IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 50, NO. 8, AUGUST 2002 1301

Analytical Level Crossing Rates and Average Fade
Durations for Diversity Techniques in Nakagami
Fading Channels

Cyril-Daniel IskanderStudent Member, IEEEBNd P. Takis MathiopouloSenior Member, IEEE

Abstract—The level-crossing rates (LCRs) and average fade have found a variety of applications in the modeling and de-
durations (AFDs) of a fading channel find diverse applications sjgn of wireless communication systems, such as the finite-state

in the evaluation and design of wireless communication Systems. \;4 .o\ modeling of fading channels [2], the analysis of handoff
Analytical expressions for these quantities are available in the '

literature for certain diversity reception techniques, but are gen- algorithms [3], and the estimation of packet error rates [4]. Pi-
erally limited to the Rayleigh fading channel, with few exceptions. oneering work on the subject was done by Rice [5], which ex-
Moreover, the methods employed are usually specific to a certain amined non-line-of-sight (Rician) channels. Much later, some
channel/diversity pair, and thus cannot be applied to all cases expressions for the LCR and AFD of the combined envelope of

of interest. Using a unified methodology, we derive analytical . . . .
expressions for the LCRs and AFDs for three diversity reception diversity Rayleigh channels were published. For example, Lee

techniques and a general Nakagami fading channel. We provide [6] derived these quantities for equal-gain combining (EGC).
novel analytical expressions for selection combining (SC) and Adachi et al. [7] provided general expressions in the case of
?nqatjni:_e%iiﬁe%%?gig;nrgagizn?j)r'agg(::orrfwc:)eirrlii\rlle I(R/I scr)“?:eisiir(‘)‘\?lcﬁ' dual correlated channels with selection combining (SC), max-
that our general results reduce to some spgcific cases previously'mal'ratlo combmmg (MRC), and EG,C diversity; these expres-
published. These results are used to examine the effects of theSions could be putin closed form for independent channels. Ya-
diversity technique, the number of receiving branches and severity coubet al. [8] also presented expressions in the case of EGC
of the fading on the concemned quantities. It is observed that as and MRC with an arbitrary number of independent channels.
the Nakagami m-parameter and the diversity order increase, — \yhjja the Rayleigh and Rice distributions can indeed be used
the behavior of the combined received envelope for EGC follows . . .
closely the one for MRC, and distances itself from SC. to mod_el the envelope of fadmg channels in many cases of in-
~ terest, it has been found experimentally [9] that the Nakagami
level crossing gistripution offers a better fit for a wider range of fading condi-
tions. The Nakagami distribution was proposed in the early for-
ties for characterizing urban and suburban fading channels, and
|. INTRODUCTION was originally deduced from a series of experiments. It was later

. dshown that it constitutes an approximation to the PDF of the am-
T HE level crossing rates (LCRs) and the average fade Slitude of a sum of phasors with random moduli and phases [9]
rations (AFDs) are two quantities which statistically char][2 P P X

. . o : . [10]. Contrary to the Rice PDF, it does not assume a line-of-sight
ot sl JL05) Conion. Hence. il r i gt can ony
) per : _ P€ Of8scribe better-than-Rayleigh fading conditions, the Nakagami
fading channel crosses a given value in the negative dlrectlng with parametem < 1 models worse-than-Rayleigh con-
[1]. The AFD corresponds to the average length of time the efftions. Moreover, forn = 1, the Nakagami PDF reduces to the
velope remains under this value once it crosses it in the nggsyjeigh PDF, and can thus be seen as a generalization of the
ative direction. These quantities reflect the correlation propgsuer. It was verified in several other independent experimental
ties, and thus the second-order statistics, of a fading chanfgsearches that the NakagamiPDF could indeed accurately
They provide a dynamic representation of the channel. Thegpresent the wide range of commonly encountered fading con-
complement the probability density function (PDF) and cumulgitions [11]-[13]. As a result, it has been adopted in some soft-
tive distribution function (CDF), which are first-order statisticsware and hardware fading channel simulators for third gener-
and can only be used to obtain static metrics associated with g1@n (3G) cellular networks [14], [15]. It is also increasingly
channel, such as the bit error rate (BER). The LCR and the ARI3ed in the analysis and modeling of wide-band channels, in par-
ticular for CDMA systems in frequency-selective fading [16];
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knowledge, no analytical expression for it has been proposed yiét LCRS AND AFDS FORDIVERSITY NAKAGAMI CHANNELS
on a physical basis. Hence, while methods are available to obtgin
the exact PDF of the envelope [17], most simulators need to make ) ) )
particular assumptions in order to model the temporal correlation-&t" be the sampled value of tdéversity combineeénvelope
of the channel [18], [19]. Despite the lack of a physically justifiedi(?) of a fading channel. The LCR/r(r) and AFD7x(r) are
model for the correlation of a Nakagami channel, some analytiégfined as a function of by

