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Switched Diversity

Abstract—The moment generating function (MGF) of the signal Combiner
power at the output of dual-branch switch-and-stay selection /1/' i (1)
diversity (SSD) combiners is derived. The first-order derivative of \‘\~ — ”
the MGF with respect to the switching threshold is also derived. j T /——@—» Data
These expressions are obtained for the general case of correlated Transmitter X1, '
fading and nonidentical diversity branches, and hold for any ' Threshold § (S‘{‘gnalpowe,a,
common fading distributions (e.g., Rayleigh, Nakagamin, T time instant n7)
Rician, Nakagami-g). The MGF yields the performance (bit or Data @
symbol error probability) of a broad class of coherent, differen-
tially coherent and noncoherent digital modulation formats with .
SSD reception. The optimum switching threshold (in a minimum S}_‘ﬁ‘g‘fch

error rate sense) is obtained by solving a nonlinear equation
which is formed by using the first-order derivative of the MGF.

This nonlinear equation can be simplified for several special cases.
For independent and identically distributed diversity branches,

the optimal switching threshold in closed form is derived for three  prior to thetransmission of a TDMA burst. Furthermore, the
generic forms of the conditional error probability. For correlated  jdeal selective combining (SDC) that selects the branch with
Rayleigh or Nakagamim fading with identical branches, the o pighest signal-to-noise ratio (SNR) may not be practical for
optimal switching threshold in closed form is derived for the .Y - .
noncoherent binary modulation formats. We show previously radio links that use continuous transmission (e.g., FDMA sys-

published results as special cases of our unified expression.tems) because it requires continuous monitoring of all the diver-

Fig. 1. Block diagram of a predetection switched diversity system.

Selected numerical examples are presented and discussed. sity branches. This problem can be circumvented by adopting a
Index Terms—Diversity reception, mobile radio systems, suboptimal switched diversity scheme.
switched diversity. Consider a two-branch switched diversity system depicted in

Fig. 1. If the instantaneous envelope of the received signal falls
below a predetermined threshold, the antenna switch is trig-
gered, thus selecting the second branch. If the second branch
T ESTIMONIES OF *“wireless catching up with wireline”js apove the threshold, switching ceases. If the second branch
have begun. However, the nonstationary and hostile Ng-yiso in a fade, we can immediately revert to the first branch,
ture of wireless channels impose the greatest threat to reliag}gy if necessary, continue the rapid switching between the two
data transmission over wireless links. The performance ofsatennas until one of them emerges above the threshold (i.e.,
digital modulation scheme is degraded by many transmissi@Ritch-and-examine strategy), or we may switch to the second
impairments including fading, delay spread, cochannel intg§ranch and remain there at least until the next switching instant
ference and noise. Diversity reception is a classical yet poyggardiess whether the instantaneous signal power in the second
erful communication receiver technique that provides wireleggienna is above or below the threshold (i.e., switch-and-stay
link improvement at relatively low cost. Among the variougtrategy). Moreover, the switched diversity system has the ad-
known diversity combining methods, selection diversity is th@antage that only a single intermediate-frequency circuitry and
simplest and perhaps the most frequently used in practice. Bofeceiver “front-end” are used, thus avoiding the expense of
instance, a form of selection diversity has been implementggi g diplexers and other high-frequency analog circuits.
in one current digital cellular system (specified in the 1S-54 preyious related studies on switched diversity systems in-
common air interface) where the diversity branch is selectgf,de the following: In [1], Rustaket al.theoretically and ex-
perimentally examined a switched diversity system on indepen-
Paper approved by N. C. Beaulieu, the Editor for Wireless Communicatiglent Rayleigh channels using a continuous time signal model.
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VA 22314 USA (e-mail: annamalai@vt.edu). tion on the receiver performance. Subsequently, Adatfail.
_V. K. Bhargava is with the Department of Electrical and Computer Er3] jnvestigated the performance of a periodic switching diver-
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TABLE |

INSTANTANEOUS SER OF SEVERAL COMMON MODULATION SCHEMES

Modulation Scheme

Conditional Error Probability Pg(e| v)

Coherent binary signalling:
(a) Coherent PSK

(b) Coherent detection of
differentially encoded PSK

0.5erfc(y )

exte(y) - gerte’ ()

{c) Coherent FSK 0.5erfc(Jy/2)

Noncoherent binary signalling:

(a) DPSK 0.5exp(-y)

(b) Noncoherent FSK 0.5exp(-y/2)

Quadrature signalling:

(2) QPSK erfe(ufy ) - 0.25erfc (v )

(b) MSK erfe(Jy ) - 0.25erfc(Jy)

(c) n/4-DQPSK with Gray 1 (exp(—y(2 - 2cos0))
coding [10] )y J2— cosb a8

Multilevel signalling:

