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Performance Analysis of FFH/MFSK Receivers With
Self-Normalization Combining in the Presence of
Multitone Jamming

Chen Jiang and Jiangzhou Waignior Member, IEEE

Abstract—An analytical study is presented for the performance work, Robertsoret al. [3] and Levitt [4] analyzed the perfor-
of fast frequency-hopping (FFH) self-normalized orthogonal mance degradation of slow FH in the presence of MTJ over
M-ary frequency-shift-keyed (MFSK) noncoherent receivers in  Ricaan fading channels, where one or more symbols per hop

the presence of multitone jamming. The multiple equal-power . . - .
jamming tones are assumed to correspond to some of the possible?'® assumed. Multitone rejection of FFH/binary FGH = 2)

FFH/ M -ary orthogonal signaling tones. It has been shown that a With clipper receivers was studied by Tehal. [5]. The perfor-
higher diversity order (the number of hops per symbol) improves mance of FFH/MFSK with linear combining reception against
significantly the worst case performance of the self-normalized MTJ was presented in [6]. Moreover, the self-normalized re-

receivers against multitone jamming and reduces the fading effect ceiver against PBJ was studied by Robertson and Lee over a
of jamming tones. There exists an optimum value of modulation Ricean fading channel [7]

order (M) that maximizes the worst case performance of the i i . )
self-normalized MFSK receiver. This paper investigates the performance degradation of self-

normalized noncoherent FFH/MFSK in the presence of multi-
tone jamming and thermal wideband noise. The multiple equal-
power jamming tones are assumed to correspond to some of the
possible FFH/MFSK orthogonal signaling tones. At most one
. INTRODUCTION tone is distributed per FH band, which results in the poorest

HERE is considerable interest in the application of freSyStem performance compared to other distributions of MTJ and
T quency-hopping (FH) techniques for combating jammingBJ [9], [10]. Furthermore, the channel for each hop band is
in both military and commercial communication systemglodeled as a slowly fading Ricean process [11]. A broad range
[1]-[12]. These systems typically use noncoherértary Of channelfading is possible. Since the signal source and trans-
frequency-shift-keyed (MFSK) modulation. To protect againgﬂissiqn pgt_h are different for the de;ire signal and multitqne
hostile jamming to the communication signal, fast frequendgmming, itis assumed that both the signal tone and the multiple
hopping (FFH) can be used. jamming tones are independently affected by channel fading.

In FH systems, two types of interference models are par_T.his paper is organized as follows. The noncoherent self-nor-
tial-band noise jamming (PBJ) and multitone jamming (MTJ)"nahzegl FFH/MFSK_ system and channel models_ar_e presented
The former consists of Gaussian noise spread over a fractiodbPection l. In Section lil, the performance analysis in self-nor-
the total FH bands, while the latter consists of jamming ton&a2lized combining is described. Section IV shows the numer-
distributed over the total FH bands. By general comparison i@l results of system performance under various conditions.
the overview paper [10], the MTJ is more effective than PBUNE results are summarized in Section V.
since it can focus its power on only one channel of an MFSK
receiver in one frequency hop. To reduce the negative impact of Il. SYSTEM MODELS

jamming on performance of FH/MFSK systems, FFH with time \ve consider a communication system whose fundamental re-
diversity is an effective method. But for the simple linear diveiquirement is to transmit binary source information over the total
sity combining, each diversity reception is equally weighted $andwidthiW;- by means of\/-ary frequency-shift-keyed fast
that its performance improvement is limited. Thus, some betiegquency hopping. The bandwidti;: can be divided intaV

combining techniques must be used that give less weight to $4§ bands(1,,..q), and each FH band can be further divided
diversity receptions hit by jamming and deemphasize the &fto A7 channels. Therefore
fect of jamming. The adaptive gain control receiver, clipper re-
ceiver, and self-normalized receiver are studied extensively in Wr =N X Whana =N X M x Af Q)
antijamming [1], [2]. In these nonlinear combining techniques, o _
the self-normalized receiver is the most practical since it do@§€reAf stands for the minimum separation between two ad-
not require any side information to function. In the previoucent channels for noncoherent detectitinis the symbol du-
ration T = T, log, M, whereTy is the bit interval. Finally,
the symbols are mixed with the frequency-hopping tone of fre-
Manuscript received November 3, 1999; revised February 12, 2002. uencyf;, for durationT},. In the FFH/MFSK system[, fre-
The authors are with the Department of Electrical and Electronic Engineerirgh iy i . . L.
The University of Hong Kong, Hong Kong (e-mail: jwang@eee.hku.hk). ) ency hops occur for each S.ymboh PjaCh symbol is partitioned
Digital Object Identifier 10.1109/TVT.2002.800618 into I independent transmissions durifig = 75/ L.