General

work has been carried outwith respectto the latter’'s second-order Na(r) = - (r,7) di 1)
statistics. In [20], using results from [21], the authors derived the R =) TPRRULTIGT
LCR and AFD for Nakagami channels without diversity, and for Tr(r) = Fr(r)/Nr(r) 2)

a special case of MRC diversity. They also presented an approx,
mate result for EGC, relying on [9, egs. (81)-(83)]. The LCR an N ) :
AFD of non-diversity Nakagami channels with isotropic sca -R(T) ._tth pr(@)da IZ'thePCDEI):F'I?r: thLeCfgdlng ct:)hannell,ttanq
tering were also later obtained in [22] using adifferentapproacf?ﬁm 'Sf € Forrecjstr;]on m%'t' .I d'et ibut cgn § e)rewn enin
which relied on the decomposition of the distribution. Field trial ™S ofpr(r) and the conditional distributiopy (7| ) as

were carried out in [24] and [25] for the non-diversity case, and Nolr) = /oo N y dit

good agreements were reported between the experimental LCR &(r) PR rpr(r) di

and the analytical expressions. Novel analytical expressions _ N A di 3
and plots of the LCR for SC and dual-branch EGC in the case = pr(r) A PR 7) di- 3)

of independent identically distributed (i.i.d.) Nakagami fadinghis generic expression fo¥x(r) will be the basis for all later

channels were given in [23]’, in which t,he EXPressions WeHa ivations. It is indeed applicable to all forms of diversity, and

useq to construct a Nakagaml c'han.nel simulator which had g, e ysed in conjunction with any fading distribution. It re-

desired LCR and envelope distribution. _ duces directly to, for example, [6, eq. (6)], [20, eqg. (15)], and
In this paper, we present a very general approach which G8B oq (16)] for the special cases treated in these papers.

be used to analytically evaluate the LCR and AFD for Nakagamipq output sampled envelope of &rbranch diversity com-

channels with diversity reception. Our methodology is the fol;nor can be expressed in the generic form of

lowing: we straightforwardly rearrange the expression for the

LCR, such that it can be expressed as the product of the PDF r=flr,r,. 7L 4

of the received signal and an integral involving the condition@herer;, with! = 1,2, ..., L is the envelope of thih diversity

PDF of the derivative of this signal. Depending on the cases, t#igannel seen by the receiver, afd) is a function which de-

first term either can be found in the literature or has to be dgends on the diversity technique used. In the case of Nakagami

rived. The conditional PDF in the second term is found by efading, the PDF of; is mathematically expressed as

amining the expression for the derivative of the received signal. me 2mi-1

It should be noted that the proposed methodology does nothave  pg, (r) = 2 <@) " P

limitations nor makes any simplifying assumptions. However, $u ()

we shall only present in this paper the cases where a simple wtere2; = E[r7] andm, are the average power and the fading

alytical closed-form solution for the LCR and AFD is possiblefjgure of the [th channel, respectively, witlt[-] denoting

which generally requires the diversity channels to fade indepegiatistical expectationl’(z) is the gamma function [26, eq.

