plotted in Fig. 4. It can be
reuse factor of a cellular mod& = 7, I = 6 [shadowed cells seen that wher$/x is small (i.e., the interfering symbol from
of Fig. 2(a)], whereas wheN = 3 [Fig. 2(b)],I = 12. intracell), A, is only 10% smaller thart, . However, whert/«

For the joint occurrence of the events, detailed consideratimnlarge (i.e., the interfering symbol possibly from an adjacent
at the outputs of thé/ branches of the MFSK demodulator iscell), bothA; and A; are very close. Thereforel, is a good
very complicated, since there are too many combinations of thpproximation of4;. Note that it is impossible for the two in-
joint occurrence and th&/ branches. In order to obtain simpleterfering symbols to be from intracell, since only a single hit is
analytical results we use the following approximation; all jointonsidered in any one cell. The above approximation can be ap-
occurrences of two or more single-hit events are assumed witied to the joint occurrence of more than two single-hit events.
the identical interfering symbols (i.es, = ¢, = ey = --- = Itis assumed that random variablgsy-, andys representthe
er). This assumption can be justified mathematically for interumber of hits from the cell of interest and the second and third
fering symbols from adjacent cells, based on the fact that ilayers of cells, respectively, fa¥ = 3, whereas forV = 7, the
terference from any adjacent cell with respect to useful signandom variableg, andy, are assumed to be the numbers of hits
power is much less than one (see Table I). from the cell of interest and the third layer of cells, respectively.

Suppose two events., andh,., jointly occur with symbol Notethat; < 1,y < 6,73 < 6,andys < 6.Also, itisassumed
eg = €1 # 1,symbole; = e, # 1, ande; # =,. Since thatrandom variables,, z»,z3, andz., corresponding tg; , 2,
the error probability in a Rayleigh fading channelis #@NR) 3, andy,, respectively, representthe numbers of hits, which have
[14], the probability of error caused by the two different interthe same symbols as the reference synbet 1) andz; < y4,

fering symbols is given by z2 L y2, 23 < y3, andzy < yq.
Therefore, there are two cases for error probability.
A = 1 3 + 1 3 (23a) 1) For those branches\{—1) that have no interfering
2 4 2 4 symbol passing, the error probability is given by
Pe # ¢
%2N0T+a:+y’ SR (23b) 1 6 6
o NoT Z Z Z-Pe(yb v2, y3)Pulys, v2, y3), N =3
where . y1 =0y2=0y3=0
S ower of a useful signal; tS
NoT Eoise variance; ’ Z Z P.(y1, ya)Pr(ys, ya), N=7
z andy variances of two interfering symbols (or users), y1=0ys=0
respectively, from adjacent cells. (25)

Note that eithelS/x or S/y is always much greater than one.

Now suppose two events, and#h., jointly occur withe; =
e1#1,e;=¢e5#1,ande; = e,. Then, the probability of
error caused by the two identical symbols and a noninterfering
symbol is given by

where P.(y1, 42, y3) and Py(y1, y2, y3) are the error
probability and probability of the joint occurrence, re-
spectively, of {1, 2, y3) for N = 3 [see Fig. 2(b)].
P.(y1, ya) andPy(y1, y4) are the error probability and
probability of the joint occurrence ofy(, 14), respec-

1 1 tively, for N = 7 [see Fig. 2(a)]. WherV = 3, those
Ay = + S (24a) probabilities are given by
24 —i—— + =
NoT' +x+y NoT Prulyrs y2, ys)
2N0T+37+y S <6> <6> y1tyz2+us 13—y1—y2—
~ 2. 24b = P 1-P, Y1—Y2—Y3 26
S ) NOT > ( ) 1o Y3 h ( ] ) ( )
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Fig. 4. Equations (23a) and (24a) as a functiors'pf:.

whereP, is given by (16) and

Pe(y17 Y2, y3)
Y1 Y2 Y3

= Z Z Z f:’e(xl, To, xg)f:)h(xl, x2, x3) (27)

x1=029=0x3=0

where

. 1 T1+ra+tr3
P(x1, 2, x3) = <zQ> <zg> <M)
2 3

1 Y1t+y2+ys —xr1—xT2—x3
1= = 28
( M) (28)
A 1
P.(z1, x2, 23) = 29
,(371 pip) 373) 2_’_7)1@17 o, .Tg) ( )
where
Tl(xlv Z2, .1'3)
_ Sl + 52 + xlo—% + -/EQO—%(W? 1) + $3O—%(77 2)
o NoT,
E,
=N (logy M){[1 + az1 + az26(y, 1)
+ axzé(y, 2)IL +1}/2 (30)
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where S1, So, o2, and o3(v, -) are given by (11),
(13), (15), and (19), respectivel, = 2P T,p0 =
2P T,polog, M is the average energy per coded bit.
« = Py /P, is the ratio of the received nonreference user
power to the received reference user povéér, «) is
given by Table I.