(a) Square QAM 2gerfe(Jpy ) - g erfcX(Wpy )

where ¢ = 1-1/./M and p = 1.5log,M/(M-1)
(b) MPSK 1-n/M —ysin2(n/ M)log ,M

—'r[ eXp| ————————— de

o sin"@
{c) MDPSK [12]

sin(n/M)J-"/2 exp(-ylog,M[1 - cos(1t/M)cos9])A9
T 0 1~ cos(m/M)cosB -

1n-n/M —ysinz(n/M)logzM
or -J expl| ——————~+—+
A0 1+ cos(m/M)cosO

(d) Two-dimension M-ary signal

—yasin2
constellations [13] yosin? (¥,

1 iP(S)J.m ( )Jde
— r(S;)| exp| ————
m &~ o Lsin%(0+¥,)
where N is the number of signal points, and Pr(S,) is
the a priori probability that the % th signal point is
transmitted.

examined the performance of a switched diversity system imelated Nakagamir signal fading has been extended to Rician
tially proposed in [1] for noncoherent frequency-shift keyingading in [7]. More recently, the performance of BPSK signaling
(NCFSK) in independent Rayleigh fading channels based omwih SWC has been examined in [8] by exploiting an alterna-
discrete-time approach. Their analysis was extended in [5] filre exponential representation for the Gaussian probability in-
the Nakagamim fading channels. tegral. The authors’ also derived a closed-form expression for
In [6], Abu-Dayya and Beaulieu proposed a different switchevaluating the corresponding optimum switching threshold in
and-stay strategy (which is referred to as SWC in this paper) aRdyleigh and Nakagami: fading channels when both diversity
analyzed the performance of binary NCFSK on Nakagami-branches are independent and identically distributed and when
fading channels based on a discrete-time model. Different frdtre branches are of equal power and correlated.
[4], the antenna switch in the SWC scheme is activated in theBy contrast, in this paper we derive a generic formula to study
next switching instant as long as the measured local power in the performance of SWC for a wide range of binary and two-di-
current antenna is below the threshold level (i.e., the envelopmensional signal constellations in a myriad of fading environ-
of the received signal need not necessarily cross the thresholdients. Different from [6]-[8], we directly determine the MGF
the negative direction). Therefore, it does not require companf-the resultant signal power statistic without imposing any re-
ison of present samples with past samples. Moreover, the rataswictions. In fact, the signal statistics from different diversity
branch switching is reduced with respect to the ideal selectibranches may even be modeled using different families of distri-
diversity, which translates into a reduction of transient effectation (i.e., mixed-fading). In particular, we examine the effect
due to switching. Their analysis for both independent and caf power imbalance on the diversity receiver performance and
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the optimal switching threshold. This is an important consideA. Correlated Fading and Nonidentical Diversity Branches
atioq because in practice identit_:al fading statistics across the disimilar to [4]-[7], our analysis is based on a discrete time
versity branches are rarely available. However, all the previogggel. The switching is performed at discrete instants of time
theoretical studies only considered the case of identical diversjty ,, 7 wheren is an integer, and” is the interval between
branches for analytical simplicity. Once the MGF is availabl&yitching instants. The cumulative distribution function (CDF)

we can express the average symbol error rate (ASER) in termgpfhe resultant signal power at the output of the SWC combiner
a finite-range integral involving only the MGF. Since the derivacan be written as [6, eq. (4)]

tive of the MGF with respect to the switching threshold can
be obtained at once, the optimum switching threshold can be, (v) =Pr{z, < u}
readily expressed in a closed form in many instances. =Pr{z, =z, andz, < u}+Pr{z,=y, andy, <u}

The outline of this paper is as follows. In Section II, we derive )
the MGF of the local signal power at the output of the switched
combiner, for both correlated and independent signal fadipgherez,, andy, denote the local powers of the signals received
cases, taking into account power imbalance, nonidentical fadipg the two antennas at= n7", andz, is the local signal power
severity index and/or the mixed-fading scenario. Subsequentlythe output of the switched diversity receivet at nT.
a unified expression for computing the average bit or symbol If we assume the pair of samples from each diversity branch
error rate of different modulation formats in an arbitrary fadingre independen(i.e., z,—; andx,, are independent;,_; and
environment is derived. In Section lll, the optimization of the,, are independent), then (2) can be restated as
SWC strategy is considered. The optimum switching threshold
for both independent and correlated signal fading can be &t (4) = [Pr{§ < @, <u} 4+ Pr{z, <{andy, < u}]
tained either in a closed form (for the identical fading statistic Pr{zn_1 =xn1} + [Pr{€ <y <uj
case) or by solving a nonlinear equation numerically (for the + Pr{y, < ¢ andz, < u}Pr{z,_1 =yn_1} (3)
nonidentical fading statistics across the diversity branches). Se-
lected numerical examples are presented in Section IV. Finalyhere ¢ denotes the switching threshold. In the following
the main points are summarized in Section V. derivations, the time index will be omitted for brevity. By

differentiating (3) with respect ta, we obtain the following
Il. STATISTICAL CHARACTERIZATION OF THE SNRAT THE ~ PDF of the resultant signal powey;:
OuTPUT OF THESWC GOMBINER

