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A Novel Receiver for FHMA Systems

Chen Jiang and Jiangzhou Wargenior Member, IEEE

Abstract—A novel FH/MFSK receiver with additional partial  technically very difficult to achieve this kind of synchronization
correlators is proposed by means of side information for asyn- in practice, specially in decentralized systems. Therefore, our
chronous frequency-hopping multiple-access (FHMA) systems in gy ciam js assumed to operate in an asynchronous manner. That

the presence of Rayleigh fading. Performance analysis is carried . the t ission ti bet . t di
out and compared for both the novel and conventional receivers. IS, (he transmission imes between varous users are not coordi-

One hop per Symbo| and Reed-Solomon (RS) Coding are used innated. When the observed Signal is hlt, itis eXpeCted to utilize
the FHMA systems. It is shown that the novel receiver performs the delay between the desired signal and interference signals of

much better than the conventional receiver for a wide range of nonreference users to reduce the effect of interference. In order
signal to noise ratio. The capacity of the FHMA system with novel 4 tha error probability of the receiver to be below a certain
receivers is almost as twice as that of the system with conventional desi . e
receivers. esired value over Rayleigh channel and further mitigating the
effect of multiple-access interference, the Reed—Solomon (RS)

Index Terms—Fading channels, frequency hopping, multi-ac- coding with fixed rate is considered because of its good burst

cess.

error-correcting capability.
In Section Il, we establish the system model and present the

. INTRODUCTION

construction of the novel FH/MFSK receiver. Section Il con-

HE increasing demand for bandwidth in mobile comcentrates on the analysis of bit error rate of the novel MFSK
T munication services has fueled the search for high_@ceiver with Rayleigh fading. Numerical results and compar-

capacity wireless systems. This search has created a ¢

mercial interest in spread-spectrum (SS) systems which offegction IV. Finally,

significant capacity improvement in multiple access (MA)
systems. Although a great deal of emphasis has been placed on

Ispn between the novel and conventional receivers are given in

this paper is concluded in Section V.

Il. SYSTEM MODEL

direct sequence spread spectrum (DS/SS), recent developmentgt K denote the number of active transmitter-receiver pairs
in frequency-hopping multiple-access (FHMA) technologgf the FHMA system under consideration. The transmitter for
[1]-[11] have resulted in commercial applications such alekth user { < k < K) consists of the following parts:

mobile cellular communications, personal communications__
and wireless local area networks (LANs) . On the other hand,
FHMA systems have been considered for a variety of military
applications due to their frequency diversity and resistance to
the near-far problem [12].

In FHMA systems, each active user transmitsary fre-
guency shift keying (MFSK) modulated signals with indepen-
dent hopping patterns over a given common spread bandwidth.
Therefore, detection of symbol from the reference transmitter is
affected by the signals from other nonreference users transmit-__
ting simultaneously at the same frequency. This phenomenon is
known as a “hit”. The performance measure that one may be in-
terested in is the number of users for which communication is
possible with the error probability below a certain desired value.
This is called the achievable region. This performance measure
allows one to determine the maximum number of users that can
simultaneously transmit.

In this paper, we present a novel receiver with additional cor-
relators and an noncoherent MFSK demodulator, which offers
the performance improvement without incurring much of the
implementation complexity. In FHMA systems, synchronous
hopping of all users is useful to mitigating the effect of mul-
tiple-access interference under some special conditions, but it is
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A Reed-Solomon encoder, which converts block of
[ source symbols into a codeword ofcoded sym-
bols. The sequence of coded symbols is represented
asby(t); the A\th coded symbol of(¢t) has amplitude
b?), taking values from the set{1,..., M —1}. The
coded symbol rat&s is given byRs = R,/ log, M,
whereR;, denotes the rate of the coded bits. The infor-
mation bit rateR; (i.e., the rate of source bits) is given
by R; = Ry(I/n), wherel/n is the rate of the RS code.

A MFSK modulator, which translates each coded
symbol b?) into a sinusoidal tone with frequency
fe + b,(?)zA, where 2A stands for the frequency
spacing among adjacent MFSK tones. In order that
these tones are orthogonal\T's must be an integer,
whereTs = 1/Rg is the symbol duration.