WhenN = 7, in (25), we have

Ph(yb 214) = <y4> P}‘Ijl—i—y"(l — Ph)7*y1 Ya (31)
Y1 Ya R A
Pe(y1, ya) = Z Z P.zy, z4)Pr(z1, z4) (32)
x1=0x24=0
where
> 7\ 71t 1\ Yitya—wi—zg
0= () ()" (-39
(33)
> 1
P€($17 -/L'4) :m (34)
where

S1+S 2 2(v, 3
7)2(-1'17 x4): 1+ 2+.T1;1;.T40—2(’Y7 )
0Ls

= % (logo M) {[14+ax; +oxsé(y, 3)|L+1}/2.
(35)

2) For the branch (only one branch) that has interfering
symbols passing, the discussion of the error probability
is also the same as the above, only by substituting
7‘1(1’1, x2, .’L’g) with 7‘3(1’1, x2, .’L’g) andTQ(.’L'l, .’L’4) with
ra(z1, 24), given by (36) and (37), shown at the bottom
of the next page.

Once the SERP, after hard decision has been obtained, the

corresponding BERP, is given by

M
Py=—— P,
YT oM —-1)

(38)

The above expression assumes that given a symbol error, all
M —1 erroneous symbols are equally likely to be chosen. This
assumption is valid because of the orthogonality of the MFSK
signals and the statistical properties of the disturbance (Roise
multiaccess interference adjacent cell interference).

B. Error Probability After Decoding

Reed-Solomon codes are nonbinary, linear, cyclic symbol-
error-correcting block codes. The length of an RS code is
M — 1 M-ary symbolsyn of which are information symbols
and the remaining — m of which are redundancy. This code is
referred to as an R8( m) code. It can correct up t¢g—m) /2]
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Fig. 5. BER with and without RS coding for fixed system bandwidth.

symbol errors, wherer]| denotes the largest integer containethere

in z. We have selecteeh = (M — 2)/2 so that the coding ¢ M/4;

ratem/n is nearly 1/2 and the code can correct up te M /4 n M -1,

symbol errors. When decoding of RS codes with hard decisionisP,  symbol error probability before decoding.

employed, the symbol error probabilifys~ after RS decoding The above expression assumes that the symbol errors before de-

is well approximated by [14], given coding occur independently. This assumption is valid when an
" interleaving/deinterleaving technique is used even though a hit
Psc = 1 Z i [”} Pi1— P, (39) or more hits may be possible. T, after decoder is approx-
oo imated by substituting i?, and F; by B, and Pk..

r (.’L’ . . ) Sl + SQ + $1012 + .’L’QU%(’}/, 1) + .’L’gO%(’}/, 2)
s s NoTy + (y1 — z1)03 + (y2 — #2)03 (v, 1) + (ys — z3)03(7, 2)

14+« <1 - L) [1 4+ 228(y, 1) + 238(y, 2)]

_ L+l (36)
2 +a<1—z%7>Km—xﬂ+Qn—$ﬂﬂ%1H%m—$@ﬂ%2ﬂ
Fb (logy M)(L + 1)
0
ra(ze, 1) = S1 + Sz 4+ x10f +2403(7, 3)
AL )= NoT + (41 — 371)0% + (ya — 3?4)03(% 3)
1
14+« <1 - —) (21 + 24€(7, 3)]
L+1 (37)

2 +a<y-;Lij—xn+@rww«%m]

E L+1
=% (log, M)(L + 1)
Ny
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Fig. 6. Effect of number of pathd.() on uncoded BER.

V. NUMERICAL RESULTS onL. ForE/NO — oo, the multiple-access and adjacent-cell
interference is the dominating disturbance. In this case, the
The BERs of one-hop/symbol cellular FHMA systems witiBER is only weakly dependent on the number of pathls lbe-
MFSK modulation, noncoherent square-law envelope detectieause both the useful variance and the interference variance are
and RS coding for a multipath Rayleigh channel are now evalssentially proportional witl.. As described in Section IV for
uated. Representative numerical results are presented. It iss@&§mptotic performance, it is clear from (36) and (37) that the
sumed that the value of the propagation exponent equals thBER is almost independent @f for L > 1. This is in contrast
(ory = 3) so that{(y, z) = 0.013,0.0033 and 0.0023 for with DS systems, the performance of which is degraded as
xr = 1, 2, 3, respectively. Unless indicated otherwise, we agncreases. Note that this discussion is not involved with any
sumex = 1. For a fair comparison of the BERs of uncoded andiversity (or Rake receiver).
coded systems, it is assumed that these systems have the samRe asymptotic BER for FHMA systems with RS coding
information bit ratez;, the same system bandwidth given by is shown in Fig. 7 for the reuse factor of thre¥ (= 3) as a
(2), and the same energy per uncodedhitt; = Eyn/m).  function of the nonreference user to reference user power ratio
First, in Fig. 5, the RS-coded BERs are illustrated for dif« for a given system bandwidth. For comparison, the BER of
ferent M, given a fixed system bandwidtB, given by (2). a DS code-division multiple-access (CDMA) system with the
Also, uncoded#/m = 1) BERs are shown for comparison.same system bandwidth (processing gin= 1000) is also
As denoted in (16) and (26), the asymptotic uncoded BER ishown in Fig. 7. Note that the reuse factor of the DS-CDMA
creases ag decreases (or a#/ increases for fixed values of system is unitary. A powerful coding Golay (23, 12) code
(Mgq/log, M), whereas the performance advantage obtainedth half-code rate and equal gain combining of the second
by using RS coding becomes larger whehincreases. This is order for the DS-CDMA system [1] are used. Its uncoded
because the RS code error-correcting capability increases weemor probability is given by [1, (19)] with signal-to-noise
M is increased. ratio r. = 3N/[2KL(1 + &(v)], where&(~) stands for the
The effect of the number of pathd on the uncoded effect of adjacent— cell interference agégy) = 0.9 [1] when
BER performance is considered in Fig. 6. It is seen that ftlie propagation exponent is three. Then, the coded BER is
E;/Ny < 30 dB, additive Gaussian noise is the dominatingiven by [1, (18)], withn = 23 andt = 3 for Golay (23,
disturbance. The BER performance improves with increasidg) code, which can correct three errors in one block code. It
L, the useful variance due to tlepaths of the reference usercan be seen that whenis very small, the DS-CDMA system
increases withl,, whereas the noise variance does not dependtperforms the FHMA system. However, whenis very
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1) By employing RS coding, a significant improvement in
BER performance is obtained when the number of MFSK
signals increases.