£
Table | summarizes the instantaneous symbol error rdtdu) = fr(U)V(U—5)+/ fo, (X, w) dX | Pr{z =z}
for a wide range of modulation schemes in an AWGN 0
channel. Recognizing the alternative exponential form ¢ B
for the complementary error functions, i.eerfc(\/3) + fy(“)v(“_g)Jr/o fo,y(u, Y)dY | Pr{z =y},
= (2/m) f(;T/QeXp(—’yCSC2 9)dd and erfc’(,/7) = w>0 4)

(4/7) 5/4 exp(—ycsc? ) df, we can express these con-

ditional error probabilities (for binary and two-dimensiowhereV(X) = 0 for X < 0, andV(X) = 1, otherwise.

M-ary signal constellations) as a special case of the followih¢ptationsf..(.) andZ’.(.) correspond to the PDF and CDF of the

generic form: signal power for antenna, respectively,f, (., .) is the joint
PDF ofz, andy,. Hence the MGF o£,, is given by

Ps(e|ly) = zk:/o ax(0) exp(—~bi(6))dd @ (s

whereu,(6) andb, (#) are coefficients independentebutmay =
be dependent of. In some cases (e.g., BDPSK),(f) = 6(8)
whereé(.) denotes the impulse function. oo ¢

The ASER in the fading channels with switched diversity can /g exp(—su) fy(u) du + /0 ¢a(s, Y)Y Priz =y}

be derived by averaging the conditional error probability over

o0 9
/ exp(—su) fo(u) du + / by (s, X) dX] Pr{z =z}
3 0

the probability density function (pdf) of the SNR at the output ©®)
of the switched combiner in a specified fading environment. {fhere ¢,(s, ¥) = I fo, y(u, Y) exp(—su) du  and
is more insightful if we employ the MGF approach [9]-[10]; (s x) = J2° fu, o(X, w) exp(—su) du are the marginal

since the ASER can be expressed in terms of only the MGF gigF's.
the resultant SNR. Further, closed-form formulas for the com- Now let us calculate the antenna selection probabilities
puting the optimum switching threshold can be determined js}.1, — ;1 andPr{~» = y}. If both diversity branches have

a straight-forward fashion for all common fading channels afgentical fading statistics, then each of the two antennas will
for different modulation schemes if the diversity branches have

identical fading statistics. Hence, in the following we will derive ‘This assumption is valid if” is large enough such that the fading process

. introduces small or no correlation in the time sequence of the samples in each
the MGF of the local power at the output of the switched Comyzanch. For smalr, the justification of the final result (3) is explained in the
biner for both correlated and independent signal fading casesppendix of [6].
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Pop=F(®) waves take different propagation paths and may undergo dif-
ferent fading before arriving at the receiver. For independent
signal fading, the joint PDF is the product of the individual
PDF's, and, therefore, (4) reduces to

i f-(u) = A Ufw)V (&) + Fo(€) fy ()} [ — AQ)]
o= FO ALV (0= &)+ +FO Lo} (10)

Poo=1- Fx(§)

Fig. 2. A two-state Markov chain for calculating the antenna selectiohhe MGF of z,, is
probabilities.

6.0 =4(0){ L () a(wdu+ 0, ()0}

have an equal chance of being selected. However, when the

sequencegz,  and{y,} are not identically distributed due +1—A { (s)F +/Oo —sw) Fo () d }
to power imbalance, then the likelihood of staying in a “good” [ (O 2(0) ¢ exp(=su)fy(u) du
diversity branch will be higher because a branch with a higher (12)

mean received signal power will be favored most of the time. . ) o
The branch selection probabilities may be computed using®€ may also arrive at (11) directly from (8) by recognizing

two-state Markov chain shown in Fig. 2. that g, (s, X) = fo(X)¢y(s) and¢a(s, Y) = f,(Y)¢a(s)

The statesr and/ correspond to the event that antenrand when the two diversity branches are statistically independent.
antennay is selected, respectively. The state transition prob.BLOtilce that (11) is still valid evenif the recc_aived signallgnvelopes
bilities, p;;, are determined by the probability that the powep different antennas are modeled by different families of the
on a specified branch is either greater or smaller than the pre§gting distribution (i.e., mixed-fading model). As before, the
threshold. The steady-state solution to this Markov chain yiel@&ER of the SWC with uncorrelated diversity branches is given

the antenna selection probabilities: by (9). Howevergp._(.) is evaluated using (11) instead of (8).
, C. Correlated Fading and Identical Diversity Branches
Prfp=ay=—n DO ___ 4 e Y
' © Pap tPsa Fu(§) + Fy(8) If x,, andy, are identically distributed, thefi,(.) = £,(.),
Pag Fy(§) Pu(s, ) = Py(s, ), Ful) = Fy(.) andPr{z =z} = Pr{z =

Priz=y} = Pap + Poa Fol) + Iy () =1-4©). @ y} = 1/2. Owing to the symmetry, (4) reduces to [7, eq. (6)].