Index Terms—Fading channel, frequency hopping, multitone
jamming.
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Fig. 1. The self-normalized FFH/MFSK receiver.

The front end of the self-normalized receiver (Fig. 1) corthe number of jamming tones is equal to or less than the total
sists of a frequency dehopper, a bankéimatched filters, and number of FH bandél < ¢ < N), whereq is the number of
quadratic detectors. Each quadratic detector oulgyt is di- jamming tones. It is assumed that the multiple jamming tones
vided by the sum of all quadratic detector outputs fromitie are transmitted at frequencies equal toAiex N FFH/MFSK
channels. The random variablg, . is given by signal tone frequencies. The total jamming powePjs and

e the power of a single jamming tone 13, = P;t/q. In order
mk . .
PV A— (2) that system performance can be presented without using a
>om=1 Xmk particular number of hopping bandé or a particular number

which is always limited to one even if the channeexperiences Of jamming tones, the effective of signal power to multitone
significant jamming during théth hop. TheL self-normalized jamming power ratio SJg is defined as

ka =

variables of each channel during a symbol are combined to pro- E P N M
ide the decision variables SIRg = S R <—q> . (—) . ( ) - L. (5)
v ; (Pyr/Wr)  \P;) \q) \log, M
Do = Z ks m=1,..., M. ©) The signal fade is assumed independently from hop to hop,
1 which implies that the total hopping banitl is much wider

than the coherence bandwidth of the transmission channel
and the fading channel is characterized by frequency-selective
fading. Thus, similar to [11], we may wish to design the
hopping pattern to satisfy that the smallest spacing between the
_ P frequency-hopping bands used by the hops of one symbol is
t) = Re+/2p, 2 . —DASflt+6,, . L
r() { ps xpLi{2mlfh, + (m = DAS]E+ }]} larger than the coherence bandwidth of the channel. In addition,
+J(t) +n(t), m=12,...,.M (4 itisassumed that the bandwidth of a single hop is less than the
coherence bandwidth of the transmission channel. That is, the
where Rde} stands for real part ang = +—1. ps : -
is the receiver power of the desired signal with me channel for each hop is modeled as a frequency-nonselective

al X X . )
P, = E./T, = (Eylog, M)/T,, where E, and E, stand sr]owly fading Ricean process. As a result, the signal amplitude

for symbol and bit energies, respectiveliLf is chosen as can be modeled as a Ricean random variable that remains
the hop rateR, = 1/T; (i.e., Af = 1/T3), so that these constant_ at least fo_r one _hop duration. . .
tones are orthogonalf, i = 1.2,..., N, is the possible The signal and jamming tones may have different fading

discrete frequency available for hopping ahgis an unknown statistics because they have different circumstances for their
phase, but constant during a hop interd. The thermal transmitters and different transmission paths. Therefore, it is

noisen(t) is modeled as additive white Gaussian noise wit ssumed that channel fading characteristics are independent for

two-sided spectral density,/2. J(t) is intentional multitone he signal and jamming tones.
interference. The jammer’s strategy is to choose the number
and the distribution of jamming tones that will cause maximum
degradation to the communicator’s performance. It is possibleln this section, the bit error probability for noncoherent self-
to distribute the tone jamming at random ovéfr. From normalized FFH/MFSK receivers in the presence of multitone
the jammer’s viewpoint, the multijamming tones in an FHamming is analytically presented. The bit error probability is
bandwidth,.,q4 at same time do not constitute an effectivelependent on SJR, E;,/Ny, ¢/N, the diversity orderL, the
strategy. A more effective jamming strategy is to distribute atodulation ordeV/, and the channel fading characteristics of
most one jamming tone in an FH bandwidth. That implies th#tie desired signal and jamming tones.