2) The FHMA system is superior to a DS-CDMA system in
overcoming the near/far problem.

3) In order to have high capacity of the cellular FHMA
system, a small value of the frequency reuse factor should
be used.

APPENDIX
MULTIPATH TERMS

Let us consider the output of the MFSK demodulator branch,
which is the closest in frequency to the branch with- bEA)
Suppose the frequency offset of the closest branchiarzd the
delay and phase of th¢h path of the reference user arend
¢, respectively. The output of the closest branch¥i$?, where
X is given by

X = /Ts \/2_Pi/3il cos [(27rfo + 27rb§>‘)A) t+ @}
2exp[ (27rf0+27rb< A+ 2 - 2A) ] dt. (A1)

Removing the high-frequency componentsyeduces to

= /2P, [3”/ explj2n - 2A¢ — jP] dt. (A.2)

The real part of (A2) is given by

-0 5 0 5 10
Ratioo  (dB)

15 20 25 30 35 40

Fig. 7. Asymptotic BER with RS coding for fixed system bandwidth.

large, the performance of DS-CDMA degrades dramatically,
whereas the FHMA system can keep acceptable performance.

Re{X} =+v2PF, 8 / cos(2m - 2At) cos
+ sin(27 - 2At) sin @] dt
1

=/2P,3;j—————

Pitgeaa

A[sin(27 - 2AT;) — sin(27 - 2A7)] cos @
— [cos(2m - 2AT,) — cos(2m - 2A7)]sin @}
(A.3)

Therefore, the frequency-hopping system is more robust th@heresin(2r - 2AT,) = 0 andcos(27 - 2AT,) = 1 because
the DS-CDMA system in overcoming the near/far problem. 2AT, = n, is an integer. Therefor&e{ X} reduces to

Finally, Fig. 8 illustrates the BER of a cellular FHMA system
as a function of the number of active users per cell for differeRe{X } = \/ﬁﬁ”
values of frequency reuse factdrwhen the system bandwidth
is fixed (N = 1000). Itis seen from this figure that for a given
BER, a smaller value olV provides larger overall capacity of
the cellular system. Although a smaller valueMftauses more
adjacent-cell interference, itincreases the total nurpb&hop-

1

- 2A
-{sin(27 - 2AT) cos +[1—cos(2m - 2A7)]sin ®}.
(A.4)

It is assumed that the delay and phaseb are uniformly
distributed in [Q 7] and [0, 2r], respectively. The variance of

ping frequencies per cell, which decreases the hit probabilite{ x} is given by
(16) more and, therefore, reduces BER tremendously. Basically,

this conclusion is consistent with the general conclusion of cef, = 2P, F[3}] ———
lular FDMA systems, where system capacity increases with a

decreasing of the number of cells in a cellular cluster.

VI. CONCLUSION

In this study, the BER performance of one hop per symbol
FHMA with MFSK modulation, noncoherent envelope detec-
tion, and RS coding has been investigated for cellular applica-
tions. The following results have been obtained.

CTRTNG 5 E{[sin(27 - 2A7) cos @
+ [1 — cos(2r - 2A7)]sin ®]?}

5 {E[sin2(27r < 2A7)] -

1
—oP2p
=P r 20

E[cos® @]
+ E[1 + cos?(2r - 2A7)]|Efsin® ]}

1
=2P2p—— _[L.1 14+ 4y, 1
’p(27r-2A)2{2 2+( +2) 2}

S (m-208)2 0 (7-2AT,)2 w2-nd '
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