' ' Similarly, the MGF ofz, illustrated in (8) may now be simpli-
Since[.” exp(—su) f. () du = ¢.(s) —fof exp(—su) fo(u)du fied as
and susbstituting (6) and (7) into (5), we obtain a general expres- ¢
sion for the MGF of the local signal power at the output of the ¢.(s) = ¢4 (s) +/ [2(s, Y) — exp(—sY) f,(Y)] dY.
switched combiner taking into account the branch correlation as 0 (12)
well as the dissimilar fading statistics, i.e.,

) D. Independent Fading and Identical Diversity Branches
b.(s)=A(8) {%(S)JF/ [y(s, X) — exp(—sX) fo(X)] dX} Following our treatment in Section II-C, it is straight-forward
0 to show that (4) reduces to [7, eq. (7)] for the independent and

¢ identically distributed diversity branches. Hence the MGF of the
+[1 = A(¢)] {%(3) +/0 [pz(s, Y) resultant signal power is given by
—exp(—sY) f,(Y)]dY'} (8) $-(3) = () Fu(€) + / - exp(—su) fo(u)du.  (13)
§

where¢,.(.) and¢,(.) are the MGF of the signal power in an-

tennax andy, respectively (see Table Il for a list of MGF's of

the signal powers for several common fading channels). To the IIl. OPTIMIZATION OF THE SWC STRATEGY

best of our knowledge, this result is new. From (1), the ABER As discussed in [8], if the switching threshdlds set to be

or ASER with SWC is simply very large, then there will be constant switching between the
- two antennas because the probability of the received signal ex-

Ps = Z/ ar(0) . (br(6)) d6. (9) ceeding will be small. In this case, the performance of SWC

E J0 will be equivalent to the performance of a diversity branch se-

lected in random, which resembles the behavior for the no di-
) ) ] ) ) versity case. On the other extreme (i.e., the valué¢ & set
B. Independent Fading and Nonidentical Diversity Branches, pq very small), the SWC combiner will be stuck in one of
If the antenna separation is greater than a half-wavelengththie diversity branches because the likelihood of the received
is reasonable to assume that the two diversity branches will fignal power staying above the specified threshold increases.
independent. However, their signal strength and fading sever@yce again, the performance of the SWC will be close to the
index may be different in an actual mobile link since the radisingle diversity branch case. It is evident that the performance
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TABLE I
PDFAND MGF OF SIGNAL POWER FORSEVERAL COMMON FADING FORMATS

Channel Model  PDF and MGF of signal power X

Rayleigh PDF: f (X) = éexp(_ax) where Q = E[X]

1
MGF: 0,(5) = 155

Rician _1+K (1+K) K(K+1)X°
(k20) PDF: 7(X) = 5t exp(—K— = X)Io(zf oy

_1+K —KsQ
MGF: 0,(s) = T+K+s50" (1 +K+sQ)
Nakagami-q 1 -X bX
(-1<b<1) PDF: f(X) = QA/I _bzexp([l -bz]g)lo([l _bz]g)
1
MGF: s) =
() JEQO+b8) + 1[sQ(1-b) + 1]
Nakagami-m =1
(m=05) PDF: f (X) = (g) ’%mexp(:"é_x)
m
MGF: ¢(s) = (m J’:’s Q)
Correlated mo1
m+1 —_—
Nakagami-m PDF: t‘x y(X’ Y) = (m/Q) ( 1)/2(XY) 2 exp(_g(x + Y)) Im— I(ZmaleY\
with identical ' r(m)[1-plp'"~ (1-p] Q[1-pl)
mean signal o\ pm-l m¥F  mesQ
sFrength MGF: ¢,(s,Y) = (g—z) - — exp T[m——_+ roTOR p):]
(e, Q —Qy) T(m)[1 +sQ[1-p)/m]
e,Q, =
where p is the power correlation coefficient.
Correlated +1 -1
Nakagami-m . - [m/dgxgy]m = -m(X +Y) 2m.JpXY
akag PDF: f, (X,Y) = XD exp I,
with power T(m)[1-plp /Qxﬂy[l -p] /Qny[l -pl
imbalance 2 m
1 m m-1 -mY m+sQ,
e 060 = ol o tpay) e B

of this switched diversity strategy is dependent on the selectihere A(¢) is defined in (6) and

of the switching threshold, and proper choicé @fill minimize

the average error probability. Hence in this section, we will de- ¢y _ EA(S) _ @ 1u(&) — Fy(©) (&) (15)
rive analytical expressions that will allow us to compute the op- 23 [Fo (&) + F, (&)

timum switching threshold (in the minimum error rate sense . . . L

either in a closed form (for identical fading statistics) or numeﬁOW our task is to find the optimund® that minimizes the
ically (for nonidentical fading statistics) for a broad class of dig?SER: This value can be determined by solvings/9¢ = 0

ital modulation formats in arbitrary fading environments. ~ 1oF & By differentiating (9) under the integral sign, and ex-
ploiting the results of (14), we have