dently. It will also be shown that our general analytical expre$8.310.1)]. The CDF of; is given by

Here(') denotes the derivation operator with respect to time,

, T > 0 (5)

sions for Nakagami fading reduce to previously known results. (m MTQ)

In contrast to this work, earlier derivations of the LCR and AFD Fo (1) = T e 6
. . . . . g Rl (71) - ( )

for channels with diversity reception were usually specific to I'(my)

a particular channel/diversity pair, and cannot always be Usgflerey(x, ) = [ e~*t"=1dt is the incomplete gamma func-
in obtaining the same quantities for different situations. For eypn of the first kind [26, eq. (8.350.1)].
ample, in [20] the LCR were obtained by finding a closed-form gy analogy with [22], wher2m is an integer, the envelope
expression for the joint PDF of the received signal and its derivgf the jth diversity channel can be written as
tive for the case of Nakagami fading, which is not always pos- .
’ 2 _ { 7’120 + ;:1_5 7127 with 2m1 odd (7)
g with 2m; even

sible; whereas in [7] and [8], the analytical derivations were con-
ducted for specific situations only (dual diversity for the former)
or under certain assumptions (identical channels for both). wherer?, = 22,13 = 22 + 42, and thez;;’s andy,;’s are

The organization of the paper is as follows. After this imroGaussian random variables with zero mean and variafice
duction, our analytical approach and the steps needed to ap@;y@ml)_ The derivatives of the;’s can then be calculated
it to Nakagami channels (using the physical insights of [22]) a[g;,,

presented in Section II-A. These results are used to obtain the ) mi—t . .
LCR and AFD for Nakagami channels with SC, MRC, and EGC ;, — { (7’107’10 + i 7’li7’li>/7’l with 2m, odd 8)
diversity reception in the following sections. The analytical ex- - rute)/ with 2m,; even.
pressions obtained are evaluated numerically and discusse&riom [1], for isotropic scattering, th&;’s are Gaussian-dis-
Section Ill. The last section summarizes the contributions of thtisbuted with zero mean and varianég, = Varr}] =
paper and cites some applications. o72r®f2, where f,, = w/\ is the maximum Doppler

m?
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shift for a vehicle speed; and carrier wavelengthh. We From (14) and (15), the LCR can be expressed as

let 7 = o?272f2 to alleviate the notation. Sinca is a L 5 L
sum of zero-mean Gaussian variables, it is also zero-mean Nr(r) = pn, (7’)\/2]—HFR1 (r). (16)
Gaussian, conditioned on. Using (8) and (7), its variance j=1 T
is found to besZ, = Var[y] = 67, which is independent of 7

r.. As asserted in [22}; andr; are thus independent, so thaBubstituting (5) and (6) into (16), and usiAg = o;v/27 f,,
p(ri,71) = p(r)p(ry). leads to the LCR for a Nakagami fading channel with arbitrary

Using the above, the analytical LCR and AFD for the divearameters and SC
sity methods of concern will be derived in the next sections. L m; mi—%
Ng(r) = V2 fmzl <Q—M )
J

— I'(m;) \ &

B. Selection Combining

my .2

In [7], the authors present an expression for the LCR for dual _mya By (ml, oer )
SC in Rayleigh fading. It is generalized in [27] for an arbitrary Xe H Ty (17)
number of i.i.d channels. Below, using (3), we derive an expres- ¢
sion for the LCR of SC foil. independent but not necessarllyFOr identical channel parametersy = m,Q = Q1 =

identical channels. We then apply it to the case of NakagaTn ... L, (17) reverts to the expression given in [23], and when

fading. '_I'he channel envelope at the output of a SC dlvers;[%: 1, to the one given in [27, eq. (45)]. for Rayleigh fading
system is well known to be given by

r .2 2 L—1
r=max{r,l=1,...,L}. 9) Ng(r) = LV 27rfmﬁe o (1 —e 9 ) . (18)
Its derivative is It can be verified (cf. Appendix A) that the approach taken in