A frequency hopper, operating at only one hop per
coded symbolQ is defined as the number of total hop-
ping frequencies. The frequency hopper translates the
signal symbol into a sinusoidal tone with frequency
f,g/\) + béA)ZA, Wheref,EA) is first-order Markov se-
quence so that two consecutive hopping frequencies
are always different. This assumption guarantees that
two adjacent hops of the reference user are not hit to-
gether by an nonreference user. It is assumed that the
hits due to multiple-access interference are indepen-
dent from hop to hop. In fact, Hegde and Stark [4]
has proven that though the hits exhibit an underlying

0018-9545/02$17.00 © 2002 IEEE
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Fig. 1. A detail block diagram of MFSK receiver with partial correlation, where is the delay element.

channel

Y.

Markov structure, the independence assumption is qistthe conventional square law detector output &zg, is the
accurate. When the RS coding is employed, the misguare law detector output for the earlier and later side informa-
imum system bandwidth is given by tion. The decision variabl®,, is equal toR,,,, — Rp(Rm =

R, — Rmp). Since the desired signal component is only con-
M n tained in R,,,, and the MAI tones generally are included in
Wrotal = RiQ (710g2(M)> (7) () both R,.q andR,,;, the MAl In R,, is reduced by the subtrac-

tion. In order to use the side information in an optimum way,

It is assumed that the channel between any transmitter g¢heé parametet is very important to balance the advantage of
the reference receiver is a slow Rayleigh fading channel, whetepressing MAI against the disadvantage of additional white
“slow” means that the signal amplitude can be assumed to @ise. When = 0, the proposed receiver reduces to the conven-
fixed in one symbol. tional FH/MFSK receiver (Fig. 2). Assuming that the user “0” is

Corresponding to the transmitter, the receiver consists othe reference user, the received signal is the sum of the reference
frequency dehopper, a noncoherent MFSK demodulator, a h&ignal, multiple-access interference and channel noise, given by
decision device and a Reed-Solomon (RS) decoder. To reduce . o O
the effect of multi-access interference (MAI), a number of par- r(t) =Posin [27f ( o by QA) t+ 90}
tial correlators in the demodulator of novel receiver are used. K-1
Fig. 1 makes use of information extracted from the previous and + Z [ sin |:27r ( lgA) + bg) . QA)
the next symbol interval to improve the robustness to MAI of the k=1
decision related to the present symbol interval. In FigR}, (t — k) + 0k] + n(t)

)
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Fig. 2. Conventional MFSK nocoherent receiver.
where the first term represents the reference signal (or desivagere
signal). The remaining terms consist of the multiple-access T’
interfgrence from nonreferem_:e users and white noise with X, = / § () pume(t)dt, (5)
two-sided power spectral density of heigit/2. The phaseg, Jo
and#, are independent random variables uniformly distributed Ts
in [0, 2). B, and3, are the signal amplitudes of reference and Ximsa :/0 7(t) s () dt, (6)
nonreference users, respectively, and are independent Rayleigh eTs
random variables with the second momén{3?] = 2Ps Xoneb :/ r(t 4 Ts) Pme(t)dt
and £ [[3,3] = 2P, respectively. For simple analysis, we 0

assume that all signals are received with the same average

power P, = Ps. Furthermore, we assume that the delayg (

of nonreference signals are random variables. During\the

signal symbol, the signal frequency Moy bgk) .2A and the and

corresponding pair of orthogonal basis functiahs.(¢) and Ts

¢ms(t) for channelm of the demodulator (Figs. 1 and 2) arex,, , = / 7t + Ts) s (t)dt
J0

_|_

Ts
/( T(t - TS)¢mc<t>dt (7)

l—E)TS

given by .
S
t—Ts)pms(t)dt. (8
{%Aw: Feosfen (50 +mo2a) ] v T @
_ /2 & () .
Pms (1) = |/ 7 sin [% ( o tm 2A) t} The bit error probability of receiver can be obtained by assuming
that the desired signal is present in channel 0 of the demodu-
whereX = |t/Ts].
[t/Ts] lator (i.e.,bgﬁ) = 0). Since the cases of hit occurred in all
channels of the receiver due to multiaccess interference are as-
lll. ANALYSIS . .
o _ sumed independent of each other when the number of active
As shown in Fig. 1, the random variablf,,, m = usersK >> 1, the probability density functionsff. (r,,)} of
0,1,...,M — 1, represents the output of theth channel of random variablesg,,} are also independent. Thus, the proba-

