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Analytical Study of FFH Systems with Square-Law
Diversity Combining in the Presence of Multitone
Interference

Jiangzhou WangSenior Member, IEEEBnd Chen Jiang

Abstract—An analytical study of the performance of fast fre- for static channel results and [6] for Ricean fading channel
quency-hopped (FFH), M-ary orthogonal frequency-shift keyed results. The partial-band noise jammer can jam a portion of the
noncoherent modulation with linear combining of square-law a1 handwidth of the FFH spectrum causing the bit-error rate

envelopes in the presence of multitone interference is presented. - . . ) .
The multiple equal-power interference tones are assumed to cor- (BER) to be inversely proportional to the signal-to-noise ratio,

respond to some of the possible FFHV-ary orthogonal signaling In contrast to the exponentially decreasing BER as a function
tones. It is also assumed that channel fading characteristics of the of the signal-to-noise ratio in wide-band thermal noise.

signal and interference tones are independent. We evaluate the The effect of multiple-access interference on FFH/MFSK
effect of the channel fading on system performance as a function noncoherent receivers, where one or more hops per symbol are

of various parameters, such as the number of hops per symbol, . . . .
the signal power to multitone interference power ratio, and the transmitted, has been examined both for Rayleigh and Ricean

number of interference tones. Our numerical results indicate that fading channels in [7].
by use of square-law time diversity combining, a large number  This paper analytically investigates the performance degra-
of hops per symbol make the bit-error probability of the system  dation to orthogonal noncoherent FFH MFSK due to multitone
more sensitive to the fading of multitone interference. Finally, jn«arference, where the effect of thermal wide-band noise is also
analysis has been proven valid by simulation. . ’ .

taken into account. Multiple hops per symbol (constant hop rate)

Index Terms—Fading channel, frequency hopping. are considered with linear combining of square-law envelopes.
The multiple equal-power interference tones are assumed to cor-
I. INTRODUCTION respond to some of the possible FFH/MFSK orthogonal sig-

. ] _ naling tones. Furthermore, the channel for each hop band is

F REQUENCY hopping (FH) has been widely studieghogeled as a slowly fading Ricean process [11]. For multitone

for various applications [1]-[9]. As VLSI technologiesjamming, a broad range of channel fading is possible. Therefore,

develop, frequency synthesizers for FH are becoming feasilg; assumed that both the signal tone and the multiple interfer-
and cost effective. In fact, slow FH (SFH) is an option in thgnce tones are independently affected by channel fading.

GSM second-generation cellular mobile system. _ The paper is organized as follows. A noncoherent
In FH systems, interference and jamming models inclugg-p/\MFSK system with square-law envelope detection
thermal wide-band noise, multitone jamming, partial-bangq channel model is presented in Section II. In Section 111, the
jamming and multiple-access interference. Robertsbral.  on4ysis techniques used in this paper are described. Section IV
[1] and Levitt [2] analyzed the performance degradation i ows the detailed effect of multitone interference fading on

SFHIM-ary orthogonal frequency-shift keyed (MFSK) fromye system performance under various conditions. The results
multitone interference for Ricean fading channels, where o8& summarized in Section V.

or more symbols per hop are transmitted. References [3] and
[4] overviewed the error probability performance of nonco-
herent frequency-shift keyed (FSRY-ary systems under tone Il. MODEL
interference, yvhere the chanqel fading is neglgcted: A. FFH/MFSK System Model
The effectiveness of partial-band noise jamming as an ) o
electronic countermeasure against fast frequency-hoppingVé consider a communication system whose fundamental
(FFH) binary or M-ary frequency shift keyed (binary FSK'équirement is to transmit binary source information over the
or MFSK) modulation has been widely documented; see [Sf1annel by means of MFSK, where ong-ary symbol is rep-
resented by one af/ = 2™ orthogonal tonesM is the order
of MFSK modulation and: represents the number of bits per
Paper approved by C. Robertson, the Editor for Spread Spectrum Systermransmitted symbol. The binary input data have a periad,of
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Fig. 1. A detailed model of the frequency-dehopper and the MFSK demodulator.
The transmitted signal is given by The signal and jamming tones may have different fading sta-

