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Abstract—In this paper, a performance analysis of a dual- continuous monitoring of all channel fading parameters and
branch switched diversity system operating on identically dis- separate receiver chains for all the branches. As a result,
tributed Nakagami-m fading channels is presented. An adaptive less complex diversity schemes are typically used in precti

coded modulation (ACM) scheme is employed to increase theo tivati for th ¢ is 0 i tioate th
spectral efficiency of the system. The ACM scheme consists of ur motivation for the present paper IS 10 Invesugate the

a set of multidimensional trellis codes originally designed for Performance of the ACM scheme in [1], [2] when using a
additive white Gaussian noise channels, where the codes are basedimpler combining technique than MRC. In particular, a dual
OP quadrature a%plitudfe modulation (QIANP Zi%nal COHSI_GHatiOFf‘S t branchswitched diversity combiner is used, and a switch-and-
of varying size. The performance is evaluate assuming perfec e i i
chanr%lel gllmowledgepat the receiver and instar){taneous ?egdbackStay (SSC) C(,’mb'”'”g strategy Is app“ed [4].
of channel state information, conveyed from the receiver to th In [5], a discrete-time model using a SSC strategy was
transmitter on a zero-error feedback channel. Both spatially introduced to develop a performance analysis of a dualdbran
uncorrelated and correlated antenna branches are considered. switched diversity system, using noncoherent frequendy sh
The optimal switching threshold in terms of maximizing the = eving operating on independent Rayleigh channels. The
z\éferﬁgg sbegﬁgﬁlegﬂcnency 's identified in the case of uncorrelae analysis in [5] was later extended to include a Nakagami-
fading model [6]. In [7], a slightly different switching stiegy
. INTRODUCTION than [5] was presented for both uncorrelated and correlated

. L - L ranches, leading to closed-form solutions for the optimal
Adaptive modulation is an efficient transmission scheme Po ' g P

: . : o Sswitching thresholds in a minimum probability of error sens
simultaneously achieve both high spectral efficiency armha | Building on the framework developed in [5], [7] and [8].

bit error rate (BER) in a wireless communication system. The . .
: L . . . ; an extensive performance analysis of a dual-branch swdtche
basic principle is to utilize channel state information (CS

conveyed from the receiver to the transmitter to adapt togha diversity system.was presented in [4], deriving new generic
) " e IR .~ and exact analytical results for the performance of SSC when
ing channel conditions by transmitting with high infornwati

- : sed in conjunction with several M-ary signal constellasio
rates under favorable channel conditions, and reducing the . .
. . . . €cently, the analysis in [4] was extended to a multibranch
information rate in response to channel degradation.

In [1], [2], a method for assessing performance merits $ﬁ\|/|tched diversity systems [9]. Additional work, specifiga

an adaptivecoded modulation (ACM) system is employed atgd to the performance of dual-branch switched dityersi
- receivers can be found in [10]-[15].
to evaluate the average spectral efficiency (ASE) of a rate-

adaptive coding scheme utilizing a set of multidimensional AI! the referenced Papers on swi.tched _divers!ty limit their

trellis codes originally designed for additive white Gaaas stgdles to systems using only a single fixed signal con_stel—
noise (AWGN) channels. The analysis is based on a sing|@y0nj Indeed', to our knowledgg, a performance analysis of
input multiple-output (SIMO) channel model with statistily a swiiched diversity system u_t|I|Z|ng an ACM SC_heT"e has
independent and identically distributed (i.i.d.) Rayleigding not yet been reported in the literaturedowever, this is of

channels. Perfect coherent detection is assumed and mingactlcal interest, since the introduction of some divgrai
e

ratio combining (MRC) is employed to maximize the receiv e system will Iowe_r Fhe probability of the deep fades for
signal-to-noise ratio (SNR) which channel prediction, necessary for the use of ACM,
The MRC receiver is frequently used in the literature fOlPe_co_mes too unreliable. In an attempt to fill this gap, and
analysis purposes as a benchmark receiver, since it rema;esgu"d'ng on the framework prese_nted in [1], [2], a perform_:lan .
the optimal (in a maximum SNR sense) diversity scheme ﬁpalyas _Of an ACM scheme_ IS thergfore_ present_ed N t_h|s
the absence of interferenéedowever, it also represents theP@Per, with a dual-branch switched diversity combiner gein

diversity scheme with the highest complexity, since it iegg1 US€d at the receiver.

