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Abstract—A novel frequency-hop spread-spectrum multiple-ac- concentrated on traditional MFSK [1]-[4] or hybrid direct-se-
cess network employingh -ary orthogonal Walsh sequence keying quence (DS)-MFSK [5], [6]. Since traditional MFSK by itself

with noncoherent demodulation is proposed. The transmitted o5 not possess any multiple-access capability, the error
Walsh sequence is overlaid by a user-specific pseudonoise se- bability gi hob is hit | hiah. Th f ’ f
quence to reduce the effect of multiple-access hits. Two GaussianProRabliity given a hop Is hitis very high. The periormance o

approximations for the multiple-access interference from both FHSS-MA networks employing MFSK has been extensively
the dehopped slot and its neighboring slots are developed and investigated in [1]-[4]. In order to reduce the performance

are used to analyze the performance of the proposed network degradation due to multiple-access hits, hybrid DS-MFSK has
for synchronous and asynchronous hopping under nonfading peen considered where further DS spreading is performed on

and Rayleigh fading channels. The effect of imperfect hop timing . -
synchronization at the receiver is also analyzed. It is shown that the MFSK modulated signals [3], [6]. However, the additional

the proposed network offers significantly improved network bandwidth expansion due to DS spreading drastically reduces
throughput compared to networks based on traditional M-ary ~the number of available frequency-hop slots for a given radio
frequency-shift keying modulation. frequency (RF) bandwidth. Hence, such a system may only be
Index Terms—Error analysis, frequency-hop communication, applicable to networks with sufficiently large RF bandwidths.
multiaccess communication, pseudonoise coded communication,Performance of networks employing hybrid DS-MFSK without
spread-spectrum communication. spectral overlap between the DS-spread MFSK tones within
a frequency-hop slot was investigated in [5]. In [6], the issue
of optimal separation between the DS-spread MFSK tone fre-

. guencies was investigated. Even with optimal tone separation
I N FREQUENCY-HOP spread-spectrum multiple-acceggd spectral overlap, the resulting bandwidth of each of the
(FHSS-MA) networks, reducing the probability of hitsfrequency-hop slots is still significantly larger than that of

caused by multiple-access interference (MAI) and reducing thggitional MFSK.
error probability given a hit are of utmost importance. These g 3 different note, FHSS-MA networks based on band-
two probabilities are closely rglated to the modulation schemggth-efficient modulation schemes were proposed in [8]-[10].
employed for each hop. In this paper, we focus on FHSS-Mfhese schemes attempt to increase the network performance by
networks employing\/-ary orthogonal modulation withon- increasing the number of frequency-hop slots for a given RF
coherentdemodulation and propose an efficient mOdU|at'OBandwidth, thus decreasing the hit probability. For example,
scheme based on Walsh sequences. The proposed modulafigh multiple-carrier on—off keying (MC-OOK) proposed in
scheme, wh|Ig requiring bandwidth approxmately identicad), log, M binary information bits are OOK modulated onto
to that of traditionalM-ary frequency-shift keying (MFSK), 1,5, A/ orthogonal carriers. For a given bit rate and modu-
significantly improves network performance. lation order M, MC-OOK reduces the required bandwidth
M_any of the previous works on FHSS-MA net\_/vorks €Mper frequency-hop slot by a factor @bg, M)/M compared
ploying noncoherentM-ary orthogonal modulation haveyth traditional MFSK. At the receiver, a decision is made by
comparing thdog, M energy detector outputs to a threshold.
Unfortunately, the optimum value of the threshold is not only
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Fig. 1. Proposed system model.

symbol duration. As for traditional MFSK with the frequencywith M. Hop timing error not only results in a decrease in the
separation between contiguous MFSK tones 1¢fl;, the received symbol energy, but also generates additional self-in-
3-dB bandwidth forM = 2 is approximately(0.97M)/T,, terference due to the breakdown of orthogonality among the
and converges td/ /T with increasingM. Therefore, both PN-MWSK signals. We assume the Tikhonov distribution [12]
PN-MWSK and traditional MFSK require approximately saméor the hop timing error and derive a GA for the additional
bandwidth per frequency-hop slot. Thus, the use of PN-MWSsé€lf-interference term. Results show that the sensitivity to hop
instead of traditional MFSK does not reduce the numbéming error increases withi/ as expected, resulting in an op-
of available frequency-hop slots for a given RF bandwidttimum value of M maximizing the maximum achievable nor-
The receiver makes a decision on the transmitted symboélized throughput. This contrasts with the case of perfect hop
by selecting the index of the largest among the energy timing synchronization, where the throughput increases with in-
detector outputs. Thus, unlike MC-OOK, there is no need fareasingV for both nonfading and Rayleigh fading chanriels.
demodulator parameter optimization as a function of SNR or The remainder of this paper is organized as follows. System
network load. and channel models are presented in Section Il, and in Sec-
In analyzing the performance of the proposed scheme, tien Ill, the decision variables and GAs for the MAI are derived.
accurately take into account the effect of hits to neighboririg Section 1V, the effect ofimperfect hop timing synchronization
frequency-hop slots. This spillover effect of interference causedanalyzed, and in Section V, numerical results are presented.
by interfering users hopping to neighboring frequency-hdginally, conclusions are drawn in Section VI.
slots was usually neglected in previous analyses [1]-[7]. Two
Gaussian approximations (GAs) are derived for the MAI II. SYSTEM AND CHANNEL MODEL
contributions to the decision variables. The first approximation
is given by a simple closed-form expression, but lacks accurarllg
in nonfading channels for small error probabilities. The seco
approximation is accurate for all cases considered, but requi
numerical averaging.