tistics because they have different transmission paths. There-
. fore, it is assumed that channel fading characteristics are inde-
Sm(t) =Re {\/ﬁ exp [ {27 [fn, +(m—1)Af] H'em}J} ' pendent for the signal tone and interference tone. By modeling
m=12---, M (1) the channel as a Ricean fading channel, a general result is ob-
tained.
whereRe{e} stands for real part anyd= +/—1, Pis transmitted
signal powerA f is chosen as the hop ratg so that these tones C- Interference Model
are orthogonaf,,, ¢ = 1, 2, ---, N, designates the possible |t is assumed that the channel is jammed by an intentional
discrete frequency available for hopping, ahgd is unknown multitone jammer. The jammer's strategy is to choose the
phase. It is assumed that, andéd,,, remain constant during a number and the distribution of jamming tones that will cause
given hop intervalf},. maximum degradation to the communicator's performance.
The receiver (Fig. 1) consists of a frequency dehopper, a bagks possible to distribute the tone jamming noncontiguously
of M matched filters and quadratic detectors. The output of eagh contiguously oved¥; in [4, Fig. 2]. From the jammer’s
filter/detector is synchronously sampled evédiyand random viewpoint, the contiguous distribution is not an effective
variablesX,x, k =1, 2, ---, L, are obtained. Thé random strategy. A more effective jamming strategy is to distribute the
variables at each branch are summed to obtain decision vggimming tones noncontiguously at random with separation that
ablesX,, = Y_; X, m = 1, -+, M. Finally, which is is not smaller than the FH bandwidth over the tQ¥&#;,ana.

the largest will be decided. That implies that at most one @f channels of the receiver is
jammed by an interference tone during one hop. Consequently,
B. Channel Model the maximum number of interfering tones corresponds to the

The total bandwidti¥; of the FFH/MFSK system can petotal number of FH bands, an¥ > ¢ > 1, whereq is the

divided into N FH bands Wi..q) and each FH band can benumber of interference tones. In fact, [9] has shown that this
further divided intolM bins TbﬁgeforeWT = N x Wiang = multitone jammer distribution is related to the worst-case

: ; : Ititone jamming for a static channel.
M x N x Af. Itis assumed that the signal fades independenfj" O . . .
/ 9 P mThe jammer is assumed to have a total jamming pa#er,

during each hop. In making this assumption, we are implying, .  ~. ; : . ;

that the total hopping band is much wider than the coheren Q'Ch is transmitted in a total gfequal power mterfermg tones

bandwidth of the channel and the fading channel is charact 'ﬁ?,&,:rgadomiy ov?_'r the si)rr]ead spectrfum I_oar;dvyl(:thf Of. the

ized by frequency-selective fading. Thus, similar to [8], we ma . system. Hence, the power of a singie intertering
Qpe isP; = Pyr/q. Itis also assumed that the multiple in-

wish to design the hopping pattern to satisfy that the small . . ) .
spacing between the FH bands used by the hops of one Symbgﬂ%ermg tones are transmitted at frequencies corresponding ex-
y to theM x N FFH/MFSK signal tones. Fig. 2 shows typ-

larger than the coherence bandwidth of the channel. In additi(?r‘f,t X . .

it is assumed that the instantaneous bandwidth on a single S|gnal and mu|t|tone_|_nterfer_ence spe(_:trum. _The 'Fhermal
is much less than the coherence bandwidth of the channel. THAEE 'S modeled as additive white Gaussian noise with two-
is, the channel for each hop is modeled as a frequency-non§I led spectral densitifo/2.
lective, slowly fading Ricean process. “Slowly” means that the
fading is constant during a hop interval. As a result, the signal
amplitude can be modeled as a Ricean random variable that rein this section, the bit-error probability for orthogonal, nonco-

mains constant at least for the duration of a single hop. herent FFH/MFSK communication systems with multitone in-

Il ANALYSIS
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Fig. 2. Typical signal and multitone interference spectrum. A 4-ary signal is used so that the signal will fall in one of the four signal bins shdwimen eac

terference is calculated. The bit-error probability is dependeait possible two dimensional assignments of the jamming pat-
on the signal-to-multitone power ratis /P, the bit energy terns in thel channels ovef hops must be considered.
to thermal noise density ratib, /Ny, the number of interfering  Note that there are
tonesy, the number of hops per symhb] the modulation order
M, the channel fading characteristics of the information signal, < M -1 )
and multitone interference. Mo, My, -+ Mg

To obtain the symbol-error probabilit#/sg, we need to av-
erage the conditional symbol-error probability over all of po
sible multitone jamming pattern combinations. Ligtdenote I
the number of hops which are not jammed by any interference ol 1l 1.9 9 i L L