Finally, a decision is made as to which of th& decision vari-
ables is the largest.
The receiver signal is given by

I1l. ANALYSIS
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First, we obtain the symbol error probabilifisg by aver- of M channels during one hop is jammed;i§ N M). There-
aging the conditional symbol error probability over all of posfore, P.(K) is given by
sible multitone jamming pattern combinations. [gtlenote the
. . . . L
number of hops that are not jammed by any jamming tone durin ) ( )

- - lo.ls,1,...,1,2,...,2,...L,...,L
the observed symbol interval. Suppose the first channel of t e EAACER ) 2 y

MFSK demodulator contains the useful signal and Jetenote my ma mr
the number of hops during which the first channel is jammed. ] M—-1 ] (1 B i)lo ) ( q )L—IO
For otherM —1 channels without signal toney is defined as mo,Mi,..., ML N MN
the number of channels that are not jammed ovet.afiops L! (M —1)!
andmy, mg,...,my are defined as the number of channels "ol L TR (1T TTE jmy!
that have one hop, two hops,, L hops, respectively, jammed. ! Ll
Since any hop is jammed at most by one jamming tone : (1 - i) i (L) " (8)
N MN
L
lo+1ls+ Z (my x 1) =L (6a) B. The Symbol Error Probability, Conditioned on the Jamming
1=1 Pattern K

L As shown in Fig. 1, the random variablé,,,(1 < m <
Zml =M -1 (6b) M) is the output of thenth quadratic detector during hdp

=0 The symbol error probability, conditioned on the jamming pat-
dern K, can be obtained by assuming that the desired signal is
present in channel 1 of the receiver and that:th¢éh channel

(2 + Zé:o m; —my <1y <14+ Zi;o m;) is jammed by the
jamming tone ovet out of L hops during the observed symbol
interval. For example, ifn, = 3 andmy = 0, three channels

- o . ch with one hop jammed are numbered= 2, 3, and4, re-
satisfies (6a) and (6b). Therefore, any possible jamming patt‘%E)l'ectively. Thus, the symbol error probability conditioned®n

in the M channels ovet. hops can be described by a corre: .
sponding vectolK . Each vectorK results in a different con- is obtained as
ditional error probability. We average the conditional symbol

error probability over all the possible combinations to obtaid’se|x = Pr

where all ofly, [, andm,; are positive integers. It is assume
that the vector

K:(ZO-/lSvavmlv"'?mL) (6C)

U <zm|K>]

the symbol error probability, which is given by m=2
I3 1+Zi:0 m;
Psp =Y Po(K)- Psp|x ) =pre U (71 < Zpn, | K)
K 1=0 ml:2+22:0 s —my
where P,.(K) is the probability of the jamming patte& and 9)

Psg| i is the symbol error probability, conditioned on the jam-

> . . whereZ,, is the decision random variable. Since allff, are
g:lr:)%\l!;agtternl(. Pr(K) and Ps s will be presented in the identically distributed, the upper bound Bfg | i is given by

L

A. The Probability of the Jamming Patteff, P,.(K) Psg|x < Zml Pr(Zi < Zy, | K). (10)

Since the FFH/MFSK receiver observes the outputs ofithe 1=0

receiver channels over hops in order to make a decision, allDefining

possible two-dimensional assignments of the jamming patterns

in the M channels ovef. hops must be considered. Wik = Z1k — Zmk, —1 < Wi <1 (11)
Note that there are

and
M-1 L
m ) =
0,1, -y ML Wi, = > Wy —L<Wp, <L (12)
k=1
ways to form vectorK’ over theM channels and )
one obtains
L L
(l()lg1122LL> PI‘(Zl < an,l | K) = Pr <kZ_IWmlk|K < 0)
my mo mr, -
=Pr (anl | K < 0) . (13)

ways to form vectoi over theL hops. In addition, the proba-
bility that all of M channels are not jammed by jamming tones The random variable§W;, .| x,k = 1,2,..., L} have the
during one hopis4¢/N, and the probability that a specific onefollowing four jamming cases during hops of one symbol.
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Case l) All of M channels are not jammed by a jammingnd from (2) and (11), one obtains

tone duringl, hops.