lwhen interference is present, the optimal combining schemeristelé 2|n [16], an uncoded adaptive modulation scheme is utilized to jointly
an optimum combiner, maximizing the instantaneous receivedakig- minimize the number otombined diversity branches while providing the
interference plus noise ratio (SINR) [3] highest possible spectral efficiency.
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Fig. 1. The SNR range is split int + 1 bins. When the instantaneous SNR falls in the lowest intearabutage occurs; whereas in the uppemtervals,
a code with spectral efficienc,, is employed.

TABLE |
Il. SYSTEM AND CHANNEL MODEL PDFAND CDF OF THESNRPER SYMBOL~ FOR A SINGLENAKAGAMI -m
A single user dual-branch SIMO system operating on two FADING CHANNEL
i.i.d. Nakagamim fading channels is considered. The trans-
mission rate on the wireless link is adaptively adjusted by Model Parameter| PDF (p~(v)) | CDF (Py(v))
utilizing a rate-adaptive coding scheme, using a se{ ahulti- Nakagamim | m > w*’;:nlre(::) T r(l@(%m

dimensional trellis codes originally designed for AWGN chan
nels. The codes are based on quadrature amplitude modulatio

(QAM) signal constellations, and rate adaptation is pentet gyer all codes and all SNRs) is given as the average number

by splitting the received SNR range inf6+ 1 fading regions of pits in error, divided by the average number of bits
(bins) as depicted in Figure 1. The set,}_; contains the transmitted 2]

lower thresholds of théV fading regions, selected such that N _

a target BER—denoted BER-is achieved for each available BER= > n—1 Itn - BER, )
code in the rate-adaptive schefheet ;. denote the SNR SN R,-P,

per symbol at the output of the SSC combiner, and+et

denote the predetermined switching threshold. Whepfalls . . ) ==
within fading regionn (v, < vsse < 7ns1), the associated ' applied. It is obtained aBER, = [ ™ BER.p...(v)dy,

CSl, ie. the fading region index, is sent back to the Where BER = anexp{—b,y/My,} is the instantaneous BER
transmitter through a dedicated feedback channel. Based% erienced for code, anda, and.b_n are che—dependent
the reported CSI, the transmitter adapts its transmissits reonstants found by_ least-square f|t_t|ng to S|u_lated_data on
according to the quality of the channel, by transmittinghNit'A‘WGN channelg. Since the expression f(_)r BE.' invertible,

a signal constellation realizing a spectral efficiency Rf. the thresholds in the sdty, },_, can be identified as, =

. Lo . M, /b,) In(a,/BERy). In Table Il, values fora,, b,, M,,
If 0 < v4s¢ < 71, NO information is transmitted (outage .( !
=7 7 ( g )(E,nd ~, are summarized for the target BER= 10~* and

where BER,, is the average BER experienced when cede

In this paper, the following three idealized assumptiors a : .
pap g P = 8 (number of codes used in the numerical examples).

employed: (i) the receiver has perfect channel knowlediye ricti o be | th p . b
instantaneous feedback (iii) the feedback channel is eem- estrictingryr 1o be 1arger thany,, [+ may In general be
I:d|V|ded into three part$:

For i.i.d. channels, the probability density function (BD

of the output SNR of a dual-branch SSC combiner may be PRt = I(n)-Py(yr) nt+1 <7
written as [4] Po=9q B = (o) + PRy, <r < g
right left
_ P’Y('YT)'p'y(V) ¥ <7T P - I(n)+Pn Yr < Vn 3
P =004 PG py) vz P i 0
whereZ(n) = f% py(7)dy andZ,, (n) = fYT P (7)dy.