The system considered in this paper is a homogeneous
SS-MA network with K identical active users (trans-
pggter—receiver pairs), as described in [1]. The distinction is
the fact that PN-MWSK is employed in place of MFSK. A

; k diagram of the proposed system is shown in Fig. 1.
Performance of the proposed network employing PN-MWSRI(_)C ) . . . ;
is analyzed for synchronous and asynchronous hopping unM\QFh PN-MWSK, log, M binary information bits are grouped

nonfading and Rayleigh fading channels using the deriv choose one Of. thé/ Walsh sequences of 'ef‘.g‘M- The
GAs. Results show that the maximum achievable normaliz Ish sequence is then overlaid by a user-specific complex PN

throughput is significantly larger than that obtainable witgeduence W.ith chip rate identical to that of the Walsh sequence.
'Fhe transmitters send one PN-MWSK symbol per hop (fast

traditional MFSK. This i inly due to th [
raditiona S 'S 1S mainyy cue 1o e stppression %opping) in one of thg available frequency-hop slots, and each

the MAI through DS processingithout requiring additional .
bandwidth. The performance of the proposed networks is aldss’ employs a Markov hopping pattern [13]. We do not putany

compared to those based on MC-OOK and hybrid DS-MEsKeonstraint on the frequency separation bgtween contiguous fre-
For PN-MWSK, signal orthogonality is achieved in the tim uency-hop slots (slot frequency separation) for asynchronous

domain, as opposed to the frequency domain for MFSK. Hen ppINg networks. For synchronous hopping networks, the
it is expected that the sensitivity to hop timing error increasesitne analysis, of course, is valid only for valuesidfup to the point where
with M, and the sensitivity to hop frequency error decreases flat-fading assumption within a hop holds.
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slot frequency separation is assumed toMf¢7’; to maintain [ll. GAUSSIAN APPROXIMATIONS
orthogonality. The baseband-equivalent transmitted waveform,
of thekth user transmitting symbeh, € {1,..., M} during a
symbol (hop) duratiof0, Ts) can be represented as

In order to derive the GAs, we first derive the expressions for
the U;'s. We consider the asynchronous hopping case, and the
results for the synchronous hopping case may be obtained from

M-1 the asynchronous hopping case by settipg= 0 for all k. By
PRt =) wi (ai’n +ja§n) he(t —nT,). (1) inserting (2)into (3), itis straightforward to show that ttigs
n=0 may be written as
Here, {w™ }M~<1 is the Walsh sequence of lenglf corre- K
sponding to symbornk taking on the values of-1 and —1. U =U + ZU%AI +z, l=1,...,M. 4)
Also, {ay .} and{a? '} are the in-phase and quadrature phase =

PN sequences for thigh user, where;, ,, andak are assumed
to be independent and identically distributed (i.i.d.) and equaltyere.z’s are i.i.d. zero-mean complex Gaussian random vari-
likely to be +1//2 or —1/v/2. The chip pulse shapk.(t) ables with mdependent real and imaginary parts with identical
equals 1 foo < ¢ < T, and zero otherwise, whefle = 7, /M  varianceN,/2, U 2 /Es0¢/% 6,0, and
is the chip duration.

Let fo be the hop carrier frequency used by the reference us MAIA \/ s,k P (
(say user number zero) during the hop durafiar). Also, '
let K’ be the number of interfering users using a hop carrier
frequency in the sef= {f—ss. s fe1sfos f1se-., fs}, Wwhere The termUMA! can be evaluated by separately considering the
Sisthe numberofnerghbonng frequency hop slots on each sigases fo < 7, < T, and—T, < 7; < 0. In the Appendix,
of the dehopped slot taken into account. We assume that A" is shown to be
hopping pattern of a receiver is perfectly synchronized to that
of the corresponding transmitter. Then, the complex baseband- Mal vV Esk I (Tr Lt A1) +61)

I (2T Afit+6y )pf) (1‘)* dt. (5)

equivalent signal at the receiver of the reference user during th M
hop duration can be written as { [sin(ﬂpk(l )
E, TPk
r(t) =/ —°p’"° (t)e’® M_Ly-1 .
Z (cé),n+Lk) c’,:;ej(%”‘")]
S k mk (27I'Afkt+9k) n=0
+2(t) (2) [Sin(?rpkuk)
_|_ - 7
i TPk
where fy is the random phase offset of the reference M—Lp—2
user’s signal uniformly distributed o0, 2x). The terms Z (cg n+L‘+1) e k od (2mpi(n+(1/2))) (6)
i € (=Ts,Ts) andfy, € [0, 2r) are the uniform random delay ne=0 ’