. . 0, bsy 4 ) “y ) ’

tone during the observed symbol interval andl/letlenote the T — e — ~
number of hops during which the channel containing the signal mi ma mr
is jammed. In addition, for the othéd — 1 channels (i.e., chan-
nels not containing the signaling toney,, is defined as the
number of channels, which are not jammed oveldtiops and
my, ma,-- -, my, are defined as the number of channels, whic
have one hop, two hops;, L hops, respectively, jammed. Each-
hop is jammed at most by one interference tone. Hence

ways to form vectod over thed! channels and

ways to form vector{ over theL hops. In addition, the prob-
ability that all of A channels are not jammed by interference
one during one hop is— ¢/N, and the probability that the spe-
fic one of M channels during one hop is jammed/jK N M ).
herefore,P,.(K) is given by

L L
lo—i—ls—i—;(mlxl):L (a) P.(K)=|lo,0,,1,--+1,2 -2 L L
= mi ma my,
and M_1 L a L g\l
L '<m0,m1,---mL>'( _N) (MN)
Sm=M-1 (2b) I (M — 1) o\
=0 = . . (1 — _>
L L N
where all ofly, I, andm, are positive integers. It is assumed Io!-1,!- H (11ym Hmlg
the vector =1 1=0
K= (107 lSv Mo, My, - 'TT'LL) (2C) . (L) b . (4)
MN

satisfies the relation (2a) and (2b). Therefore, any possible jam-

ming pattern in the\/ channels ovel. hops can be described

by a corresponding vectds. Each vectorK results in a dif- B. Symbol-Error Probability, Conditioned on the Jamming
ferent conditional error probability and we average the coffattern K

ditional symbol-error probability over all the possible combi- As shown in Fig. 1{X,;1 < m < M} is the set of
nations to obtain the unconditional symbol-error probabilityjecision random variables, where means thenth receiver
which is given by channel. The symbol-error probability conditioned on the jam-
ming patternX can be obtained by assuming that the desired
Psp = Z Pr(K) x Pspix ©) signal is present in channel 1 of the receiver and the channel
K 24+ omi—my <m <143 _, m;, is jammed by the in-
whereF,.(K) is the probability of the jamming pattetid, and terference tone ovéout of L hops during the observed symbol
Ps gy is the symbol-error probability conditioned on the jaminterval. For convenience in the analysis we have numbered the
ming patternk’. P,.(K') andPsg|x Will be presented in the fol- nondesired-signal channels in groups having a common number
lowing. of jammed hops. For exampleit; = 3 andmg = 0 then the
- ) three channels with one hop jammed are numbered 2, 3, and 4.
A. Probability of the Jamming Patterit Thus, X, can be rewritten as
Since the FFH/MFSK receiver observes the output ofithe
receiver channels over hops for the symbol decision process, Xix =Xqpi4 (5a)



WANG AND JIANG: SQUARE-LAW DIVERSITY COMBINING IN THE PRESENCE OF MULTITONE INTERFERENCE 1191

and C. Probability Density Functiongx, (z1|ls) and fx. (. |)

l l As shown from Fig. 1, the random variahlé,, that repre-
Xk =Xnpy 2+ > mi—mi<m <1+ m,. (5b)  sentsthe output of the channel after diversity combining is given

=0 =0 as
Note thatX,,,,m # 1, does not contain the desired signal. L
Therefore, the symbol-error probability conditioned on the jam- Xm = Z Xk (11)
ming patternk is given by k=1
M whereX,,.;, 1 < k < L, is themth channel output of the re-
Pspix =P, U (X1 < Xinik) ceiver from hopt of a symbol. This channel either contains the
m=2 signal or not and either is jammed or not by an interference tone
. . during the hop. The former case will be considered first. When
=1-F OQ M( Xy > Xonjrc) the channel containing the signal is jammed by a interference
= . tone during the hog, it will be assumed that the frequencies
L D, of the signal tone and interference tone are identical and their
=1-F ﬂ ﬂ phase difference is a random variable, uniformly distributed in
=0 [m=24 3 mimmy [0, 27). Thus, the sum of the signal tone and interference tone
B can be expressed as a single composite sine wave. The power of
the composite signal at the channel output has the value
- ( Xy > Xop) (6) o = a2 4 a2
=ag+aj+ 2asay cos 6 (12)
wherea? anda? are the powers of the signal and interference
wherel J represents “or” anfl) represents “and.” tone, respectively, at the output of the detectoréisthe phase