the demodulator and is the subtraction of the square-rootstiiity of symbol error is given by
two sums, given by

oo ro M-1
Rm :Rma, - Rm,b PSE =1- / fRo (TO) |:/ me (Tm)drm:| d’l‘g,
0 0
= X?%lca + X’anS(l - X'r?n,(‘b + X'r?n,sb (4) m :17 27 ey M — 1. (ga)
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Fig. 3. The cases of hit by usér

Note that an interference symbol whose delay is less th&he hit duration in duration A is, and hit duration in dura-
—(1+¢)Ts or greater thaiil + ¢)Ts does not cause any inter-tion B is 7,, wherer, is uniformly distributed in [0,Ts] and

ference at the output of all correlators due to partial mtegratlon Ts —Ta, Ta>(1—¢)Ts _In Case IlI, channetn is
(see Fig. 1). In Fig. 3, the time domain is divided into the ob? eTs, < (1—-e)Ts
served symbol duration not hit by a nonreference user in duration A, but is hit in dura-

tion B. The hit duration in duration B ig,, which is uniformly
distributed in [0 T's.]

A =0, Ts] (9b) For a large numbeif) of available hopping frequencies, the
probability of two or more hits occurred in one &f channels
and adjacent symbol duration is small. Therefore, we only consider the case that chamnel

of the reference demodulator is hit by one nonreference user.
Two or more hits in one channel at same time are neglected.
B =[-eTs, 0]or[Ts, (1+¢)Ts]. (9c) The probabilities of Cases I, Il, and Ill occurred in one channel
of the receiver are given by
In any channel of the receiver, the occurrence of the multiac-
cess interference can be described in the following three cases. P -1 2(1+¢)(K - 1)
In Case |, channeln is not hit by any nonreference user in Casel QM
duration A and B. In Case IlI, channel of the demodulator 2(K - 1)
is hit by a nonreference user (or usérin duration A and B. Peasent oM

(10a)

(10b)
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and

2¢e(K —1)
QM

Since the probability density functiong g (., )}are indepen-

dent of each otherir, (r,,) can be obtained by averaging over
all cases of hit occurred in channel

fR,. (Tm)

Pcasetir = (10c)

:PCaseI . me|CaseI(7"m)
Ts

+PCaseH'_
Ts Jo

me |Case II(rm |Ta)dTa

1
Pase T T ase m d
+ Pcasetir €Ts/o [R,.|Case 111 (Trm|T6)dT b
(11)

where me|CaseI(Tm)v me|CaseII(Tm|Ta) and me\CaseHI
(rm|7p) are the conditional probability density functions of

R,,, conditioned on the hit Case I, II, and Ill, respectively, and
are discussed and derived in the following.

1) Case l:
In Sase |, channet is not hit by any nonreference user.
The random variableX,,., and X,,., in (5) and (6) are
given by (12) and (13) shown at the bottom of the page
whereé(m,0) = 1 and 0 forrn = 0 andm # 0, respec-
tively. Since the two terms on the right hand side of (12)
or (13) are Gaussian, botK,,., and X,,s, are Gaussian fr..
random variables with the same variance

mea\CaseI(Ta) = { o
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where 0§ = (1/4)E[B¢|Ts = PsTs/2 and
o3 = No/2. Therefore, the output of the square root
Riyo = VX2 + X2, is a Rayleigh random variable

with the following probability density function:

). raz0
0, re <0

I8 7’2
o (~ 378 (15)

From (7) and (8)X,,.., andX,,, are given by (16) and (17)
shown at the bottom of the page where h&th., and.X,,
are zero mean Gaussian random variables with variance

Uf = 26012\;. (18)

Therefore,R,., = /X2, + X2, is a Rayleigh random
variable with the following probability density function

2
—T—’{ . >
menc:aseI(n):{OzeXp( ) m20 - (19)