and phase of theéth interfering user's signal, respectively,

and Afj, is the hop carrier frequency difference between thgr the case whed < 7, < T.. Here,pkéAfch is the
reference user’s signal and tli¢h interfering user’s signal. normalized hop carrier frequency difference between the ref-
Also, z(t) is the equivalent low-pass complex white Gaussiagtence user's signal and tfith interfering user’s signal. The
noise process with two-sided power spectral dendifyand nonnegative integer termh, and0 < y;, < 1 satisfy|r;| =
E, . is the received symbol energy of theh interfering (7, 4 )7, andcj’t = wp (ain + Jag ). For the case
user. Assuming perfect power contrdl, ; has a constant when T, <7 <0, UMAI are given by (6) wrtr‘(co . )*
value of E; (= Eplogy, M, whereE} is the received energy ) ande™ replaced withe™ o s Aand

per bit) without fading. Under the independent Rayleig 0”+ijl(2ﬂ r f“m kL Chnt Lyt

fading assumptionF; ; is assumed to be i.i.d. and expo- (Coﬂ) e(Enou(Litin)), vespectively.
nentially distributed with probability density function (pdf)A Gaussian Approximation 1 (GA1)

pE, . (z) = (1/Ey)e "/Es x > 0, and independent between
hops. This fading model is widely adopted as a first-order APPlying the GA to the MAI term is widely employed and

approximation to actual physical channels [1], [8]-[11]. accepted in the analysis of systems with some form of DS pro-
After observingr(t) in [0,7.), the receiver computes th cessing gain [14], [15]. An example similar to the system model
decision varlableﬁm l=1,...,M, given as adopted in this paper is given in [16], which was later adopted

in analyzing the conditional error probability for FHSS-MA net-

works employing noncoherent hybrid DS-MFSK [5]. We expect

VTs Jo that the DS processing gain inherent in PN-MWSK justifies our
use of the GA for MAI, which is confirmed in Section V.

wherex* denotes the complex conjugatezafThen, the index  Based on the GA, in order to evaluate the conditional symbol

of the largest decision variable is chosen as the estirhgtef error probability, we first approximate the MAI ternﬁ/éiMAI

the transmitted symbol. k=1,..., K’ as Gaussian random variables. For asynchronous

) dt| ,

|Ui| = ‘
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hopping, U}, is easily shown from (6) to have zero mean andhere

variance conditioned opy given as

MAI|2
B e e { lervael ’Pk}

—3s [Bn { o)) |

M—L;—1 )
l 2 my
'ELk : : |co7n+Lk| Ck,n

n=0
. 2
sin®(mpg g )

M—L;—2 9
E l 2| mp
'EL,‘, |C(],n+1+L;c | ‘ck,n

n=0
= () @

for both nonfading and Rayleigh fading cases with
A () a_6 [1 3 Sln(27ra:)} .

(27)?

®)

2mx

1A Es -
762 (r ) .

is the inverse of the equivalent SNR at the matched-filter output.
For Rayleigh fading channels, the reference user’s signal con-

tributes to the variance df,,,,, and we may approximateg,’'s

as

Umo ~N (OvEs + ﬂ(K/) + NO) (16)
U, ~N (0, 3(K") + No), 1% mo. (17)

The conditional symbol-error probability is then approximated
as [19]

) _]M—l M-1 (_l)n-‘rl
p =3 (M) e

n=1

(18)

The merit of GAL is that it results in simple closed-form ex-
pressions folP;(K"). The average error probability withi ac-
tive users is then given as [3]

K-1
K -1 / K—1-K'
Then, the variance of the second term in (4) (the aggregate MANPa (K) = > ( K ) ph (1—pn) P, (K')

denoted3(K”) is obtained as

o
/3(Kl)égE]\84 ZEM {A (Pk)} (9)
k=1
K'E;, 1 s
=S 135 | 22 A= ST | (0)

1=—S

Note that as with conventional DS spread-spectrum m
tiple-access networks [17], [18], the variance of the aggreg
MAI, 5(K'), bears a division by a factor @, representing the
DS processing gain. This DS processing gain accounts for the

K'=0
(19)

wherep;, is the probability that an interfering user uses a hop
carrier frequency in the sét. Forq sufficiently larger tharzs,

the probability of an interfering user hopping into the carrier set
F for two consecutive hops can safely be neglected. Further-
more, the edge effect, i.e., the probability of the reference user
hopping to a frequency-hop slot near the edge of the RF band,
where the number of available neighboring frequency-hop slots

f_n one side is less thafy may also be neglected for sufficiently

Eégeq. Hence, we may approximage, as follows given that
the above two conditions are met:

2(1 4 29)

Pr = — . (20)

drastic performance improvement compared with traditional q

MFSK.

As will be seen in Section V, values &% (K’), K’ > 1, for

For synchronous hopping networks with slot frequency seany system configurations lies above 0.1, in which case simple
aration M /T, signals present in neighboring frequency-hofAl suffices. However, for some cases, e.g., with lavgand
slots are orthogonal to the reference user’s signal and thus,ndbfading under asynchronous hopping, the accuracy of GA1

not act as interference. Hence, for synchronous hoppifi; )
reduces to
K'E
IK') = —=
BK') = —
for both nonfading and Rayleigh fading channels.
For nonfading channels, we may now approximatelflis
as i.i.d. complex Gaussian random variables as follows:

(11)

Uy ~N (VEoe™, B(K") + No ) (12)
U ~N (0, B(K') + No), 1# mg. (13)

Thus, the conditional symbol-error probability givéfi inter-
fering users can be approximated as [19]

PS(K’)=MZ1<M;1)

n=1

(-1
n+1

n

o |G 69

degrades for small values &t (K'). Therefore, we consider a
more accurate (but not as easily computed) approximation to
P,(K’) in the next section.