It is assumed thaf fx, (z,.)} are the probability density difference between the signal tone and interference tone. Since
functions of the random variablgsY,,, }. Since the outputs of the random variabl&’,, is the sum of composite signal and the
each channel of the FFH/MFSK receiver are assumed to be iiceiver background thermal noise (modeled by a zero-mean,
dependent and since ead,.;;, 2 + 2%70 m; —my; < m < Gaussian process) at the channel output forhopa symbol,

1 +E{70 m;, is assumed to be identical, (6) can be rewritten asix has the probability density function of the square of the
= envelope of a sine wave with random phase plus a narrowband

Gaussian process. The result is a special case of the noncentral
chi-squared distribution. For a value of composite signal ampli-
tudev/2 a, the probability density function, conditioned enis

=

PSE|I(:1_/ fx,(x1ls)
0

N
Il
<

T my .
) |:/ me(-Tnl|l)d-Tnl:| d-Tl given by
0 . 1 L1k + 2@2
o L Jx., (w1x|hop jammeda) = 202, exp T 92 Iy
—1- [l [[a-ade, @ ) ’
0 =0 <a\/2x1k>
) 2 ) Tik 2 0
wherez; is defined as N
oo (13)
2= / Ix.. (Zm|Ddzm,. (8) wherely(s) is the modified Bessel function of the first kind
@y and zero order, ang3, = NoAf = NoRy, is the thermal noise

Since most often) < 2; <« 1, Psg|xcan be simplified, using POWer. The conditional characteristic function, conditioned on
the following inequality: a, corresponding to this pdf is

L x,, (jolhop jammed a)

L L
H(l i Zl)mz > H(]_ - mlzl) >1- Zmlzl. (9) 1 < j2a211 )
=0 xp

=0 =0 1-— ‘7'20]2\,1) 1-— ‘7'20]2\,1)

Therefore, the upper bound &k g i is given by

1 j2(a% + a% + 2asay cos O)v
> T 1-j20%0 1= 2020 '
<] = : :
Pspir <1 /0 fxi (als) (14)
L o In order to obtain the unconditional characteristic function for
1= Z my / Ix (@m|Ddxy, | doy X1, (14) is averaged over, given by (12). Averaging (14) over
. =0 ! a implies averaging it ovet ;, as andé, respectively. Thus,
_ [ml / / fr. ¥x,, (julhop jammed
=0 0 0

2w o0 oo
:% i /0 fAS(aS)/O fa,(ay)

(@1lls) fx,, (21 + xm|l)dx1dxm:| . (10) -bx,, (jv|hop jammed a) da sdasdf. (15)
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Since the Ricean fading is assumed for both signal and multitobetting

interference, the amplitude probability density functions of the

signal tone and the interference tones are given by

2 2

as as + ag asos
aglas) =—% e — 1 ,
fasta:) =0 Xp( 20 ) ( )

a520 (16)
2 2
ay ay + o ajoy
o = 3 e (=5 1057
CLJZO (17)

whereas: and20s- are the powers of the direct and diffuse
component of the signal, respectivety;: and 20 ;2 are the
powers of the direct and diffuse component of the interference

tone, respectively. The total average power of signdPds=

a g2 + 2052 and the total average power of one interference tone
is Py = Pyr/q = g2 + 20 2. Both of the average powers are
assumed to remain constant from hop to hop. Therefore, from

the above, (15) becomes

x,, (jv|hop jammed

1 e oo
“ e , e [ e

1—j20%v

27 .
1 jdasagv
- — - 6)do ;dasd
{/0 o eXp(l—an]Q\w cos ) } aydas
— s | dasten) [ faen
_1—j2a,2\,v 0 As\@s 0 AT
dasayv

J2(a% +a%)v
- Ji dajd 18
exp < 1-— ‘7'20]2\,1) 0 1-— ‘7'20]2\,1) asdas (18)

where.Jy(e) is the zeroth order Bessel function, given by

1

27
= —/ exp(jz cos(6))d6.
2 0

Jo () (19)
Substituting (17) into (18), we have

x,, (jv|hop jammed
1 o0
T 9,2 fA as
1-— j20—]2\fv /0 S( )
. /Oo AT o j2(a% +a’ ) 3 a? + o
o o2 P\ 5203 202

ajoy dasayv
-1 .
0 < 03 ) Jo <1 — ],20_]2VU> daJ} das (20)