A. Correlated Fading and Nonidentical Diversity Branches ¢ pg

Differentiating (8) with respect tg, we get g "
-y / ok (O)LA©)py (b4(0),€) + {1 — A(E) b (ba(60), )]0
k 0
a%d)z(S) = A()[$,(5, €) — exp(—sE) [ (O)]

e 13
+ B(¢ ar(6 (j)y s,u) — du(s,u
+[1 = AP (s, £) — exp(=5) £, ()] ( )zk:/o () [/0 [6(s,u) = (s, u)

$
+ B(&) |p2(s) — dy(s) +/0 [By (s, u) — du(s, u) + {fy(u) — fo(u)}exp(—su)]du| df + B(£)

[PSY — P = Ps(e|€)[A)f2(€) + {1 — A(E)},(©)]

+ {fy(w) = falw)} exp(—su)] dU] (14) (16)
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where notationPé’”) and Péy) correspond to the ASER of thewhereer{cinv(.) denotes the inverse of the complementary error
diversity branche [i.e., obtained by replacing. (s) in (9) with  function.
¢.(s)] andy, respectively. For this general case, no closed-form3) 1-D and 2-D Complementary Error Functions:

solution foré* exists. Hence, this value will be determined nuPs(e|y) = aerfe(v/By) — cerfc®(v/by): The ASER for
merically. square QAM, QPSK and coherent detection of dif-

ferentially encoded PSK with SWC is given b¥s =
B. Independent Fading and Nonidentical Diversity Branches g, /) foﬂ/Q b.(bcs@0) do — (4c/w) /4 .(bcs@6) db. By

0
If the diversity branches are assumed to be statistically indsolving the quadratie erf&(@) — aerfc(/bE) + Pé“”) =0
pendent, then we may replace the marginal MGF's in (16) witbr ¢ [i.e., see (18)], we obtain a closed-form expression for the
Py(s, u) = fo(u)py(s) and¢.(s, v) = f,(v)¢.(s). Then it optimal switching threshold
can be easily shown that the optimal threshold is obtained by )
solving the following expression: a— /a2 — 4eP®
W) (x) &= % erfcinv 5 5 . (1)
A (O Ps” +{1— A} ,(OPs” + B(&) ¢
Nk
[Py (£)P§y) —F, (£)P§“’)] + B(&) Z/ ax(0) For example, the optimal switching threshold for the QPSK or
i /0 the 4-QAM modulation scheme is given by
. , — Jfz - du| d 2
Ug ) = o) exp(=s) “} ¢ = <erfcinv <2 [1 —y/1- Pgﬂ )) (22)
— Ps(el§)[A(€) (&) + {1 — A} (O] =0. (17)

where

. . . . /2 /4
C. Independent Fading and Identical Diversity Branches p) _ (2/7r)/ b2 (cSCH)dO — (1/7r)/ o (csc? 6)d6.
0 0

If both the diversity branches are assumed to be independeﬁt
and identically distributed, then the PDF, CDF, and MGF of
zn andy,, are interchangeable. Moreovet(¢) = 1/2 and D. Correlated Fading and Identical Diversity Branches

B(¢) = 0. In this case, (17) reduces to If the assumption of branch independence is slightly relaxed,
_ pl@) _ p then we may only get the optimélin a closed form for the ex-
Ps(elg) = Ps™ = Fs (18) ponential form ofPs(e|y) in correlated Rayleigh and/or corre-
wherePé’”) or Péy) corresponds to the ASER without diverlated Nakagamin fading channels. Following our treatment for

sity reception. Next we will identify three special cases of tH&€ independent signal fading, the optimal switching threshold
conditional error probabilitys(e|) which lend themselves to for_the dlﬁere_nnally poherent or _the noncoherent binary modu-
closed-form formulas for the calculation &f in all common lation format is obtained by solving@)/9¢)¢.(b) = 0 for &:
fading environments. _ ey

1) Exponential FormPs(e|y) = aexp(—bv): The instan- Pa(b &) = fa(&) exp(-b) = 0. 23)
taneous BER of some noncoherent binary modulation schenSesbstituting the marginal MGF for the correlated Nakagami-
(e.g., DPSK and NCFSK) can be expressed in an exponentiding channel with identical mean received signal strength (see
form. ThenPs = a¢.(b) for the switched diversity receiver, Table Il) in (23), we get
and their corresponding optimum switching threshold is [di-

b1 — p) b1 — p)
rectly from (18 f | B —P) e Sl o4
y from (18)] i & =m b(l_p)(mm} In <1+ L (24)
&= -1 In <PS ) = _ 1n(¢”’(b)), (19) which is a generalization of Eq. (24) in [6] for the differentially
b @ b coherent binary signaling and for arbitraryvalues. By setting