, <0

The probability density function of thexth channel output
(Rm = Rma — Rmp) is convolution between (15) and (19),

|Case I(T) =

{ Js" [Rona|Case1(@ + 1) fR,,,| Case1(@)dz, >0 (20)
Opa = 036(m,0) + 03 (14) 15" fRoalCase1(@) f Ry Case (@ — T)dz, T <0
Xonea —/TS [ﬂgsm (27rfé )t—}-HO) 8(m,0) +n(t)} -\/TTSCOS[ ( (A)—I—m 2A) } dt
\/>[30 sin (fg) 6(m,0) + /OTb 0S [27r (f(k) +m- 2A) ] dt (12)
Xoea= [ [fsin (225914 00) sm.0) 4 0] g sin [2r (£ 4+ m 20 o] a
\/>ﬂ0 cos (00) 8(m, 0) + /TS \/Tj (” +m- 2A) t] dt (13)
0
Xoneb :'/OETSn(t—I—TS) . \/Tzscos [27r ( SO 2A) } dt
i ol e
Xomsb :/OETSn(t+T5) . \/Tzssin [27r( SN 2A) ]
+ /(1T_SE)TS n(t—"Ts)- \/Tzssin [27r ( SRNIP QA) } dt a7)
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Substituting (15) and (19) into (20), one obtains (21)
shown at the bottom of the page wheeefc(x)
2/ym [° e~ dt.

Case ll:

In Case I, channekh is hit by one nonreference user (user
k) during the observed symbol period and the hit duration
74 is uniformly distributed in [07s]. In this case, the same
interference userd;) may cause interference for botty,,
andR,,;. From (7) and (8), the random variabl&s, ., and
Xomsa are given by

Xmeca = \/7/30 Sln 90 m 0) \/Wﬂk sin (Hak)

2)
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symbolf,;, is a random variable uniformly distributed in
[0, 27). We define the random variabl = (/Ts/2)0%.
The probability density function df is given by

12
Frty) = | Fewe (=d)s w20,
0, y <0

(24)

Note that the random variablés,,, andR,,,;, are not inde-
pendent in Case Il since one MAI symbols hit both observed
symbol duration and its adjacent symbol duration. Hence,
the random variableR,,,, andR,,;, conditioned orl”, are
analyzed separately. Wh&nh= y, bothX,,.., andX,,,, are
Gaussian random variables with me@n /Ts)y sin (04)
and(7,/Ts)y cos (0.1) , respectively. Thereforey,,, is a
Ricean random variable with the pdf

mea |CaseIT (ra|{7_a7 y}) =

Xonsa \/ ﬂo cos (6p) 6(m,0) + \/_ﬂk cos (Bar)

_|_./0 n(t).\/Tstm[Zw( ()‘)—I—m QA) }dt (23)

where ;. represents the amplitude of the interference
signal of thekth nonreference user and is the Rayleigh
random variable with meaty/7/Ts)or, second moment

(4/Ts)o?, where o2 is the energy of one interference

T('L
T e
0,

2+(

r )2
E\Ts) g, (%

)> Tq 20 (25)
e <0

202

ma

ex <_

where variances?,, is defined in (14). On the other
hand, the random variableX,,., and X,,,, are given

by (26) and (27) shown at the bottom of the page where
Ts — Tas Ta > (1 — E)TS
eTs, To < (1=¢)Ts
variable uniformly distributed in [027 ). WhenY =

Th . By is a random

(__oh.r v’ VT mady _ 172
ey o (o) ey (- )
exp (—72(0;: 2)) -erfc < 72(0%1#:75)0%” -r) , r>0
me|CaseI(7") - ap(=r) 2 VO maOp 1 r? (21)
( ma+0 )) eXP( 20',2,“1) \/2 o2 -|—a ( ofna—l—o‘g)
2 ma. (=
\'GXP(—W)MCQ/W ( ’”)>v r<0
chb /Bk sin (gbk)
\/_
eTg
/ n(t+Ts)- ,/T— 27r N em. 2A)]
+/ n(t—Ts)- /= co 271' ) bm 2A> }dt (26)
1—e)Ts T
0
Xmsb Z—ﬂk cos (Opr)
\/_
/ n(t+Ts) - 1/T— 27r f0”+m ZA) }d
/ n(t—Ts) - 1/T— 27r f0 +m- 2A) }dt 27)
1—e)Ts
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, the random variablesX,,., and X,,s, are Gaussian
random variables with mean(r,/Ts)ysin (6y) and
(1p/Ts)y cos (Byr,), respectively. Similarly,R,,; is also a
Ricean random variable with pdf