According to [12, eq. (6.633.4)], the following result is quoted:

/000 z exp (—Az?) Io(Bz)Jo(vz)dx

2 2
_ % exp </3 i )Jo <§—z) . Re[\}>0. (21)

4x

_1—352(20% + o3 )

A= 22a
202(1 — j203%0) (222)
p== (22b)
73
and
dasv
= 22c
T 203w (22¢)
(20) is simplified by means of (21)
. . 1 >
¥x,, (jv[hop jammed = 1_].2(20‘2]_’_0]2\0@/0 fas (as)
i2(a% + a)v
-exp< J(s . J)2 )
1—42(20% +0%)
dasa gu
()
(23)
Similarly, Substituting (16) into (23) and integrating, we have
1

jvlhop jammed =
z/}Xlk(JrU| pJ d 1—]2(20’%4—20’34—0’%)1}

J2(ag+ad)v
P 90202 1202452
—j2(208+205 0% v

7 [ dasogv }
0 1-52(20%420%+ 03 )v
(24)
When the channel containing the signal is not jammed by
interference tone during hdg substitutinge; = oy = 0 into
(24), one obtains
1
—j2(20% + 0% v

¥ x,, (jv|hop not jammeld= 1

j2a%v
1—72(20% + 0% v
(25)

Since the interference tone and noise are assumed independent
from hop to hop, the random variables are independent from
hop to hop. Therefore, when the channel containing the signal
is jammed oveis hops and is not jammed ovér— [s hops
during the observed symbol interval, the conditional character-
istic function of the random variabl&, defined by (11) is

wxtivhs) = (

- exp

1 I—lg
1—72(20% + 0% )v

1 s
' <1 — j2(20% + 202 + a;{,)v>
7242 _
ox JQQS(L ls)v
1—72(20% + 03 )v

72(a% + af)lsv )
1—52(20% + 202 +03%)v

+

dasay ls
. )
{‘]0 [1 — J2(202 + 202 + a;{,)v” (26)
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Similarly, using the above result, the conditional character- 10 -
istic function of the random variabl¥,,,|;, m # 1, can be ob- 10dB SIRy =3dB
tained. SinceX,,|;, m # 1, does not contain the signal and is 10 \

jammed ovel hops during the observed symbol interval, sub-
stitutingas = o5 = 0 andls with [ in (26), the conditional
characteristic function of the random variabig, |, is given by

1 L—1 1 {
vl = _
v, (o) <1 - j2a§,v> <1 —j2(202 + a]?\,)v>

J203 v
: @7
oxp <1 —j2(202 + 0% )v (27)

Probability of Bit Error
o

The fading of \

TTTI T T T TTHO T TTTAN[

Finally, the conditional symbol-error probability in (10), con- 10" £ the interference tones: ™. >,
ditioned on the jamming patteti, can be obtained by means ) LN
. ; Rayleigh fading . N
of the convolution function 107 E . ) N
o E T T Ricean fading
/ le($1|ls)me($1 +$m|l)d$1 10-8 ; """" no fading e oo
0 E [ L1 lall | L1l |
1 [~ : : . 0.001 0.01 0.1 1
=5 / Px, (—jv|ls)vx,, (Gull) exp(—jva, )dv. (28) q/N
Substituting (28) into (10)Psk |k is given by Fig. 3. Probability of bit error versus the ratio of the number of interference

tones to the total FH bandg /) for L = 4, M = 4 andE, /N, = 16 when
the desired signal experiences Ricean fading.

I
1 [e9) [e9)
]SEI’—_2§ |:ml/ / Px, (—Jvlls
K 7 =0 0 —00 1( | )

Therefore,Psgcan be further simplified by
- px, (jv|l) exp(—jvey, )dvde,, | . (29)

L
1
Psg=— P.(K 2
By means of the following equation in the table of [12, eq. SE T o ;; {ml (B [+
(17.23)] P

= 1 . .
[ Tre{ Lz, ol fae] b (39
oo ot Jv
/0 exp(—jva)de = w6(v) + ju (30)  whereot stands for an extremely small positive value. In the

numerical integration of (331t should be set as small as pos-
whereé(v) represents the conventional delta function, we hawible, for exampleg™ = 1073,
Once the symbol-error probabilit¥’sg, after hard decision