Case Il) The signal channéln = 1) is jammed by a jam-

ming tone during, hops.

Case lll) The channeln; is jammed by a jamming tone

during! hops.

Case IV) One of the other channels ¢ 1 andm # ;) is
jammed by a jamming tone during— lo — I, — [
hops.

Thus, given the jamming pattet, (12) can be written as

L

Wi | Kk = E Wik | K
k=1

= E Wmlk|CascI+§ Wik | Casel

>

L—ly—1ls—1

lo ls
+ E Wik | Casetr + Wik | Case IV -
!

(14)

fWi, (W) and fw,, ,(w) are defined as probability density

L

functions of the random variabl&g;,, andW,;,, i, respectively,

and have the following relationship:

®lo
Fit, (1K) = [ fiv,,, (w] Case )]

®ls
® [fwﬁllk (w | Case H)}
®1
® [fwﬁllk (w | Case III)}

]@(L—lo—ls—l)

® [fwm(w | CaseTV) (15)

where® represents convolution ar represents ahfold con-
volution. Therefore, (13) can be rewritten as

Pr (Wﬁ””{ < 0)

0

- / fov, (] K) dw
—L
0

-
' (‘I’ [f W, (W] Case H)} )ls
(¥ [ Casern])

(v [ (w|CaseIV)])<L_l°_l‘“_l)} dw  (16)

where¥ and ¥ ! represent the Fourier transform and inverse

Fourier transform, respectively.

C. Probability Density Function§fi,, , (w |CaseU), U =
ILIL IIT and IV}
Defining the random variable
M
Vi = Z Xk (17)

m=2
m#Ey

Xk — Xk
X1k + Xk + Vi

Wik = (18)

Note that the random variables, i, X, 1, andVi,,; are inde-
pendent of each other. Therefore

T[T 2w 4w (14 w) + wv
st = [ [t ()
: melk(x) : fVm,k (’U) dzdv.  (19)

Defining @, (7), ®x,,, . (7), and®y,, , (v) as the character-
istic functions of the random variable$, ;,, Xy, x, and Vi, k.,

respectively, (19) can be simplified as

’ {Z(I)Xmlk [—’}/’U)] : (I)Q/ .

/WQMHQ—wH

— 00

e [T (1 w)]

+ @y, 7wl @y, [+ w)]} dy (20)

where®’(v) = (d®(v))/(dv). The detailed pdfs oW, for
four different cases are given by

fwi, i (w] Casel)

- wies '/_m¢xl[v(1—w>|NJ]

{20, [-yw [ N]- @4, [=y(1+w) [ NJ]
+ Py, [y NI By, [y (1 +w))| NJ]} dr,

(21)
fw, i (w] CaseII)

~J /_Oo B, (1 - w) | J]

- 27r(1 — w)
{20, [0 [ N @ (= (1 +w) | NJ]

+ @y, [0 | NI By, [y (1 -+ w) | NI da,
(22)
fWﬁw,lk (w | Case III)
I R
= sty | enb—w N

{20k, -0 | J]- 94 =91+ w) | NJ]

gk

+ @y, [ ] @, [+ w) [N dy (23)
Wi, (W] Case V)
_j o
=< 0] 1-— N
e | #nb-w N

{20x,, [yw | NI @5 =y (1+ w) | ]

+ @, [ NI Oy, [—y(L+w) | T} dy (24)

where J and NJ mean that the channel is jammed and not
jammed during hop, respectively. The characteristic functions
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in (21)—(24) are given by (25)—(30), shown at the bottom of the 10° g ]
page [6],wherex} and 7% represent the powers of the direct F '
and diffuse components of the desired signal, respectiudly. 10 ‘E
and20? are the powers of the direct and diffuse component , E

E

The fading of jamming tones:

no fading

4 . . - — == Rayleigh fadi
of the jamming tone, respectively3, = NoAf = NoRj 10 wiagh fadne

is the thermal noise power. The total average signal power
Ps = a% + 20%, and the total average power of one Jammlng
toneisP; = Pyr/q = aJ + 2(7] Both powers are assumed to 2
remain constant from hop to hop.