meb|Case II (TbHTa: ’U}) =

i (#2)°

Ty _ s . TbYTh

{ exp (=S5 )b (#5) . 20 g
0

y r < 0

where variance? is defined as (18). Furthermore, we av-
eragefg,, |case11(r|{72,y}) overY to obtain

me|CaseII T|Ta) = / fy(y me|CaseH (rH7a,y}) dy
' (29)
For R,, = Rpma — Rmsp, See (30) at the bottom of the
page. Substituting (24), (25) and (28) into (30) and using
[13, eq. (6.633.4)], (30) can be simplified as (31) shown at

the bottom of the page wheke = 72020% + 202,02 +
T202
5
3) Case lll:

In Case lll, channelr is not hit by an nonreference user

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 51, NO. 5, SEPTEMBER 2002

(22) and (23) in Case I, X,,,cq, Ximsq} are independent of
{ Xmecas Xmsa}- The pdf of R,,, is given by (15). However,
givent, since bothX,,., andX,,s, are Gaussian random
variables with variance

2
62 (m) = <101> + 2e0%; (32)
Ts
whereas the pdf ofz,,; is a Rayleigh distribution, given
by (19) with the substitution of? by 62(7;,). Furthermore,
given 7, the pdf fr |caserni(r|m) of Ry, in Case lll is
given by (21) with the substitution @& by 57(7,) shown
in (33) at the bottom of the page.
Finally, substituting (10), (21), (31) and (33) into (11), we
can obtain the average pdk,, () of random variable?,,,,
and obtain the uncoded symbol error probabifityz by (9).
OncePsg after hard decision has been obtained, assuming
symbol errors are random when interleaving technique is
used, the corresponding bit error rate (BER)g after hard
decision is given by

M

2
M—-1

Ppg = Psg. (34)

during the observed symbol period, but is hit during the ad-

jacent symbol of the observed signal symbol. The hit du- Reed-Solomon (RS) codes are nonbinary, linear, cyclic
rationr, is uniformly distributed in [O¢Ts ]. In this case, symbol-error-correcting block codes. The length of an RS code
the random variableX,,,., and X,,,s, are the same as thatis n M — 1 M-ary symbols, of which are redundancy

in Case |, and the random variabl&s,,., and X,,s, are symbols;l can be chosen between 1 ahfi— 2. In this paper,
same as (26) and (27) in Case Il but withuniformly dis- we selecf = (M — 2)/2 so that the coding rate/n is nearly
tributed on [0¢7s ] (see Fig. 3). Since botK,,,., andX,,s,  1/2, and the code can correct uptte= M /4 symbol errors.

do not include common multiple access interference unlik’hen decoding of RS codes with hard decision is employed,

_ fO fY fo mea|Ca§9H (.CE + THTa /y}) meb|Ca<eH( |{Ta7y})d$dy7 T Z 0
fRo|Case11(T]7a) = (30)
mlCase Jom W) Jo” fraaicasert (2{Ta, y}) froicaset (@ = rl{Ta, y}) dady, r<0.
4 22 (12024 T2 02 22 (1202 £ T2 02
Ts fO £E+’I“ exp< ( 201 +Ts 777,:1,)—‘;(‘ll+ ) ( v o1 +T5 b))
i -IO(””(”’”)%W?)dx, r>0
me|CaseH T|Ta) = 2 2/ 2 2 2 2 (31)
Ts fo :I? . T exp <_ (z—r)? (T JI+Tb 7;&1/)+97 (Tb‘TI+TSUb)>
LE(.’L‘—'I’)THT ag
[ o (2=t ) do, r<o
4 2 2
oo LT N _ re
( o2 +6? )2 Xp( 203%) \/2 ma+0 (1 a?ﬂa+&§)
2
- exp (_42(”%4-&5)) erfc ( 72((%&4_” YT ~r) , r>0
me|CaseIH(7"|Tb) = —&7r (33)

+ f”7nn”b 1_ .7“2 )

V2(o2

j— T2
o2
Tim

, r < 0.
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Fig. 4. The probability of bit error versus the parameter with RS coding. . . . .
Fig. 5. The probability of bit error versus the parameter with RS coding.