B. Gaussian Approximation 2 (GA2)

For the case of nonfading channels, unlike GAl, we use
the variance ofUﬁ’,‘cAI conditioned onr, and p; to first
compute the conditional error probabilits(K’|7, p) with
_A _A e
7=(m,...,7x7) andp=(p1,..., px). The conditional error
probability P;(K'|7, p) is then averaged ovérandp to give a
second approximation t&;(K’), denoted GA2. The variance
of U conditioned orr;, andp;, can be computed from (6) as

Ec:ti‘; { |U11?§cAI|2’ Tlml)k}

_E; sin?(mpr(1 — ) 3
e [ o ML)
sin2(7rpkuk)
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Thus,U;’s conditioned orr andp are approximated as wheref (K’| E,, 7, ﬁ) is given by (24) withE; replaced with
; o E, ;.. The conditional error probabilitf?;(K') is then given b
Uil (ry ~N (VE/* B(K'|7,0) + No)  (22) " P W:(K7) grenby
Ullizpy ~N (0,8(K'|7,0)+No), 1#mo (23) P(K,):MZ_1<M_1>
where ’ ot n
A 2 (—1)"*!
K75 23 B { |UMAT ‘ : E5 -4 - _ 28
BN 7= k{l o | T’“'p’“} BT\ n 4 1+ np (K'| By, 7, p) (29)

k=1
:i E, [sin®(mpr(1 — ) (M — L) where3'( K'| E,, 7, p) is given by (15) with3(K’) replaced
Pt M? (mpr)? r with B( K'| E, 7, p). The expectation in (28) may again be rel-
_Sin2 (mpnie) atively easily evaluated via the Monte—Carlo method.
kHMEk
(wpr)?
The conditional error probability’s(K'|7, p) is then given by . )
(14) with 8'(K") replaced withd’ ( K| 7, 5), which is in turn Results presented in Section Il assume perfect hop synchro-

given by (15) with3(K”) replaced withs ( K'| 7, ). Averaging nization in the sense that the receiver has perfect knowledge of
P,(K'|7, p) overr andj, we have ' the hop timing of the target transmitter. In practice, such ideal

Mol conditions are seldom met, and the accuracy with which the syn-
Py(K') = Z M-1 (—1)<"+1) chronization can be accomplished affects network performance.
° B n n+1 Since the chip duratioff. = (log,(M)/M)T, decreases with

_|_

(M - Ly — 1)} . (24)
IV. EFFECT OFIMPERFECTHOP TIMING SYNCHRONIZATION

n=1

n increasingV/ for a fixed bit duratior?;, for PN-MWSK, the sen-
‘Bz py4exp |- — . (25) sitivity to hop timing error increases witl/. On the other hand,
’ (n+1)p" (K'|7, p) . S .

) ’ : - o since the frequency-hop slot bandwidth is inversely proportional
Using the fact that,’s andp;'s are i.i.d., the expectationin (25) 5 7. | the sensitivity to hop frequency error will decrease with
may be relatively easily evaluated via the Monte—Carlo meth@gtreasing)z. In this section, we analyze the effect of imperfect
[20]. o ) ) ) hop timing synchronization on the error probability with perfect

_ This is much simpler than straightforward system simulgyoy, frequency synchronization for asynchronous hopping net-
tion based on directly generating the decision variables givgR ks

by (4), mainly due to two reasons. One is that the computa-\\e assume that the reference user’s received signal has a hop
tional complexity of the argument of the expectation in (23}ming error 7, which follows the Tikhonov distribution [12].

does not depend o, whereas the complexity of generatingb fining th i hob timi & T th f
the decision variables based on (4) and (6) increase¥ as ofe):?;ngi\t/eﬁ rt;(;/rmamed op timing error -7o /5, the pd
t-

Another reason is that the number of required Monte—Carlo |
erations for computing the expectation in (25) does not depend A ) 2 -
on the valueP,(K’) being estimated. On the other hand, the 1 P (ﬂ‘ﬂx ) cos (/\ )

number of required Monte—Carlo iterations for the decision varis/ (A) = Mimae N 2 IAl € Amax-
able-based method increases with decreaBiti&’). We com- 1o {(K) ]
pared the approximate computation time requirements for the (29)

two methods and have concluded that estimafitgk”’) via  Here, I, (z) is the modified Bessel function of order zetd, is
(25) (GA2) is drastically simpler. For example, wilif = 16,  the variance of\, and . is the maximum absolute normal-
K’ =3, Ey/Noy = 30 dB, andS = 3 for which P;(K") =~ jzed hop timing error.
1.2 x 10_4, the required simulation time for the decision vari- In the presence of a hop t|m|ng errormfwhich is assumed
able-based method was approximately 700 times that based@8atisfy|r,| < 7., the effect of the reference user’s signal on
GA2. Moreover, forM = 64, K’ = 25, Ey /Ny = 30 dB, and - theth matched-filter output is given by
S = 3 forwhich P,(K’) ~ 1.3 x 10~%, the required simulation .
e e st s rebolvs oy S i
) ! - TQ 0

served 1000 error samples for the decision variable-based sim-
ulation and performed 10 000 Monte—Carlo iterations for GAZhis expression is identical to that foi;*' given by (5) with