wherep, (y) and P, (v) are the PDF and the cumulative dis- The superscripts in (3) are introduced to distinguish betwe
tribution function (CDF) of the output SNR per symbplfor the different expressions fd?,, depending on the placement
a single branch receiver, respectively. In Table I, expoess o , _ _ . _

for the PDF and CDF are presented for the Nakagami-o <For<5|mp(llc§:lljtt); 'LTrésiéﬁftrlcted not to reside within the interval range
fading model, wher& represents the average SNR on a single™ Tem g region

channel8 = %/m, IT'(-) is the gamma function [17, Sec. 8.31],

andI'(.,-) is the complementary incomplete gamma function TABLE II
[17 Sec. 8 35] PARAMETERS ay, AND b,, WITH THRESHOLDS7, FOR BERy = 10—4.
[1l. ASE AND BER ANALYSIS My an b, Yn_[dB]

4 188.7471  9.8118 7.7
8 288.8051  6.8792 12.4
16 161.6898  7.8862 14.6
142.6920  7.8264 17.6
64 126.2118  7.4931 20.8
128  121.5189  7.7013 23.7
256 79.8360 7.1450 26.9
512 34.6128  6.9190 29.7

The ASE [bits/s/Hz] of the system is obtained as a weighted
sum of the spectral efficiencies of each individual code, i.e
ASE = S°0_, Ry P,, where P, = [7"*'p,  (y)dy is the
probability that code: is used. The average BER (averaged

00O Ui W3
w
N

3’7N+1 = 00.



of yr on the SNR axis in Figure 1. For the fading bins locateldas the following properties whef, < yr < 74418 (1)
to the left of vz, P, = P/°". For the fading bin containing monotonically decreasing if2, — A; > 0, which implies

yr, P, = P". For the fading bins located to the right of,
P, = P9 Similarly, BER, can be expressed as

vyr = 74 (2) monotonically increasing iR, — A; < 0,
which implies yr = ~441. Hence, the thresholdr which
maximizes the ASE within bi is one of the two fading bin

left
BER{;} = Jn)-Py(yr) ot Ynt+1 < AT endpoints. In Figure 2R, — A, is depicted as function of
BER, = 7, (n)+BER, 7 <y <71, 4 5 m=1,andg=][1,2,...,7]. It is observed thaRk, — A,
BER" = J(m)+BER; 7 <mm
where J(n) = f%"“ ane_%jpw(’y)d’y and 7,,(n) =

f];“ ane_l;&b_:p,y(’y)dv. The expressions in (3) and (4) are
applicable to any fading distribution.

In the following, the indexg € [1,2,---,N] is used to
indicate the fading bin in which is placed. In particular,
qg=mnif v, <yr < v,41. FOr a system operating on i.i.d.
Nakagamim fading channels, the ASE and the average BER

Ry — A

may then be written compactly as

ASE = (R, — AT (m,vr/B) + Ty, ®)

and

BER = chqf(m7 :quT) - Blf(m7 P)/T/ﬁ) + Sq

(Rg — AL (m, v /B) + T,
respectively. The expressions involved are defineddas=
Y1 RaZ(n), By = Y0 RoT(n), Ty = Ar + Agpa —
Rel'(m,7441/8), Sq = Bi + Byy1 — ReCel'(m, pigyg41),
Ag+1 = ZnN:q+1 RyI(n), Byy1 = Zfzvzq+1 Ry,J(n), Cqg =
= and u, = (b8 + M,)/(M,3).5 Note that both (5)
and (6) are functions of, vr, 7, andm.

, (6)

(Bpg)™?