Substitutings = 1/2 and using the appropriate expression foi'€ POWer correlation coefficient = 0, (24) reduces to (19).
¢.(.), we arrive at the previous expressions for the optimuffP" Other modulation formats listed in Tablecl, is given by
threshold of NCFSK in Nakagamis [6, eq. (14)] and Rician the unique real pos_mve root of (25), which will be determined
[7, eq. (12)] fading channels, respectively. numerically according to

2) 1-D Complementary Error Function:Ps(sly) = T
aerfe(v/by) = (2a/7) (;T/Q exp(—vbcsc?8) df: The ASER Z/o ax(0)pu (1(0), £) db — fo(§)Pu(el6) = 0. (25)
of some coherent binary modulation schemes (e.g., *
CPSK and CFSK) with SWC is given bys = (2a/7)

fow/2 ¢.(bcs@6)de. Using (18), we get IV. NUMERICAL RESULTS
L1 _ @ ) In this section, we provide selected numerical examples to
&= g(effcmV[Ps /al]) show the generality of the new results derived in this paper. The

/2 2 performances of SWC (with optimum switching thresholds) for
E/ ¢z (b csc? 0)df (20) d_ifferent_ M-ary signaling conste_llati_ons in Rayleig_h_and R_i—
T Jo cian fading channels are shown in Fig. 3. For the Rician fading

1
= 7 <erfcinv
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10" . . . . . - and the optimal threshold+ is calculated using (21). For
R~ e L e without diversity Rayleigh fading, (28) reduces to

—— SWC with optimum &

(@)K=0

6:(5) = s (1= exp(~€7/) + exp(—(s2 + 1€ /)]
(29)

since@(0, B) = exp(—/3%/2).

From Fig. 3, it is apparent that the diversity reception is a
simple yet powerful technique for mitigating the effect of deep
fades experienced in wireless channels. For instance, the dual-
branch SWC system can reduce the penalty in the required SNR
to achieve an error rate dfs = 102 for the 64-QAM by
approximately 11 dB in a Rayleigh fading channel with respect
to the no diversity case. The diversity advantage is greater for
a larger alphabet size and in a poorer channel condition (i.e., as
K — 0), as anticipated.

In Fig. 4, we examine the effect of power imbalance on
the performance of BDPSK with SWC on a Rayleigh fading

0 5 10 15 20 25 30 35 40 channel. Using (11) and (27), we can express the ABER as
Average SNR per Channel (in dB)

Symbol Error Probability

Fig. 3. Performance of MQAM with SWC in Rayleigh and Rician fading Pg = 3 ¢.(1)

channels. (5*) { (5*)
2 Q,+1

A6 D)
channel, the CDF of signal power (for a single branch) is given
by

1[5 ] om

F(§) =1-Q(V2K,, VAU +K){/%)  (26) where

and Fi(&) =1 —exp(—&/) (31)

and

MEs) = [ esp(osufitu)d
e —£(Q + 1)
1+ K, < —sK,Q; ) Mg, 1) = g e < O, ) (32)

Q+K;+1 Q+K;+1 . . .
sttt i St it are obtained by settinff = 0 ands = 1 in (26) and (27). The

2K;(K; + 1) 2(sQ; + K, +1)¢ optimum switching threshold is given by the real positive root
QW sy K o1 0 of (33)

(27)

MOLAE) | g - exnl=)]

1
Q,+1
wherei € {z,y}, and Q(v2a, v2b) = [~ exp(—t — 1
a)Io(2Vat) dt is the Marcum-Q function. If the received  + (1 — A(1fy(£) |:Q—+1 —eXP(—f)}
signal envelopes from the two antennas are assumed to be inde- 7

pendent and identically distributed, th@n = Q andK; = K. + B(¢) [ El8) 5 + (€, 1) = A (&, 1)} =
Substituting (26) and (27) into (13), we get a closed-form y +1 Q. +1
expression fop.(.) , i.e., (33)
1+ K —sKQ whereA(¢) and B(¢) are defined in (6) and (15), respectively.
$=(5) = g TR 1OP <sQ K+ 1) In Fig. 4(a), the optimum switching threshold is plotted as a
function €2, of for the following four cases: 12, = ., 2)
«|1- ¢ var, 2 HE Qy = 203 3) Q, = 5Q,; and 4)Q, = 109, We find that the
Q2 optimum threshold (corresponding to the solid-line curves) de-

" creases rapidly as the rafip, /2, decreases. This trend can be
+Q <\/ 2S€(ErKK++1)1’ \/2(39 * g +1)¢ )] explained by noting that when the power imbalance between the
S

two diversity branches increases, then a lower threshold level is
(28) desirable so that the switched combiner will have an increased
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from Fig. 4(a) and using (19), it is possible to bound the optimal
threshold for the exponential form as

optimum &* (Eq. (33)) a
— - — ‘mismatched’ & (upper)
---- ‘mismatched’ & (lower)