Once the symbol error probabilifysg after hard decision has
been obtained, assuming that symbol errors are random wh
interleaving is used, the corresponding bit error rate (BEE)
after hard decision is given by

it Error

Worst-case

Probability of
=)

L=4 q/N =1
M/2 M =4
/ PSE (32) E, /N, =16dB

P =
BE = 3o 5

e e e b by v v by v b e Lo

0 10 20 30 40 50
IV. NUMERICAL RESULTS SJR 5 (dB)

The error pI’ObabI|Ity performance of Self—normallze% 2. Performance of self-normalized receivers when the desired signal
FFH/MFSK receivers in the presence of multitone jamming t&penences Ricean fading.

numerically investigated for various values of SgRndg/N.

Substitute (25)—(30) into (21)—(24) and numerically evaluate the/erse FFT operated by a 400-MHz PC is rather quick, and
functions{ fw,,, , (w |CaseU, P;/0o%),U = LI IlIand IV}, the 8192-point inverse FFT takes only about 0.1 s. Note that
using the ratio of jamming tone power to noise powgyc3 as Pr(W,, |k < 0,Py/c%) is not a function of/N. Finally,

a parameter in 3-dB steps from40 to 20 dB. To obtain suffi- substitute (8) and (10) into (7) to obtaifyg for given values
cient numerical precision, we defing = —1+(2/2048):,i = of SJIRg andq/N.

0,1,...,2047, and compute corresponding values of The performance of self-normalized FFH/MFSK receivers in
fli] = fw,,.(wi|CasdJ, P;/o%;). Then, using fast Fourier the present of multitone jamming fat = 4,M = 4, and
transform (FFT),f[i],7 = 0,1,...,2047, is transformed to the F;,/N, = 16 dB is shown in Fig. 2. The desired signal expe-
characteristic functiom®[i] = [me . (w; | CaselU, Py /o%)]. riences Ricean fadingg /202 = 10 dB), whereas jamming
Further, numerically evaluater(W,, | x < 0, ,P;/0%;)in (16) tones experience either nearly no fading wiffy 202 = 40 dB

by means of inverse FFT for all possible jamming pattdins or nearly Rayleigh fading with? /20% = —20 dB. The ratio of

For example, wher. = 4 and M = 4, there are 50 kinds the number of jamming tones to the number of hopping frequen-
of jamming patterns. Thus, we need to run inverse FFT ofesq/N = 1,0.1,0.01 andgyost /N for the worst case multi-

L % 2048 = 4 % 2048 = 8192 points by (number ofK) « tone jamming. Fig. 2 shows that for a specific SgRhe system
(step number of’; /o%;) =50 % 20 = 1000 times. Fortunately, performance is the function @f/N and a maximum value of

1 j2a2y
. . 2 25
X (YINJT) 1_‘12(203+012V)76Xp{1_j2(203+a%v)7} )
) 32 (2 +a3)y
® J) =
Xlk(7| ) 1— J2 (203 + 20’?, —+ 012\,)’)/ oxp [1 _J2 (203 + 20’3 + U%V)7
4(ISOZJ’Y
gy 26
0[1_j2(203+203+0%)7} >
1
Cxon (VINT) = 75— -
]\T
By (o) 1 exp j2a2y (28)
- 1 j2(202 + 02)7 1—72(20% 4 0%)
1 M-—-2
v, (VINJ) = [m] (29)
. N
) M-3 1 J2a5y M >2
Oy, (v]]) = [ P O RS o R FET =R ) R 0

1, M=2

?
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Fig. 3. Performance of linear combining receivers when the desired siglll:ég' .4' Pertft?rman?e compar||t§t<)n Of. self—normz;llze(:han_dtllnfear compmlnlg
experiences Ricean fading. receivers with worst case multitone jamming when the interference signals

experience Ricean fading.

bit error rate exists whef/ N = ¢worst/N. SOGworst /N IS the o
function of SIRg. The curve forgye.st /N is the common tan-
gent of curves for the different/N.