IV. MAXIMIZING THE ASE

0 5 10 15 20 25 30 35 40
7 [dB]

Fig. 2. The size ofR; — Ay for m = 1, governing the sign of the gradient
in (7).

is positive at low average SNR and negative at high average
SNR. Henceyr = v, for low average SNR, angy = v441

for high average SNR. The switching point between these two
solutions, denoted/*, can be determined from the equality
condition R, = A;.5 Using Newton’s methody* can be
determined by means of the recursion in (13) (see next page),
wherei = 0,1,... andg; = 5*(i)/m. The initial valuey*(0)

In the following, vz which maximizes the ASE within a can be selected as,. Knowing that the set of thresholds

single fading bing is determined by assuming thatand m

maximizing the ASE within bing is limited to eithery, or

are fixed. Then, based on this result, the optimal fading bWH: the optimal threshold., maximizing the ASE among

¢* and the associated optimal threshelfl, maximizing the

all fading bins, is derived as follows:

ASE overall fading bins, is determined. Since the ASE is a

key performance measure only when the system is operating

at acceptable BER levels (below BERthe optimization of

where ¢* = argmax ASE
'YT:{'\/q}qN=1

V= Vg (14)

(5) can formally be defined as an optimization problem withh Figure 4,v7. is depicted as a function affor m = {1, 2,4}.

a side constraintmaximize ASE subject to BER < BER;.

V. IMPACT OF BRANCH CORRELATION

However, since BERS BER, is used as a design criteria . ) .
to obtain the thresholdéy, }Y_,, both the instantaneous and Spatial correlation between the antenna branches may arise
the average BER are guaranteed to be lower than or equaftd- from insufficient antenna spacing in small-size teaisin
BER, as long as perfect channel knowledge is assumed [1gpr |d_ent|cally distributed but spatially correlated Nghﬁm-_
Hence, the side constraint is already introduced, and thie A8 fading channels, the PDF of the output SNR may be written

in (5) may be optimized as if it represented an unconstraingd [7]

optimization problem. The partial derivative of (5) wittspect
to vr is equal to

OASE
P = —(Rqg — A1) - Gyr(m, B), (7)
T
whereG.,.(m, 3) = % SinceG,,.(m, 3) > 0 for

1/2 <m < 4,5 > 0dB, and0 < v < oo, the derivative

_ g’y(m7ﬂ) (11— an(asﬁv Bs))
pvm(’Y) = { G, (m,B)- (2 — Qm(as\/f—% Bs))

whereg, (m, 8) = p,(v) in Table 1,Q,, (-, -) is the generalized
Marcum-Q function,as = /22— and

_ 2y
T s =\ pmm

ps denotes the normalized spatial power correlation coefficie
Using the same type of analysis as presented in Section lll,

v <~r

Y >T
(15

T(z,y) = I'(z,y)/T(z) is the normalized complementary incomplete ®When7 = 7*, (7) is equal to zero, and any value fof within the range

gamma function.

Vg < 1 < Yg+1 Will in fact maximize the ASE.



R, — A

T(i+1) =7(0) + — — , (13)
S R (5705, (m. B) — 253G, (m, 5,))
closed-form expressions for the ASE the average BER can —
be derived. However, due to space limitations, the explicit 207t mi
expressions are omitted in this paper. 269}
V1. NUMERICAL RESULTS Z;
Numerical results are presented for BER 1074, N =8, 5 17.6r
{MN_| = {4,8,16,32,64, 128,256,512}, and{ R, }_; = © 1asf
{1.5,2.5,...,8.5}.7 In Figure 3, the maximum ASE of the 1A
SSC combiner is compared to dual-branch MRC and selection 77
combining (SC) when operating on i.i.d. Rayleigh fading
channels. For the SSC combiner, the ASE is maximized by
5 1‘0 15 ‘20 ‘25 ‘30 ‘35 40
9 | 7 [dB]
— MRC
87T ggc oo 7 Fig. 4. S_Witching threshold7., rr_]axim_izing the ASE over all fading bins,
e | as a functiorfy and the Nakagamir fading parameter.