For the case of Rayleigh fading, we further condition the vark: = 0 and A f, = 0. Hence, it is straightforward using (6) to
ance ofUMAT on , ;. Then, the variance @f AT conditioned See thal/;’ with hop timing erroi) < 7 < 7. is given by
on E; i, T, and p, is given by (21) WithE, replaced with - Mo
Es 1. This results in the following GA fot/;’s conditioned on Us = \/MS,O 3% [(1 — 10) Myt + o Z (06,n+1)* mo

_ o
B2 (Es,-.., Esxr), 7, andp: 0,

U’nlO|{E5,‘F,f)} ~N (07Es + /3 (K’| E57
Ullig, 75 ~N (0,8 (K'| B, 7, )

n=0

p)+No)  (26) (31)

77—7
+ NO) ; L#Fmg whereuoé|ro|/TC. For the case wher1. < ) < 0, U}
(27) is given by (31), with(c{, ,,,,)* andcg's replaced witheg'™
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and (cf,,)*, respectively. On the other hantl}*! in (4) is and
unaffected by hop timing error for asynchronous hopping. A [Pmax
For nonfading channels, it is easily shown from (31) that the /Bs,avg:/ Bs (ko) f(A)dA

mean and variance &f; conditioned or, are given as ~Amax \
_E(M-1) 1 m
s _ [ VE«% (1 — o), for I =myg ~ (log, M)* Amax ) 2| S0
Eco_g {Ul |/j’0} - { 07 otherwise (32) )\maxIO (H)
2
and - exp [(Amax> cos( A >] dA. (41)
2 O\ )\max
A s s
Ps(10)=Ecpo { ’Ul — B (U] |/‘0}‘ “0} For Rayleigh fading channels, it is readily seen ttigs for
E, <1 1 ) ) (33) GALl are given by
= — | Kp-
M M Upg ~N (OE (1- u0)2+[3s(/L0)+[3(K/)+N0) (42)
This implies that the hop timing error results in an effective de- Uy ~N (0,Bs(p0) + B(K') + No), [#mg. (43)

crease in the recelved_ syn:bol en?\{g)l/ and an _effectlve_ nereaor GAZ2, which uses the conditional variance of the aggre-
in self-interference. Sinc&; andU, " are statistically inde-

’ I = = ' . — ™
pendent, GAL for thé,'s given i is obtained from (12), (13), 93t€ MAL 8 (K' |E,,7,p), Uy's conditioned onE, 7 and
(32), and (33) as can be written as

Umo|{Es,-F,f;} ~N (07Es(1 - N0)2 + Bs(1o)

Umo ~N (\/ Esejeo (1 - NO) 7[35(#0) + /B(Kl) + NO) (34) +03 (K’ |ES777—7 /j) 4 NO) (44)

Ui ~N (0, Bs(po) + B(K') + No), 1 # mo. (35) Ull(g, »5y ~N (0, 8:(1o) + B (K' | Es,7,5) + No) ,
Similarly, GA2 for thelU;’s giveny, is obtained from (22), (23), L# mo. (45)
(32), and (33) as Then, P;(K') is evaluated using (18) and (28) for GA1 and

, GA2, respectively, using’(K’) given in (38), with D(uo)
Ul 5y ~N (\/ Eoe?® (1 — o), Bs(1o) and 3, (u0) replaced withD,,, and f; .., respectively, and
+B(K' |7.5) + No) (36) B(K'|7,p) replaced with3 (K’ |E,,7,p).
Ullgz.5p ~N (0, Bs(no) + B(K"|7,p) + No) , V. NUMERICAL RESULTS

L# mo. (37) For all the numerical results presented in this sectianNg
The conditional symbol error probabilit, (K |j0) for GA1 is assumed to be 30 dB and the frequency separation between

and GA2 are then given by (14) and (25), respectively, wifPntiguous frequency-hop slots to Bé/7;. Note that MAI
#'(K") replaced with from the dehopped slot and three contiguous neighboring slots

on each side of the dehopped slIst £ 3) are considered for

( ) )71 for GAL a;ynphrongus netwqus employing PN-MWSK. It was verified
B(K') = Bs(no)+B(K")+No ’ . (38) via simulations that interference from frequency-hop slots fur-
( D?(po) )‘ _ for GA2 ther away may safely be neglected.
B (uo)+B(K'|7.p)+No J In Figs. 2 and 3,P,(K’) predicted by GA1 and GA2
where are compared with those obtained via simulations for asyn-

chronous networks employing PN-MWSK. Fig. 2 indicates that
D(uo)é\/E: (1—po) . (39) fornonfading channels, GA2 accurately predicts the simulation
results for all cases considered. The simpler GA1 accurately
Due to difficulties in analytically averagings (K| o) overpg, predictsP(K’) for Ps(K') > 0.1, but gives optimistic results
we approximateP;(K') by (14) and (25) for GA1 and GA2, for P;(K') < 0.1. Therefore, for subsequent analyses for
respectively, by replacing(p9) andSs(uo) in (38) with their nonfading channels, GA2 is used fBy(K’) < 0.1 and GAl
respective averaged values oye(= (M /log, M)|)|), given is used forP;(K’) > 0.1. For Rayleigh fading channels, we

by observe that GA1 and GA2 both fit the simulation results quite
\ well. We believe that the improved accuracy of GA1 for smaller
DA / e D(j10) f(N)dA values ofP;(K") under Rayleigh fading is due to the additional

RCE N randomness introduced by the random fading amplitudes.