P _ 1 = ~ 1 has been obtained, assuming symbol errors are random when
SEIK = 5 my | T+ ,.vz/)Xl interleaving | 4 th dina B fer hard
— oo J interleaving is used, the corresponding BER;r, after har
decision is given by
(ielis)is, Gl b 31 V)
PBE:M_1PSE~ (34)
Substituting (31) into (3), the symbol-error probability is given
by
1 L oo IV. NUMERICAL RESULTS
Pse 2m ;;{mlH)(K) [W—i_/oo Ju vy The effect of the fading of multitone interference on

FFH/MFSK system performance is numerically investigated
(=Jvlls)x,, (jvll)dv} } . (32) for various jamming tone power levels and numbers. The effec-
tive signal power to multitone interference power rafid R
For numerical computation of (32), the following two pointss defined asSJ R.g = (Ps/(Pyr/N)) = (Ps/P;) - (N/q).
should be considered. With this artifice, the numerical results will be shown without
1) Since the imaginary component of the integrated functiat$ing a particular number of hopping bandisor a particular
in (32) is an odd function, the integration of its imaginarjitumber of interference tones

component is zero. Firstly, the performance of FFH/MFSK system with multi-
2) v = 0 is a removable singular point of the integratedone interference as a function of the raiig V') of the number
function, since of the interference tones to the total FH bands is shown in Fig. 3
1 for various values of the effective signal power to multitone in-
li% {Re L—U x, (—jv|ls)vx,, (jv|l):| } terference power ratioS(/ R.g¢ = 5,10, 15,and20 20 dB), re-

spectively. The number of hops per symlioE 4, the modula-
can be shown to be a limited value. tion orderM = 4 andE, /Ny = 16 dB. The signal experiences
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-1 0
10 [ 10" E
C The fading of the interference tones: a The fading of the interference tones:
r — Rayleigh fading . T Rayleigh fading
E —~~ Ricean fading 10 F —~~ Ricean fading
5 E e no fading 5 SR e no fading
g E .
2 B 107
& Signal fading:e  Raylejgh fading P c
St . . S -
=] *  Ricean fadin, ) N N
) 10'2 = . . ) 1(3 E r \‘\ R
= C 4 No fading = E AN
% B ;§ B \l {- o~ N
2 i 2 0 e TR, e
£ gw0te o R
A 2 R = Signal fading: . RN
] B ¢ Rayleigh fading ’ -
-5 .
- Pl S 10" E  ® Ricean fading .
F 4 No fading
1 0-3 1 1 1 | 1 1 1 0-6 1 1 1 1 1 1
1 2 3 4 5 6 1 2 3 4 5 6
Hops per symbol (L) Hops per symbol (L)

Fig. 4. Probability of bit error versus the number of hops/symbol undéd- 5. Probability of bit error versus the number of hops/symbol for
conditions of worst-case multitone interference 7 R.x = 20 dB, ©JFex =10dB, E,/Ny=16dBandM = 4 wheng/N =0.1.
Ey/Ny = 16 dB andM = 4.

jamming power, it means that the power of each tone is slightly

Ricean fading withv% /20% = 10 dB. The multitone interfer- larger than that of the desired signal. In this case, the fluctuation
ence experiences either nearly no fading wifly202 = 40dB,  of the desired signal is helpful to reduce the probability of error
or Ricean fading withw? /20% = 10 dB, or nearly Rayleigh when the signal is hit by an interference tone without fading.
fading with o3 /203 = —20 dB. It is shown from this figure Since a largef. reduces the fluctuation of the desired signal, the
that for a givenSJ R, there is a worst-case valug.(.s./N) BER’s increases slightly wheh increases. It is also seen from
of ¢/N, which maximizes the bit-error probabilitgw..s:/N  Fig. 4 that a largef. does not affect the worst case performance
is a function ofS.JR.x and specifically, it is about 0.1, 0.03,when the desired signal is no fading. It is shown from Fig. 5 that
0.01, and 0.003 foSJR.s = 5,10,15,and20 dB, respec- for a fixed value ofy (/N = 0.1), a larger valud. always im-
tively, which shows thagwos: /¥ is inversely proportional to proves performance no matter what fading the desired signal ex-
SJR.g. It can also be seen that the worst case performangeriences. Furthermore, when the interference tones experience
(¢/N = gworst/N) Of the FFH/MFSK receiver is very sim- channel fading, the improvement in system performance due to
ilar whatever fading the interference tones experience. HoweMerger value of is reduced significantly. This trend is more pro-
wheng/N > guorst /N, the performance of FFH/MFSK re- nounced with no fading of the signal than with Rayleigh fading
ceiver is much better with no fading of interference tones tharf the signal.
with Rayleigh fading of interference tones. The FFH/MFSK system performance as a function of the di-