the symbol error probability’s g after RS decoding is well

The probability of bit error of the novel MFSK receiver :

in a FHMA system with the Rayleigh-fading channel isE 105
e

1

b

now numerically computed. For fair comparison, all of
the following results are obtained under the condition the

P

approximated by [6] 100 -

1 & n . . 10-1 ; N Conventional receiver

Psgpc = — Z j [] [Psg)’ [1 — Psg]" ™’ (35) E ’ Novel receiver
" Jj=t+1 : + Simulation Result

102
wheret = M /4 andn = M —1. The BERPsg( after decoding E
is approximated by substituting in (3#sr and Psg by Pegc ‘g B
and Psgc. = 103 ?
@ N
IV. NUMERICAL RESULTS B 104
> —

Wrotal/Ri = Q (M/logy, M) (n/l) = 2000 is fixed where 10®
(n/l) = 0.5 for coding.

First, the effects of the parameteiof the additional partial o7 b L L L
correlators on the performance of the MFSK receiver are shov 0 10 20 30 40
in Figs. 4 and 5. The probability of bit error is shown in Fig. 4 for E, /N,

various values of, /Ny when the modulation ordevl = 32,
whereas it is shown in Fig. 5 for various values /df when
E, /Ny = 16 dB. Note that the performance of a conventional

receiver is shown in the both figures wheg= 0. It can be seen can be reduced in the subtraction®f,, andR,,; in the Case
from Fig. 4 that when®, /N, = 8 dB, the performance of a Il. For the Cases | and Ill, however, the use of additional par-
conventional receiver is better. However, whiggy N, is large, tial correlators introduce more noise. The noise increases when
i.e., By /Ny > 12 dB, the performance of a novel receiver ig increases. Thus, an optimum valuesoéxists. WhenF;, /Ny
better. The probability of bit error decreases whencreases reduces, the noise energy increases and optimum valudesf

for a given value ofE;, /Ny. Whene takes an optimum value creases. On the other hand, when the chamnielhit by a MAI

(e = 0.4), the error probability reaches the minimum. Whetone, the use of additional partial correlators reduces the output
¢ keeps increasing after the optimum value, the probability of channebn. If the channetn is signal channel, the additional
error steadily increases. The optimum value @&f a function of partial correlators are destructive to the performance. The prob-
E, /Ny, but it falls in the region from approximately 0.3 to 0.5ability that the signal channel is hit ig’M . This is the reason
The optimum region of from 0.3 to 0.5 can also be observedvhen the modulation ordeY/ is larger, the effect of the novel

in Fig. 5 whenM > 8. Note that in the novel receiver, the MAIlreceiver is better, and the optimum valuecoélso increases.

Fig. 6. The probability of bit error with RS coding.
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It can also be seen from the both figures that gi¥giN, or
M, the performance is not very sensitivestavhene takes any
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novel receiver. It can be seen from this figure that the analytical
results are very close to simulation results so that our analytic
results are very valid.

Fig. 7 illustrates the BER for both receivers as a function of
modulation order)M. It can be seen that whel < 4, the
conventional receiver performances better than novel receiver.
However, when\/ > 4, the novel receiver is better. For a fixed
system bandwidth, the best performance is achieved When
32 for a conventional receiver, while the optimum valué\éfis
64 for a novel receiver. Actually, this is consistent with Fig. 5.
When M is larger than the optimum value, the performance
degrades.

Finally, the BER is shown in Fig. 8 as a function of number
of active usersK). It can be seen that for a BER of 18 the
system capacity with novel receivers is almost as twice as that
with conventional receivers.

V. CONCLUSION

In this paper, the performance of the novel FHMA/MFSK
receiver has been investigated. The following conclusions have
been drawn:

1) the novel receiver performs much better than a conven-
tional receiver for a wide range of signal to noise ratio;

2) the optimum value of parameteof the partial correlators
in the novel receiver is in the region of 0.3 to 0.5;

3) for a fixed system bandwidth, the optimum modulation
orderM is 64 for novel receivers, while the optimud
is 32 for conventional receivers;

4) the capacity of the system with novel receivers is almost
twice as that of the system with conventional receivers.
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