VE. M Hence, we adopt the simpler GA1 for networks under Rayleigh

Amax
= N ) /0 (1 - m)\> fading. For synchronous _hopping ngtworks, QAl may_safely
Amaxdo (;Ta;) ’ be used for all cases of interest, with and without fading, as
shown in Figs. 4 and 5.

2 . .
exp <)\max> COS< A ) O\ 40) The_ maximum of the normaIAlzed network throughp_n{tK)_
TO) is defined below, denoted,,,x= maxx w(K), assuming bi-

/\max



CHOet al. NOVEL FREQUENCY-HOPPING SPREAD-SPECTRUM MULTIPLE-ACCESS NETWORK 1891

~..|%* % Simulation|-
GA1

20 30
K/

Fig. 5. Comparison oP, (K’) obtained via GA1 with simulation results for
synchronous networks employing PN-MWSK under Rayleigh fading.

1 60 1 40

Fig. 2. Comparison of,(K’) obtained via GA1 and GA2 with simulation
results for asynchronous networks employing PN-MWSK without fading.

0.6 T ! T
: —  PN-MWSK
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3 M=16
5 04r 1
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20'1_ . RO
0 I | !
0 200 400 600 800
K
1 10 20 30 40 50 60 Fig. 6. Comparison of the normalized throughput for asynchronous networks
K’ employing PN-MWSK and MFSK without fading witf,,—» = 200.

Fig. 3. Comparison of’;(K’) obtained via GA1 and GA2 with simulation
results for asynchronous networks employing PN-MWSK under Rayleighary codes achieving channel capacity is used as the perfor-

fading. mance measure [1], [3], [21]
_ KCO(K) KC(K)
..... w(K) o WssTb o 2q]%=2 (46)
where
| C(K) =1+ Py(K)log,y(Py(K))
| +(1 = Py(K))logy(1 = Py(K)) (47)

is the channel capacity [19] witR active users in the network.
Also, P,(K) = (M/2(M — 1))P,(K) is the average bit-error
probability, Wss is the total RF bandwidth allotted to the net-
Y SO S e work, andgy—2 = WssT,/2 is the number of available fre-
Bl quency-hop slots wittl/ = 2. The total RF bandwidthVs g
S and the data bit rat&/7;, are assumed to be fixed, regardless
of M, giving the number of available frequency-hop slots for a

“lx % Simulation|:

20
K’

30

40

given M asqy = (2logy M /M )qn—2. For the remainder of
this section, we assumg,—» = 200.
Figs. 6 and 7 show the normalized throughput versus the

Fig. 4. Comparison oP, (K') obtained via GA1 with simulation results for number of active users for nonfading and Rayleigh fading
synchronous networks employing PN-MWSK without fading.

channels, respectively, for asynchronous networks employing
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—— Asynchronous hopping: S=3 |-
---  Synchronous hopping
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Fig. 7. _Comparison of the normalized throughputfo!’asyr)chronous networkg. 8. Comparison of the normalized throughput for asynchronous
employing PN-MWSK and MFSK under Rayleigh fading withr—> = 200.  and synchronous networks employing PN-MWSK without fading with
gr=2 = 200.

PN-MWSK and MFSKz First, in Fig. 6, we note that for
networks employing PN-MWSK in nonfading channels, .. 0.25
increases withM for all values of M considered. This is
because adV/ increases, the increase in MAI, due to the _
increase in the hit probability, is more than compensated b)ﬁ
the combination of two factors. One is the DS processing gairi
and the other is the SNR gain, i.e., the decrease in require & (.15
SNR in order to achieve a given BER with increasihg for
M-ary orthogonal modulation under additive white Gaussian=
noise (AWGN) [19]. For networks employing PN-MWSK in % 0.1
Rayleigh fading channels, the increaseuip., with increasing

M is much smaller compared with that of nonfading channels,
as shown in Fig. 7. The reason for this is that the SNR gain dut . Asynchronous hopping: S=3
to M-ary orthogonal modulation is much smaller for Rayleigh --- Synchronous hopping
fading channels [19]. 0 : ; L

Comparing the results for PN-MWSK and MFSK in Figs. 6 0 200 4?(0 600 800
and 7, we observe that the proposed network employing
PN-MWSK shows significantly improved throughput perforgig. 9. Comparison of the normalized throughput for asynchronous and
mance. For networks employing MFSR/ = 4 achieves the synchronous networks employing PN-MWSK under Rayleigh fading with
largestwnmay for both nonfading and Rayleigh fading channelg™=2 = 200.

In comparison, the proposed network with = 128 gives
approximately 100% and 25% larger,,., for nonfading and 40
Rayleigh fading channels, respectively.

It was shown in [1] that for networks employing MFSK, 351
asynchronous networks outperform synchronous networks
in terms ofwyax. IN order to check if the same can be said
for the PN-MWSK case, comparisons of asynchronous and o5}
synchronous networks employing PN-MWSK are shown in __
Figs. 8 and 9. For nonfading channels, asynchronous network:i,é?o’
exhibit a slightly largerw,.x than synchronous networks.
For Rayleigh fading channels, synchronous networks obtain
largerwp,.x than asynchronous networks fof < 64, while 10+
the trend is reversed fall > 64. Also note that the largest

0.2f

Throug

Z

0.05}

3
g
3

Z.