P, 1y = maxfr,l=1 L} (10) [27] for obtaining the LCR, when extended to include arbitrary
I A R parameters, also leads to (17) for Nakagami fading.
7 is thus a Gaussian random variable when conditioned on thq17) gives the average number of times per second that the

'S, with zero mean and variance output R(¢) of a selection diversity combiner falls below a
2 2 (0 o 11 specified valuer, given L, fi,ax, and the channel parameters
Or = op W7 = 2pax lrj=r]. (11) mq, 2,1 = 1,..., L. Hence, if the channel conditions can be

estimated and a maximum speed for the mobile is assumed,
B based on (17), one can determine the number of diversity
N A N N N branches neede@l.) so that the combined signdt(¢) does
3 r) = P r =0y 0 r — Oy e .
pg, (07) Z (6 53)8(6r = 6;) not fall below a threshold; more than a specified maximum
number of timegVy. This can be done by evaluatidgr (1)

L . . .
= ZP <Tj = max n Ir; = T) 8(6, — 65). for increasing values aof, until Ng(rr) < Nr.

&, is thus a discrete random variable with PDF

= Lok The CDF for SC is given by
12) Fr(ry=Plri <rire <, ...,r <7) (29)
From (3), the LCR, conditional o#,., are given by which reduces for independent Nakagami channels to
Ay — . - - 1 722_22 - L L v ml’?_llleQ
Nr(r|6r) —pR(7)/O U \/%5'1*6 mdi Fr(r) = HFRz (r) = H% (20)
~ =1 =1
= pr(r) \727— (13) The AFD for arbitrary Nakagami channels with SC can then be
. T ) obtained straightforwardly by substituting (17) and (20) in (2)
(13) is averaged over the PDF foy, i.e., (12), to obtain ( - 2)
oo L 7 nn,WT
NR(T) = / NR(T | &")pi((}7‘)d(}" TR(T) — ( l:i ‘7 _F(mz) .
0 G2 7oz .
L R L \%’ g r? L “/(ml:%”z)
; V2T =t % PR NRELL S A
= pr, ()P ( = max ni|r; = ) . (14) im0 i T
j=1 m = (21)

By taking into account the independence assumption, the teF§uation (21) gives the average time (in seconds) that the com-

P(rj = maxi=,_.rr|r; = r) can be evaluated as bined signalR(t) stays below a specified leve| once it has
crossed it in the downward direction, again givenf,,.. and
P <7’j DR |7y = 7’) the channel parameters. Hence, one can again evaluate the re-
=Pri<rjl=1,....Lil#j|r,=1) quired L so that, on average, the combined §!ng§t) dpes
) not stay below a threshold- more than a specified maximum
=Pl <nrl=1,...,L1+#}j)

period of timer,... The quantityr,,,, can correspond, for ex-

L ample, to the average period of time a receiver can demodulate
- H n<r)= HFRI (r)- 15) 4 signal of amplitudez-, without going into outage or losing
f;} 1] synchronization. Similar insights can be obtained for the cases
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of maximal ratio and equal-gain diversity, thanks to the expre®. Equal-Gain Combining (EGC)

sions for the LCR and AFD derived in the following sections. output of a EGC diversity system is given by

L
Z (32)

C. Maximal-Ratio Combining (MRC)
The output of a MRC diversity system is given by

1 T
L 2
7= [Z 712] (22) whereas its derivative by [6]
=1
and its derivative by 1 &
L . = T Z 721. (33)
;= Elz?ﬂ’ﬂ’l' (23) L =1
As in the SC case: is a Gaussian random variable when corS 0pposed to the previous casess now a Gaussian random
ditioned on the,’s, with zero mean and variance variableindependentlpf ther;'s, with zero mean and variance
2 < . : 2 1 L
o =FE Z T r 62 = I Z = 272 f2 Z o (34)
=1 -1
L
= ZT?E[fﬁ] 2712 (24) where the last equation was obtained using the independence

assumption between the branches. Solving (3) leads to
where the last equation was obtained using the independence