45

ASE [bits/s/Hz]

@
[y
()
05 10 15 20 25 30 35 40 |
7 [d8] — -1 (MRO) \
8l|—— m=1(SC) Y
Fig. 3. ASE as a function off when operating on i.i.d. Rayleigh fading e Z;jigfﬂi‘%
channels. For SSCyr = 7. for each value ofy. 851 _o- m=2(SC)
A m=2(SSC)
g 10 5 20 25 0 35 40

employing the optimal switching threshotd. for each value 7 [08]

of 7. As a result, the performance of SSC is close t0 thgy 5. Average BER as a function of and the Nakagamin fading
performance of both MRC and SC. In Figure, used to parameter. For SSGyr = 5 for each value ofy.

generate the SSC curve in Figure 3 is depicted as a function

of 7 and the Nakagamis fading parameter. It is a stepwise

function where the discrete values f are identical to the branches will tend to decrease. When the switching rate is

' N i .
predefined thresholdsy,. };,_, of the rate-adaptive scheme. ASreduced, the SSC receiver approaches a single brancheeceiv

the Nakagami» parameter is increased, the stepwise funCtioﬂ'nis effect is reflected in Figure 5 for SSC at high average

is shifted to the left, reflecting that an increasesip occurs SNR, since the average BER curves have slopes equal to one

at an earlier stage when the channels become more Stableand two form — 1 andm — 2, respectively. The slopes are

In Figure 5, the average BER is depicted when operating gn__ . . .
ii.d. Nakagamin: fading channels withn < {1, 2}. For SSC, fn identical to the average BER slopes of a single branch

results are depicted wheyi. is used as switching threshold. oo o form =1 andm = 2, respectively.

The targetBER, = 10~* is achieved, and the performance i%elncggureﬁer? :n:raz;’l thgﬂ'%%ii.tcgﬁ f%d;??bcgéegg)ng.'s
almost identical to MRC and SC at low and medigimNote b w perating ! ically distribd '

that the diversity advantage of SSC is lost at ljgiThe reason Iadl;ngﬁ)c(:hgnnels._ ;I'7h g jg |ttc h:lrll 9 E?rtesﬂo}vg tlrs1 novx:fc?rﬁsin
is that;. is not increased beyongy, the highest threshold of 10 f(fe ted SWT ? d. i ' ? 7“5 atlhe c;] elper ‘3. ce
the rate-adaptive scheme. Since the instantaneous SNIR e 13;atiected by not adaplingy to 7y on the channels. According

_ o 0 Figure 4,vy = 17.6 dB maximizes the ASE for spatially
exceedsyy when?y is large, the switching rate between th uncorrelated channels in the vicinity ®f= 20 dB. Indeed, in

7In this paper, the spectral efficienc:i@Rn}ﬁ’:1 are derived from [2, Eq. Figure 6, it is observed thgt the ASE for spatially.uncommia
(2.2)], using a four-dimensional trellis cod€' (= 2). channels and; = 17.6 dB is identical to the maximum ASE
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Fig. 7. Average BER as a function 6f and ps when operating on
identically distributed Rayleigh fading channels. In thiegge branch case,
BER = BB, /.Al .
[12]

in this particular SNR region. In addition, it is observeatth [13]
for p, = 0.9, the ASE is reduced, and it approaches the ASE
obtained with just a single branch receiver. [14]

From Figure 7, it is concluded that spatial correlation has
not a big impact on the average BER performance. When- (15]
17.6 dB, the average BER is almost identical to the result
obtained by usingyr = ~;., except at highy. At high 7, a
relatively low and fixed value of will not be well adapted to
the actual channel quality, and the switching process leiwe
the branches will then diminish rather then continue. Since
~; > 17.6 dB at high¥, it contributes to reduce the averagé17
BER level compared to the case ¢f = 17.6 dB due to a [1g]
higher switching rate.

[16]

VIlI. CONCLUSION

A performance analysis of a rate-adaptive dual-branch
switched diversity system operating on identically dizited
Nakagamim fading channels has been presented. When using
the optimal switching threshold, the performance is clase t
the performance of both MRC and SC in terms of ASE and
average BER, but at a lower complexity. It has also been shown

that in order to maximize the ASE for a given average SNR
on the channels, the switching thresheld of the switched
diversity receiver must be identical to one of the predefined
thresholds of the rate-adaptive scheme.
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