The effects of channel fading on the system performancerast-to-diffuse component power rati®{ = o2 /25%) of the
a function of the number of hops per symtioare illustrated in interference tone is shown in Fig. 6 when the desired signal ex-
Fig. 4 for SJR.g = 20 dB under the conditions of worst-caseperiences Ricean fading/202 = 10 dB). It can be seen that
multitone interferenceg(= qworst) @and in Fig. 5 forSJR.g = whenZR; is less than 0 dB or larger than 20 dB, the system per-
10 dB and a fixed value of (¢/N = 0.1), respectively. It can formance is smooth for given values®§ R.i. However, when
be seen from Fig. 4 that under the conditions of worst-case mQldB < R; < 20 dB, the performance is sensitive to the fading
titone interference, a largérimproves the system performanceof interference tones. In addition, the reduction of probability
when the desired signal experiences Rayleigh fading. Thisokerror due to larger value a®; is more significant for larger
becauseyyorsi /IV is large whenl is small (i.e.,qworst /N ap- S J Regthan for smallSJ R.g.
proaches one whelh = 1). Inthis case, there are alarge number In Fig. 7, . is plotted versussJ R.¢ for ¢/N = 0.1 and
of multitones with small power each. A largéris helpful in 0.01, respectively, when both of the signal and interference tone
reducing the fluctuation of the desired signal at the outputs experience Ricean fadingt /20% = «%/20% = 10 dB). For
the square law summers and makes,../N decrease signif- comparison, computer simulation results are provided with the
icantly. Thus, the performance is improved withincreasing. same parameters. It is seen that whthR g is small, there
However, when the desired signal experiences Ricean fadiigno difference between simulation and numerical results and
a higher diversity is not helpful. Even when the multitone ithe upper bound (10) is very tight. However, whed R.¢ >
not fading, the performance becomes slightly worse \ith- 25 dB, numerical results are slightly larger than simulation re-
creasing. The reason is that..s: /N is very small whatever sults. Therefore, our analytical results are quite accurate. On
Lis (i.e., ¢worst /N = 0.003 shown in Fig. 3). For given total the other hand, since analytical results are involved with only
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The worst case performancg/(V = gworst/V) Of the
FFH/MFSK receiver is very similar whatever fading
the interference tones experience. However, when
q/N > Gworst/N, the performance of FFH/MFSK
receiver is much better with no fading of interference
tones than with Rayleigh fading of interference tones.
Under the conditions of worst-case multitone interfer-
ence, a larger value of improves the system perfor-
mance when the desired signal experiences Rayleigh
fading but is not helpful when the desired signal ex-
periences Ricean fading or no fading. However, for a
fixed value ofg andg/N > gworst /N, a largeL always
improves performance no matter what fading the desired
signal experiences. Furthermore, when the interference
tones experience channel fading, the improvement in
system performance due to larger valuelois reduced
significantly.

When the direct-to-diffuse component power ratio
(Rj)of the interference tone is larger than 0 dB and
less than 20 dB, the FFH/MFSK system performance is
sensitive to the fading of interference tones. In addition,
the reduction of probability of error due to larger value of
R; is more significant for largef.J R.z than for small
SJRerr.

Numerical computation of BER is much faster than simu-
lation, since analytical results are involved only one level
of integration.
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Fig. 7. Probability of bit error versus the effective signal power to multitone
interference power ratio.

(5]

one level of integration in (33), numerical computation is much
faster than simulation. For example, to get error probability of
102, roughly 10 data symbols (or simulations) should be in- [6]
volved, which takes at least 100 times longer than numerical

calculation.

In this paper, the performance of the multiple hops per symbo

V. CONCLUSIONS

(7]

(8]

FFH MFSK noncoherent receiver with square-law envelope de-
tection in the presence of multitone interference over a widel®!
range of channel conditions has analytically been studied. The
following conclusions have been drawn.
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