30_v vvvvvvvvvv

15r

5_
2The results for MFSK were obtained from simulations with= 1. It was
verified that the interference from frequency-hop slots further away can safely = fl..-.- -
be neglected. -8
3Although not shown in the paper, we have verified that fof =
2,4,...,128, andgqy > 20, wnax Obtained using the derived analytical
results are in good agreement with simulation results and the edge effect Ean 10. Plots of the Tikhonov pdf(X) for o3 = 0.0001 and 0.001 with
safely be neglected. Amax = 0.5.
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COMPARISON OF K 1,0y SATISFYING P, < 1072 FOR NETWOR-}EQEII\_AELCI)YING PN-MWSK, MFSK,AND MC-OOK WITH ¢as—> = 200
No fading Rayleigh fading

M || PN-MWSK MFSK MC-OOK | PN-MWSK MFSK MC-OOK

Sync | Async | Sync | Async | Sync | Async || Sync | Async | Sync | Async | Sync | Async
2 10 22 5 27 18 32 8 6 4 8 14 4
4 20 50 5 36 18 32 10 9 4 9 14 4
8 48 83 4 35 18 31 11 10 4 8 14 4
16 76 116 3 31 18 31 11 11 3 6 14 4
32 || 106 | 147 2 26 18 31 11 12 1 4 14 4
64 | 137 | 173 1 22 18 31 11 12 1 3 14 4
128 || 165 | 195 1 18 18 31 11 12 1 2 14 4

d
n

k PN-MWSK, MFSK, and MC-OOK. The results for MC-OOK
were obtained via simulations using optimum decision thresh-
olds. Observe that with asynchronous hopping, PN-MWSK
with M = 128 gives approximately 440% and 35% larger
K...x for nonfading and Rayleigh fading channels, respec-
tively, compared with MFSK withM/ = 4. For networks
employing MC-OOK, K ,,..x Clearly does not depend ol

- IR * for synchronous hopping. Also, for asynchronous hopping, the
‘Rayleighfading g ---==~ -l ¥  dependence of .. on M is minimal. We observe that for

o
»
.

o
w
.

Maximum Normalized Throughput wyax

0.2p7 Rayleigh fading g ===---z¥22770%
=497 o ----- G- .
”ig‘ﬁ - O nonfading channels, PN-MWSK by far outperforms MC-OOK,
0.1355.:.’. = = Perfect synchronization | .. 779 whereas under Rayleigh fading MC-OOK slightly outperforms
+ + ©=0.0001 PN-MWSK.
o o c§=0.001 Finally, in Table II, simulated values oK., satisfying
0, ) 8 16 32 64 P, < 1072 -for hybrid DS-MFSK forg = 20 andq = 1 .
M (corresponding to the no-hopping case) are compared with

that of PN-MWSK. Asynchronous hopping is assumed with
Fig. 11. Comparison of the maximum achievable normalized throughpft = 1, and N denotes the DS processing gain per DS-MFSK
Logr ;hg.()C()%SleZn(c)ifO%%Ie\fvtitl‘arl:xm:qp(?ge;rtl dg‘if’:Zt'rl'r_‘z%os_y”"h“’”'za“o”s f.%'ymbol. For hybrid DS-MFSK without fading, it was shown

in [5, Table 1V] thatqg = 1 is optimum in terms ofi(,,,,, for

a large range of\/. Hence, for nonfading channeld/ = 32
Wmax 1S Obtained withM = 8 for synchronous networks underwith ¢ = 1 (N = 62) achieves the largedt . of 155 for
Rayleigh fading. hybrid DS-MFSK. On the other hand, Table Il indicates that

Next, we consider the effect of imperfect hop timing synchrax’, . for PN-MWSK increases withh/ and that PN-MWSK
nization on the performance of networks employing PN-MWSIKith A/ > 64 outperforms the optimum hybrid DS-MFSK.
with asynchronous hopping. Fig. 10 shows the Tikhonov pdfs Bkfore comparing the results for Rayleigh fading channels, we
the normalized hop timing error (= 7/T;) for 03 = 0.0001 note that MFSK is a special case of hybrid DS-MFSK with
and 0.001 with\p.x = 0.5. Sincery = (M/logy(M))AT., N = 1.Hence, the results for MFSK given in Table | also need
A = 0.05in Fig. 10 corresponds tq, = 0.17,. and0.537. for to be considered, and we find that MFSK witf = 4 gives
M =2and 64, respectively. In Fig. 1dy,.. versusM is shown the largestk ..., of nine for hybrid DS-MFSK under Rayleigh
for the cases of perfect and imperfect hop timing synchronizeading. PN-MWSK achieves a largéf,,. by usingM > 8
tions. As expected, for a givel under imperfect hop timing for Rayleigh fading channels.
synchronizationy,,., decreases with increasimj. This gives Now, we compare PN-MWSK witd/ = 128 andq = 21,
rise to the existence of an optimum value /af maximizing with hybrid DS-MFSK withg = 20 with the optimum values
Wmax, UNlike the case with perfect hop timing synchronizatiom/ = 8 andM = 4 for nonfading and Rayleigh fading chan-
Clearly, the sensitivity to hop timing error increases with innels, respectively. Using similar values @fimplies that the
creasing)M due to a corresponding decreaselinfor a fixed bandwidth occupied per frequency-hop slot is approximately
Ty. the same. Observe that PN-MWSK witil = 128 gives
In Table I, the maximum number of active usef§, .. approximately 85% and 50% largdk,,.. compared with