For comparison, the performance of linear combining oL
receivers [6] under the same condition is illustrated in Fig. 3. | -
can be seen that performance of the self-normalized receive 5
is much better than that of the linear combining receiverzé
when the signal experiences Ricean fading. This is because tx
self-normalized combining deemphasizes the effect of jammins ;2
tones. Moreover, it can be seen from Figs. 2 and 3 that for ;
given value ofg/N, the performance difference between the-
Rayleigh fading and no fading of jamming tones for self-nor-
malized receivers is much smaller than for linear combining 10°

T TTTTT

T TTTTTI

IS}
T

lity

1

Probab
T

receivers. Therefore, we conclude that the self-normalize o M=4

receiver not only improves the performance against jammin s~ E,/Ny=16dB

but also reduces the effect of the channel characteristic « 2

multitone jamming on performance. 10" B L
It can be seen from Fig. 2 that the effect of the channel fadin 0 10 20 30 40

characteristic of multitone jamming on system performanci SJR.; (dB)

is small for self-normalized FFH/MFSK receivers. Thus, we
choose the Ricean fading of interference tones for the followir@. 5.  Worst case performance of self-normalized receivers when the desired
subsequent analysis. signal experiences Raleigh fading and jamming tones experience Ricean fading.
The performance comparison of the self-normalized receiver
and linear combining receiver under the condition of worst casgynificantly the worst case performance for SR> 10 dB.
multitone is presented in Fig. 4. Generally speaking, the perfd¢then SJR is less than 10 dB, the receiver with the higher
mance of self-normalized receivers is better than that of linediversity order has to employ the wider channel bandwidth.
combining receivers. However, when the desired signal expefien the total FH band numbeéY is reduced. Fig. 2 shows
ences Rayleigh fading and SJR> 37 dB, the self-normalized that gy..st /N is close to one when SJRis less than 10 dB.
receivers perform poorer than linear combing receivers. This3® ¢..st decreases and a jamming tone podsr= Pjr/q
because when SJRis very large, white noise is the dominanincreases. Howevely,.st/N =~ 1 implies that the signal
interference, so that the nonlinear combing (or the self-normalymbol is hit in almost every hopping and the average effect of
ized combining) degrades the performance. higher diversity is limited. Thus, the performance enhancement
System performance for different diversity orders under codue to largerl. is smaller than the loss. Note that in some real
ditions of worst case multitone jamming is illustrated in Figs. Systems, the hop rate is kept constant, and if jamming is large,
and 6, when the desired signal experiences Rayleigh fading dn increased at the sacrifice of bit rate. Thus, wiies large,
no fading, respectively. It can be seen that a lafgénproves the system can work even (})/(Pyr/Wr) < 10 dB. In
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Fig. 6. Worst case performance of self-normalized receivers when the desiggd g8 performance comparison of self-normalized receivers in the presence
signal does not experience fading and jamming tones experience Ricean fad#Qyorst case multitone or the partial-band interference when interference
signals experience Rayleigh fading.

4 or M = 8 is much better than that for binary frequency-
shift keyed (BFSKY M = 2) when SJRs > 6 dB. M larger
than eight degrades system performance except for very large
SJRg. There are two reasons for this phenomenon. First, large
M reduces the numbétV) of frequency-hopping bands for a
given entire spread-spectrum bandwidth and increases the hit
probabilityq/N. Second, the worst case assumption that at most
one of M channels of the receiver is jammed by a jamming tone
| during one hop means that the jamming power is concentrated.
| But when any one ofif—1 channels that do not contain the
desired signal is hit by a jamming tone, a symbol error may
\

Probability of Bit Error
=)

result. The above observation is in contrast to the conclusion
shown in [7], where a larger value @ff always improves the

L=4

o o o
o: o: O-
W n -
(3L 01 1 1 1 A A1 RO

o FEb/No=16dB performance of a self-normalized receiver in the presence of
10 E partial-band jamming.
10710 b b b b L The conditions of [5, Figs. 6(a) and 7(a)] are similar to those
0 10 20 30 40 50