4.5F

) —In[¢4z(b)]/b < & < —In[p4u()]/b (34)

IS

w
0
T

< 1 wheregsp(.) = max{¢,(.), ¢,(.)} (which corresponds to the
MGF of the “weaker” branch), and the mean signal power used
in ¢4u(.) is the average of signal power received from the two
diversity branches, i.eQ4y = (2, + ©,)/2. These bound
are also plotted in Fig. 4(a). All the three curves coincide when
1, = Q, and the optimal threshold is much closer to the upper
limitif 0.25 < Q,/Q, < 4, and the lower limit otherwise. Itis
also noted that the lower limit of the optimal threshold for case i)
and iii) is given by¢* of the i.i.d. case. We have also verified that
the optimal threshold obtained using (19) and (33) are identical
for case i). Expressions similar to (34) can be easily derived for
Ps(e|7y) in the form of a 1-D complementary error function or a
combination of 1-D and 2-D complementary error functions.

In Fig. 4(b), we investigate the sensitivity of the ABER to
20 “mismatch” in the switching threshold level. The solid and
the dashed or the dash-dot curves correspond to the optimal
threshold [calculated using (33)] and the threshold level pre-
. . dicted using (34), respectively. While there can be a noticeable
b difference in the switching threshold levels [e.g., see the curves

N corresponding td), = 2, and, = 52, in Fig. 4(a)],
the ABER performance appears to be not too sensitive to this
variation. In fact, we find that the lower bound given in (34) can
be viewed as a good coarse approximatiog*gfand therefore
is attractive for rapid computation of the ASER or ABER. The
discrepancy between the true and approximate ABER curves
becomes appreciable only when the mean received signal
power imbalance is very large.

Subsequently in Fig. 5, we study the effect of dissimilar
fading severity indexk, # K) on the performance of 8-PSK
with SWC. The corresponding ASER of MPSK can be easily
shown to be

w—m/M sin?(n /M) log, M
PS - d)z .92 9
0 Sin

w
T

Optimum Switching Threshold £
- P

Average Bit Error Rate

) a9 (35)

optimum &* (Eq. (33))
— - — ‘mismatched’ & (upper)
---- ‘mismatched’ & (lower)

whereg. (.) is obtained by substituting (26) and (27) into (11),
and then settin; = €. From Fig. 5, we can conclude that the

4 6 8 oo 4 16 18 20 gptimal switching threshold and the ASER are not severely af-
£ (in dB) fected by unequal fading index unless the perturbation is very
(b) large. Once again the optimum switching threshold point shifts

Fig. 4. (a) Effect of power imbalance on the optimal switching threshold 3P the left as the discrepancy betwek and K, gets larger.
BDPSK in a Rayleigh fading channel. (b) Sensitivity of the average bit err¢dow look at thePé’”), Péy) and the SWC curves corresponding
rate performance of BDPSK to the mismatch in the optimal switching threshoﬂg case (C) with? = 10 dB. While the SWC will always per-
on a Rayleigh fading channel. — ’ . . ) .

form better than any of the two identical diversity branches for

the entire region of [see the curves for case (a)], this may not
likelihood of choosing and staying in a “good” branch. Furtheibe necessarily true if the branch statistics are not identicél. If
more, a very large value fgronly results in performance degra-is chosen to be very large, the performance of SWC will be dic-
dation due to bad switchings. tated by the average performance of the two diversity branches

The optimal switching threshold for the independent ar(due to the random switching). On the other extreme (.és,

identically distributed (i.i.d.) case can be determined in closegtto a very small value), the SWC closely resembles the perfor-
form for three different forms of conditional error probabilitymance of the branch with better statistics. For the cases (b) and
as derived in Section IlI-C. For these cases, is also desirali we observe that the performance of SWC is actually slightly
if we can provide an estimate gf in a closed form for the worse thanPff) as¢ — 0. This is because there is always a fi-
nonidentical fading statistics situation. Exploiting the trendsite probability that the “weaker” branch will be selected and
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(a) p = 0 (independent) P
(@Ky=35K,=35 bp=05  \@ /e s
{b) Ky =5.0,K, =2.0 o f @p=08 T sP%vc E
() Ky =70, Ky =0 (d) p = 1 (completely correlated)
-5 0 5 10 15 20 X . y ;
e ; -5 0 5 10 15 20
Switching Thresnold (in dB) Switching Threshold (in dB)
Fig. 5. Effects of nonidentical fading severity index on the optimal switching (@)
threshold level and the SER performance of an 8-PSK signaling scheme. 107

Symbol Error Probability

Average Bit Error Rate

(a) Q, =12dB, Q, = 12dB
(b) @, =12dB, Q, = 13dB

(a) p = 0 (independent)