satisfying P, < 10=2 are shown for networks employingthe optimum hybrid DS-MFSK withy = 20 for nonfading
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TABLE I
COMPARISON OF K max SATISFYING P, < 1072 FOR NETWORKS EMPLOYING PN-MWSK AND HYBRID DS-MFSK WITH ¢ar—> = 200
FOR ASYNCHRONOUSHOPPING

No fading Rayleigh fading

Hybrid Hybrid Hybrid Hybrid

M || PN-MWSK | DS/MFSK | DS/MFSK | PN-MWSK | DS/MFSK | DS/MFSK
(¢ =20) (¢g=1) (g =120) (g=1)

q | Kmax | N| Kiax | N | Kiax || ¢ | Kmax | N | Kumax | N | Kmax
2 | 200 22 10 55 200 67 200 6 10 6 200 6
4 | 200 50 10 90 200 | 108 | 200 9 10 8 200 8
8 ||150 | 83 8 | 106 |150| 129 |/ 150 | 10 8 7 150 7
16 || 100 | 116 | 5 97 | 100 | 148 | 100| 11 5 5 100 5
32 || 62 147 3 66 62 155 62 12 3 4 62 4
64 || 37 | 173 | 2 41 37 | 154 37 12 2 2 37 2
128 | 21 195 1 18 21 141 21 12 1 2 21 1

and Rayleigh fading channels, respectively. Although we dob< u; < 1. Then, by substituting (1) into (5), we have (48), as

not show the results, extensive simulation campaigns weslgown at the bottom of the page, where

performed, which verified that these observations are valid

for a wide range of RF bandwidths (i.ga;—2) and also for 2 he(t — mTo)he(t — (n + Ly, + pug )T )ed CmATR+00) gy

the synchronous hopping case, as well. This improvement/o (49)

over hybrid DS-MFSK is mainly due to the fact that WithE
e

- . o . ote that due to the relative delay of th#h interfering user’s
PN-MWSK, the additional DS processing gain is obtain , V Y I g u

gnal, compared with the reference user’s signal and asyn-

without additional bandwidth expansion. chronous chip timing between different users’ signals¢ 0
onlyif0<n< M-—Lyandm =n+ Ly orm =mn+ L+ 1.
VI. CONCLUSION Evaluating I for the two cases whem: = n + L, and

In this paper, we proposed an FHSS-MA network employing = n + L + 1, (48) can be written as shown in (50) at the
PN-MWSK and developed two GAs for the conditional erroiop of the next page. Evaluating the integrals in (50) and letting
probability, given a hop is hit by’ interfering users. The pr = Afi 1., we obtain

effect of hits by interfering users hopping to neighboring VB
frequency-hop slots was accurately taken into account. It [7MAI= 3(mpi 2Lk +1)+6k)
was demonstrated that employing PN-MWSK  significantly ' M in(mpe(1 — 1x))
improves the network performance compared with employing { [sm TPk Hk
MFSK. Finally, the effect of imperfect hop timing synchroniza- / TPk
tion was analyzed. ML * e i(2mpen)
Z (CO,n—Q—Lk) Cr,n€
APPENDIX =0
sin(mppfir,)
In this appendix, we derive the MAI terfii;*' for the cases ok
when0 < 7, < T and T, < Tk < 0. We first conS|der ML, 2
the case whef < 7, < T%.. Let¢h = wi(ap,, + jay @) ) cl * ok i (2mpr (nt+(1/2))) (51)
and7, = (Lg + ux)Te, whereLy, is a nonnegative integer and ;::o( O’"+L"+1) m

\IAIA v s k m;. e_](?wAfkT—I—@k) z( )*dt

*

= M-1
m (Z C;";;h t— Tk —TLT ) (Z COm t—mT )) ej(ZTrAfkt+9k)dt

M-1M-1
\/ sk Z Z (48)

'm,

m=0 n=0
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o ([Met . (n+Lp+1)T. ,
G =V (s e [ et = (4 L)Toholt = (n+ L + )T A= 500 s
s "0 (n+Li)T.
M—Ly—2 . (n+Li+2)T. ,
+ Z (chnsrit1) Cim / he(t = (n+ Lk + DT )he(t — (n+ L + ) T.) e/ CT3 00 g
n=0 . (n—‘,—Lk—l—l)TC
\/E7k M—Lj—1 l . «(n+Lp+1)T. )
_ ) my 27 Afrt+64)
= (CO,n-l-L ) Chom / e’ dt
T nz:;) * (n+Lyp+pp)Te
M—Ly—2 l . (n+Lp+14p )T, . A 0
+ Z (607n+Lk+1) c:f:l/ 61(277 frt+ A)dt (50)
oy J(n+Li+1)T.
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i = (L + )T, WhereL is again a nonnegative integer  Shicaqshects levoiag B anayss of e el of iegal power
; o ; 5 ) . . 38, pp. , .
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