of Figs. 5 and 6 in this paper except that they use the diffevent
SJRr (dB) It can be seen from Figs. 5 and &/ = 4) that the high diversity
order improves the system performance more efficiently than
Fig.7. Worst case performance of self-normalized receivers when both desifﬁgﬂ in [5, Figs. 6(a) and 7(ajJM = 2) since the largen/
signal and jamming tones experience Ricean fading. L
means larger symbol energy, which increases the effect of the
diversity order on system performance.
this paper, variable hop rate and constant bit rate are assumethe performance comparison of the self-normalized receiver
to compare the different diversity ordefs Therefore, SIR:  in the presence of worst case multitone or partial-band jamming
is defined ag Ey)/ (Prr /Wr). is shown in Fig. 8 fol. = 4, M = 4 (optimum value) when the
Furthermore, when the desired signal does not experiersignal experiences Rayleigh fading and Ricean fading, respec-
fading (Fig. 6), higher diversity order (i.e., > 4) is not helpful tively. For fair comparison, it is assumed that SJr= E, /N
to improve worst case performance. This is because a higher[@i; where N; represents the average power spectral density
versity cannot reduce the BER due to the thermal noise wheipartial-band jamming over the entire spread-spectrum band-
the desired signal does not experience fading. width. It can be seen that MTJ is more harmful than PBJ since
Fig. 7 shows the performance under the condition of worbtTJ power is more concentrated only on oneléfchannels of
case multitone jamming for different values of modulation ordehe receiver to cause errors with higher probability. This phe-
(M) when the signal experiences Ricean fading for the samemenon is more obvious for the Ricean than for the Rayleigh
system bandwidth. It can be seen that the performanckffer fading channel.
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In

V. CONCLUSION [8] R.C. Robertson, H. lwasaki, and M. Kragh, “Performance of a fast fre-
. . guency-hopped noncoherent MFSK receiver with nonideal adaptive gain
this paper, the performance of the self-normalized  control,” IEEE Trans. Communvol. 46, pp. 104-114, Jan. 1998.

FFH/MFSK noncoherent receiver in the presence of multitone[9] S. W. Houston, “Modulation techniques for communications, part 1:

interference has been presented over various channel condi-

Tone and noise jamming performance of spread specivivary FSK
and 2,4-ary DPSK waveforms,” iEEE NAECON 75 Rec1975, pp.

tions. The follow conclusions have been drawn. 51-58.

1
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~
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~
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~

[1] J.S.Lee, L. E. Miller,and Y. K. Kim, “Probability of error analyzes of a

(2]

(3]

(4]

(5]

(6]
(71

_ ; ; ; 0] J. S. Bird and E. B. Felsted, “Antijam performance of fast fre-
The performance of the self-normalized receiver is bettef* quency-hopped-ary NCFSK—An overview 1EEE J. Select, Areas

than that of _the Ii_near combining receiver, especially  commun.vol. SAC-4, pp. 216233, Mar. 1986.
when the desired signal has a strong specular componertl] C. M. Kellerand M. B. Pursley, “Diversity combining for channels with
Furthermore. the self-normalized receiver reduces the fading and partial-band interferencéZEE J. Select. Areas Commun.

& : : . vol. SAC-5, pp. 248-260, Feb. 1987.
effect of the channel characteristic of multitone jamming[12] 1. A. Gulliver and E. B. Felstead, “Anti-jam by fast FH NCFSK-myths

on performance. and realities,” irProc. IEEE MILCOM '93 Boston, MA, Oct. 1993, pp.
A higher diversity orderL improves significantly the 187-191.

worst case performance of the self-normalized receiver
for SJIRg¢ > 10 dB. However, when the desired signal
does not experience channel fadingfy/N, is small,
using largeL is not helpful.

There exists an optimum value of modulation ordér

for self-normalized receivers with worst case multiton
jamming (i.e., the optimum value d¥/ is four or eight From 1988 to 1996, he was with the Communi-
depending upon the value of SJR for L = 4, and cation Department, Nanjing Automation Institute,

-
B oo
; i ; as a Firmware Engineer. Since 2000, he has been
E?’/NO ~ 1(.5 dB when the desired signal experiences t v Y a Senior Hardwarg Design Engineer with Nortel
Ricean fading). ﬁ, A

_ Networks, Ottawa, ON, Canada, where he works
The worst case MTJ is more harmful to system perfor- on the research and development of the OC-192

mance than the worst case PBJ for a large range afsJR/!tra-Long Reach optical communication system.
regardless of the fading of the desired signal.
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