~

Tr

assumption between the branches. If the diversity channels are Ng(r) = pr(r) . (35)
identically distributed E[r,*] = 62 = o?2r%f2, and (24) 2
reduces to It is similar to (26) in the previous section, however, for the
52 = o222 f2. (25) MRC case, this_ equ_ati_on required the i.i.d. assumpt_i(_)n in order
to be valid, while this is not the case for EGC. For i.i.d. chan-
In that case, (3) can be solved to give nels, the CDF and PDF efwere presented in [28] and [8], re-

spectively, in integral form, for an arbitrady. For independent

Ng(r) = pr(r) \72’_ (26) channels with arbitrary parameters, the PDF can be written as
s
The PDF ofr (again for the special case of i.i.d. channels) is VIr Ir—rr VIr=3F n
known to be given by [9] / / /
mr  2myp—1 .
mr T T2 L
2 or’ 0 r>0 27
pr(r) = <QT ) L(m7) © ! 27) X [pR1 <7\/Z — Z 7‘1> HpRl (7’1)] dro ... dry,
wheremy = mL,Qp = QL, and the CDF by =2 =2
(36)
v (mT, ?;”2)
Fr(r) = C(mr) (28) For Rayleigh fading, a simple closed-form solution is available

nly for L < 2, and is implicitly presented in [7]. For Nakagami

Using (27) and (25) in (26) leads to the following result fo? ding with identical parameters ard= 2, (36) reduces to

the LCR, which was also derived in [20] using the approacfill
mentioned in the introduction

Var
V27 f (1 2 MTTE _mpo = \/5/ PR(7’\/§— 72)pR(12)drs. (37)
Ng(r) = —_— e o' (29) 0
T(mr) \ Q7'
Substituting (28) and (29) in (2) yields the AFD After substituting (5) in (37), and following the steps detailed in
2\ L2 Appendix B, we obtain the following closed-form solution for
gl (mT, ar " ) esr the PDF of dual-diversity EGC:
Tr(r) = - (30)

rang

(57

" = (m)Qm 2B (2m, 5) Am—1 ,—2
For Rayleigh fadingm = 1) (29) reduces to the following [

Q F(m)]QQQm—Q7

expressioh: D <2m o+ %’ 572) (38)
vV 27Tfm 7’2 L=z _z2
Ng(r) = — e, (31) ) )
L)y \Q where B(z,v) is the beta function and(a,c,z) the con-

1t should be noted that it is similar to [8, eq. (13)], but the latter has possibﬂ“em hypergeometcric funCtionv_ giYe” by [26, egs. (8'_380'1)'
a misprint in the exponential term. (9.210.1)], respectively. Substituting (37) and (34) in (35)
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yields the following expression for the LCR of dual-brancl
EGC:

1
2m—3

V27 B (2m, % w2
Na(r) = LorImB o 5) () e
[]_"(m)]222n172 Q
1 m,

The derivation of the CDF is carried out in Appendix B and leac
to the following infinite series representation:

NE Nz = T(2m+n) 1
FR(7) - []_-w(m)]224n172 nzz% T (27’71 +n+ %) 2np!

Xy (Zm +n, 2%7’2) . (40)

By substituting (40) and (39) in (2), we obtain the AFD

e2%1’2 E
Tr(r) =

9B (2m, 1) (2242)" 8 @ (2m, 2m +

oo

T'(2m+n) 1
n=0 F(?nl—l—n—l—%) 2inl Y

(Zm + n, 2%7’2)

)

(41)

1 mTQ

27 Q

Form = 1, (39) can be simplified using [26, egs. (9.212.2)
(9.212.4), (9.212.1), (9.236.1)] fdr(a, ¢, x), in that order, and
[26, eq. (8.384.1)] forB(x,y). This reduces to the following
expression for the LCR of dual-branch EGC and i.i.d. Rayleic
fading channels, which was also presented in [7]:

T
VQ
,

(Dl

whereerf(z) = 2/\/7 [ ¢=* dz. For independent but non-
identical Rayleigh fading channels, we make use of (36), (3¢
and (35) to obtain a closed-form expression for the LCR «
dual-diversity EGC

Na(r) = V2r fe™ & [Le— :
7,2

Q

2
Qm

NR(T) = \/%fm@(?_

X [ (\/ 9126_%}1’2 + Qe )
- 1
+<;2m ——>\/7_r<erf<
Q
+ erf <

2 ')
)]

12
with Qm, (Ql + QQ)/2,Q21 = QQ/Ql,ng = Ql/QQ and
Q, = Q20/4.

r

\Y an

2

_ Q49 2

Q21
V an

(43)

I1l. NUMERICAL RESULTS AND DISCUSSION
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[
-4

-5
r, (@B)

Fig. 1. LCR with SC, MRC, and EGC dual diversitf. = 2) and without
diversity (ND,L = 1); m = 0.6. The LCR for SC and EGC are similar, but
differ from the LCR for MRC.

10° b

-5
r, (dB)

Fig. 2. LCR with SC, MRC, and EGC dual diversity. = 2) and without
diversity (ND,L = 1); m = 1.3. The LCR for EGC are closer to those for
MRC, while the LCR for SC are further apart, compared to the ease 0.6.

fading conditions slightly better than Rayleigh, and= 3.0 to

LOS conditions. For all the curves, it is observed that the LCR
for MRC are the lowest for low values @f,’s, and the highest

for high values ofr,,’s, while the opposite is true for the ND
case. Indeed, in the ND case, fades occur more frequently due
to the absence of diversity. As a consequence, the signal crosses
lower values of-,, more often than when diversity is used (with
the lowest number of crossings occurring for the optimal diver-
sity scheme, i.e., MRC), whereas it crosses high values lefss

The LCR and AFD expressions presented above are plottgten. Also, from these curves, the output of an EGC receiver
in logarithmic scale against the normalized value of the corfades less frequently than that of an SC receiver. However, the

bined received envelops, = r/+/Q in decibels. Fig. 1-3 com-
pare the LCR (normalized by,,) for the diversity techniques
presented above with = 2 and the no-diversity (ND) case
(L = 1), for three values of then parameterm = 0.6 cor-
responds to severe fading (worse than Rayleigh)= 1.3 to

differences in LCR between MRC, EGC and SC depend on the
Nakagamim parameter (and thus on the severity of the channel
in terms of fading), and are commented below.

Form = 0.6, the LCR curves for SC and EGC are nearly
identical, but differ from those of MRC, for which the combined
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-5
1, (@B)

Fig. 3. LCR with SC, MRC, and EGC dual diversitf. = 2) and without
diversity (ND,L = 1); m = 3.0. The LCR for EGC and MRC are similar, but diversity (ND,L = 1); m = 1.3. The AFD
differ significantly from the LCR for SC, compared to the cases= 0.6 and

m = 1.3.

AFD

-20 -15

Fig. 4. AFD with SC, MRC, and EGC dual diversiff. = 2) and without

=10

-5
r, (dB)
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AFD

~ ND

— MRC 4
— - EGC

1, (dB)

Fig. 5. AFD with SC, MRC, and EGC dual-

diversify. = 2) and without
for EGC are closer to those

for MRC, while the AFD for SC are further apart (especially for highgis),

compared to the case = 0.6.