(b)p=0.5 , (¢) @, = 12dB, @, = 16dB
w7l ©p=09 \ (d) Q, = 12dB, Q, = 18dB
(d)p=095 @\ \ \\@"(©) 107 A L - - -
. () p =1 (fully correlated) N Switching Threshold (in dB)
1 0_ 1 1 I} 1 L L 1
0 5 10 15 20 25 30 35 40 (b)

Average SNR per Channel (in dB) . o . o
Fig. 7. (@) Sensitivity of the ASER af /4-DQPSK and the optimal switching

at]lﬁreshold level to the branch correlations in the presence of dissimilar mean

Fig. 6. Effect of branch correlations on the attainable switched diversity g Iceived signal strengtifs, — 12 dB and, = 15 dB
, = Y, =1 .

for BDPSK modulation format in Nakagami- fading channels.

the averaging of the error performance contributes to this pHe®) since both the integrals can be directly expressed in terms
nomena. Comparison between the curves for case (b) and dbe incomplete Euler integrals as
(c) reveal that this gap actually diminishes as the difference be-
tween the fading severity indexes gets larger, as anticipated. oo ¢

In Fig. 6, we quantify the switched diversity receiver @-(s) = / exp(—sY) f,(Y)dY +/ bo(5,Y)dY
performance degradation due to branch correlation for the ¢ 0

BDPSK modulation scheme. We have assumed both the __ b <L) {Dm, &(s +m/Q)]
diversity branches have equal mean received signal strengths to L(m) \m+ s ’

isolate its effect on the ABER performance. For the correlated E(s+m/Q)

Nakagamim channel, it is more convenient to rewrite (12) as ot [m’ 1+sQ(1— p)/m:|} (36)
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A(E)T[m, &(s +m/Q)] +[1 — Ay [m mé(m + 5Q2,) }

' 0,(m + 52,1 p))

9=(5) = T(m)(1 + 582, /m)™
mé(m + sQy) }
1 =AM, &(s +m/Qy)] + A )
= Ao+ /) + 46 e s -
D(m)(1+ 8y /m)™
wherevy(a, z) = [J exp(—t)t*~*dt, a > 0is the incomplete for the identical branches witl? = min{(,, Q,}. This
Gamma function, and its companion is defined[ds, ) = observation also validates the usefulness of the idea established

I'(a) — v(a, z) = [ exp(—t)t*~* dt (known as the comple- in (34) for rapid calculation of the approximate ASER for
mentary incomplete Gamma function) [16]. Now substitutingeveral modulation formats (i.e., if a closed-form formula for
(24) and (36) into (9), we get a simple closed-form expressi@omputing £* is available) when the restriction of identical
for calculating the ABER of BDPSK with the optimal switchingfading statistics is relaxed.
threshold, namely’s = 0.5¢.(1). When the power correlation
coefficient p increases, the switched diversity receiver perfor- V. CONCLUSIONS
mance degrades due to the increased likelihood of simultaneous ) -
deep signal fades at the branch inputs. From Fig. 6, we can alsd NiS paper presents a concise, unified approach for evalu-
conclude that the low branch correlation has negligible effect §§ng switched diversity receiver performance for a wide range
the achievable diversity gain and the average SER performa,@é@odulatlon formats and fading environments. Recent studies
does not seriously deteriorate unlgss> 0.5. Even with a high [81-{11], [13]-{15] have shown that the MGF enables rapid
value of correlation a significant diversity improvement can stifomputation of the ABER and ASER. Therefore, this paper
be realized, particularly in channels that experience severe déggves the MGF of the SWC output directly. As well, the
fades. For instance, the diversity gain in a Nakaganfading derivative of the MGF follows at once, which is used to deter-
channel with fading index: = 1.3 is more than 9 dB and 6 mine the optimal (in the minimum error rate sense) switching
dB atPs = 10— for p = 0.5 andp = 0.9, respectively. When threshold. Commonly used MGF’s and the conditional SER
the two branches are completely correlated, the ABER curve fefmulas are tabulated for the use with our generic expres-
SWC collapses to the no diversity case as expected. sions. Results of [6]-[8] are presented as special cases of our
Finally in Fig. 7, the ASER ofr/4-DQPSK are plotted as a analysis. Closed-form expressions for the optimal switching
function of switching threshold for the correlated Rayleigh anitireshold are derived for three generic forms of conditional
Nakagamim fading channels with nonidentical mean receive8ER probability by assuming identical fading statistics across
signal strength. Using (8) and (9), and then following the devehe statistically independent diversity branches. When the
opment of (36), we can express the corresponding exact ASEffect of branch correlation is taken into account, a closed-form

in terms of a finite-range integral formula for the optimal switching threshold is only available
= for the exponential form of conditional error probability in
2 (2— 2 cos b . ) ) .
Ps = i/ ¢ ( V2 cos )de Rayleigh and Nakagami: fading channels with equal mean
21” 0 V2 - C2OS 4 received signal strengths.
= o <7) de (37)
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