AFD

T ND

-~~~ MRC q
- ~ EGC 2

~20 15 ~10 -5
v, (@B)

Fig. 6. AFD with SC, MRC, and EGC dual

diversify. = 2) and without

diversity (ND,L = 1); m = 0.6. The AFD for SC and EGC are similar and diversity (ND,L = 1); m = 3.0. The AFD for EGC and MRC are very similar,
higher than those for MRC, but the difference gradually reduces for smalleut differ significantly from the AFD for SC (for higher,’s), compared to the

r,'s.

casesn = 0.6 andm = 1.3.

envelope exhibits less severe fading./Ass increased from 0.6 below for nearly the same amount of time for all of MRC, EGC,
to 3.0, the LCR curve for EGC gets closer to that for MRC, anak SC. However, from our previous examination of the LCR,
further away from that for SC. For. = 3.0 the LCR curves since a MRC signal crosses low valuesrqfless often than
for MRC and EGC nearly overlap. This reflects the fact that, &GC and SC signals, on average it will spend less time into deep
the fading severity decreases (i.e., for higher valuespfthe fades than the latter two. For higher values-gfit is observed
performance of EGC tends to approach that of MRC, while thieat the AFD are lower for MRC than they are for EGC and SC.
performance margin between the latter two and SC increasesr eachr,,, the combined signals obtained with EGC and SC
This could also be observed by comparing plots of the errgpend more time below this value than that obtained with MRC,
which reflects the fact that on average a stronger signal results
The results plotted in Fig. 4—-6 present the AFD, normalizdétbm the use of MRC. This agrees with the previous discussion
by 1/ f..., for the same cases as before. From these curves, ibisLCR, in which it was pointed out that a MRC signal is more
seen that the AFD for all three diversity techniques remain vegjten in the high end of the signal strength than EGC and
close for values of,, less than about5 dB. This means that SC. As before, we observe that for severe fading= 0.6),
once the combined signal has faded below this value, it remathe behavior of EGC follows closely that of SC, while for mild

probabilities for these diversity techniques and differerg.
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10 ' — ' ‘ ' decrease in the dB value &¥fg(r,) is more than sixfold for
MRC as L goes from 2 to 4, while it is less than fivefold in
the case of SC. This parallels the observations made in [28],
according to which the advantage of MRC and EGC over SC
(i.e., the strength of the signal) gets more pronounced as the
number of diversity branches increases (with EGC following
the behavior of MRC).

In summary, the numerical results support the assertion that
the gain in performance made possible using MRC and EGC, as
compared to using SC, gets more important as the fading gets
less severe and the diversity order increases.

i LA
107k s - =2
// — L=3
Y -t ; IV. CONCLUSION
- . . , . . In this paper, starting from a common representation for the
-20 -15 -10 -5 0 § 1 LCR, we derived generalizations of expressions for the LCR of
Fig. 7. LCR for SC with different diversity ordefd) andm = 1.3. For low a diversity received signal Ir.] Ra.ylelg.h fa.'dm.g’ in order to handle
r's, the LCR decrease dramatically with highe's. the more general Nakagami fading distribution. Closed-form so-

lutions were presented for arbitrady in the case of SC and
MRC, and forL = 2inthe case of EGC. The assumption of i.i.d.
channels was made throughout the paper (except for SC, where
nonidentical parameters were allowed) in order to obtain these
results in closed form, however, the methodology used is not
limited by this assumption. The correlated case can be dealt with
in the same manner, but will require numerical evaluations of the
LCR and AFD for most cases of interest. The material we pre-
sented can be used in designing finite-state channel simulators
[23], analyzing error-correcting schemes for burst error chan-
nels [4], determining the minimum duration outages in fading
channels [29], or determining the delay spread of frequency-se-
lective channels [30p

APPENDIX A

The purpose of this appendix is to show that the analytical
approach given in [27], with some adjustments, also leads to
' €8 (17). For channels with nonidentical parameters, [27, eq. (44)]
can be modified as

L 27 27 1 T OO
NR(T):Z/O /0 /0.../0/0 S
=1 N .
L—1 L—1

Fig. 8. LCR for MRC with different diversity orders amd = 1.3. Compared
to the LCR for SC, ad. increases, the LCR for MRC decrease faster for low
r,,'s, and also increase faster for high's.

fading(m = 3.0), it compares to that of MRC. Thus, for a fixed

set of parameters, there is not a one-to-one correspondence be- X pig, (Pl re = rymj=1, Lty O (=1,... L))
tween the behavior of the LCR and that of the AFD (similar ob- X p(ry =7, 7j=1,... L j#l O G=1,...Lj21))
servations were reported in [8], for the case of Rayleigh fading). L

The LCR of MRC differed from that of SC (and EGC for low X dry H(drjdelj). (44)

m’s) over the whole range af,’s, while the AFD are nearly
identical for lowr,,’s. This is due to the ternf'g(r), which in-
tervenes in the relation (2) between the latter quantities.

Figs. 7 and 8 illustrate the LCR for SC and MRC, respe
tively, for a variable number of diversity branchés In the
Case of SC, ad ir-lcreases’ the frequency at WhiCh the reCEivedZIt very recently came to our attention that, since the time our results were
signal crosses high values (e.g., 6'1t approximaigly- 0 dB) submitted (and s>elveral months after many of them initially appeared in [23]),
stays almost the same. Whereas in the case of MRgLs,,)  other independent contributions dealing with the LCR and AFD of diversity
increases withl, for high values ofr,,. Moreover, for low Nakagami qhannels have been published_ [31], [32]. The material presented in
values ofr, the LCR decrease faster for MRC than for SC alis 22 dersom tat 7311 and (52 n e methodoloqy e andior ne
more diversity branches are added, e.g.;fp= —20 dB, the (closed form versus integral form) of the original analytical results.

_7':1
J#l

The usual assumption is made that the phases associated with
fhe Nakagami signals are uniformly distributed oyey2r).
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Given that the phases, envelopes, andre mutually indepen-

dent, (44) can be rewritten as

L 27
=> H/ p(015)d0u; | pr,(r)
J=1 0
il

L
=1

o~

L ™ o>
H/ pRl (7’1)d7’1 / hpRz (7"1 | Ty = 7’)d7"1
P 0 0

7l

(45)

HFRZ n

J#l

o .5
n; = /0 TIPR, (re|me =r)dr = \/—2# = o1V fm. (46)
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(1
(2]

(3]
[4]

(5]
(6]

(71

(8]

[9]

For a diversity Nakagami channel with arbitrary parameters,

(45) reverts to (17).

APPENDIX B

(20]

(11]

We outline the steps taken to obtain (38) and (40). After subk2]

stitution for the Nakagami PDF, (37) becomes

V2 smy2m Cm,e Var 2m—1
pr(r) = ﬁ (5) c @ X/o [7’1(\/57‘—7’1)}

x e~ BVI= gy (47)

The variable transformation—=

2(%)% %7’2 irm 5 2m—1 —y
pR(7) - [F(m)]gzgnl_g X/_%12y [57 - y:| ¢ dy
(48)

Using [26, eq. (3.383.1)] then leads to the closed-form solution
[18] S.D. Gordon and J. A. Ritcey, “Generating correlated Nakagami fading

(38).
The CDF is given by

mh2m 2B (2m,%) Tl —oma?
Fr(r) = (5) [T (m)]222m—2 X/o o €
1
d <2m7 2m + 3 %cﬁ) dex. (49)

Making the change of variabte = 2(m/Q)a?, using the infi-
nite series expansion

(a+k)x
(c+ k

C

(50)

Mg

®(a,c,x)
(a)
il

and the relationB(z,y) = (I'(x)I'(y)/T(z +1v)) [26, eq.
(8.384.1)] in (49) results in
n +2m + ) 2nn!

Fr(r) = [C(m) ]224m 2 Z

Q
X / e~ gy,
0

I'(n+ 2m)

(51)

(m/Q)(V2r1—r)in (47) gives

(13]

[14]

(15]

[16]

(17]

[19]

(20]

[21]

[22]

(23]

(24]

(25]

(26]

Applying [26, eq. (8.350.1)] to the integral above leads to thd?7!

desired representation (40).
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