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Error Probability Performance for W-CDMA Systems
With Multiple Transmit and Receive Antennas in
Correlated Nakagami Fading Channels

Jianxia Lug Member, IEEEJames R. Zeidlefellow, IEEE and John G. Proakisife Fellow, IEEE

Abstract—The bit error rate (BER) performance of a two-di- identically Rayleigh, the average channel capacity divided by
mensional (2-D) RAKE receiver, in combination with transmit A/ approaches a nonzero constant determined by the average
diversity on the downlink of a wide-band CDMA (W-CDMA)  gigna|-to-noise ratio. This implies that multiple antenna sys-

system, is presented. The analyses assume correlated fading[ h tentially i tant licati in broad-band
between receive antenna array elements, and an arbitrary number ems have potentally important applications in broad-ban

of independent but nonidentical resolvable multipaths combined Wireless communications. Also, simulation studies [10], [12]
by the RAKE receiver in the general Nakagami-m fading channel and experiment measurements [11] have been completed for

framework. The impact of the array configuration (e.g., the g variety of propagation conditions, in order to quantify the
number of transmit antennas and receive antennas, the antenna realistic performance gains with multiple antenna elements

element separation) and the operating environment parameters " o .
(such as the fading severity, angular spread and path delay profile) (MAE). In addition to the capacity increase, Bjerlez al. [13]

on the overall space-path diversity gain can be directly evaluated. Presented the BER performance of maximal-ratio combining
In addition, the exact pairwise error probability of a convolutional  (MRC) or selection receive antenna combining, in combination

coded system is obtained, and the coding gain of a space-pathwith open-loop and closed-loop transmit diversity, for a (2, 2)
diversity receiver is quantified. MIMO W-CDMA systems in Rayleigh fading.

Index Terms—Convolutional coding, correlated Nakagami Forward error correction (FEC) coding provides an alterna-
fading, multiple-input-multiple-output (MIMO) systems, pair-  tive method to improve the performance of communications on
wise error_probability, space-path diversity, two-dimensional \ireless fading channels. For coding to be effective, bit errors
(2-D) RAKE receiver. in each code word should be independent. To render the channel

memoryless (i.e., to randomize bursty errors which are often
I. INTRODUCTION encountered in fading environments), perfect bit interleaving is

ULTIPLE-INPUT—MULTIPLE-OUTPUT (MIMO) usually assumed. In this paper, we investigate the performance
systems are a natural extension of developments q;]combined diversity and convolutional coding strategies. Per-

antenna arrav communications. The arrav gain and spafdjmance analysis of coded CDMA systems in Rayleigh fading
y unicat y gal P \;;I\eopeared in [14]-[20]. In particular, Diaz and Agusti [14] pre-

diversity obtained by utilizing multiple receive antennas ha ted closed f Ivtical BER ! hieved i
been thoroughly investigated both theoretically [2]—[7] angcted closed form analytica expressions achieved in a

experimentally, but the advantages of MIMO communicatior}}(oherent BPSK DS-CDMA system for any power-delay pro-

which exploit the physical channels between many transmit aR(? alm,d ;ofr 3|_ther selectllon é:.or_nblnlngr?rsl\'GI;CFln mdepelnd.ent
receive antennas, denoted dd4(, M), can provide further ayleigh fading assuming distinct pat - For convolution-

performance improvements. It has been shown theoretica"ﬁI coded transmission, the relation of t_helr bound on BER
[8], [9] that, asM = min(Mz, Mz) grows toward infinity, for to the channel cutoff rate [15] was also given. The concatena-

a given fixed average transmitter power, if the fades betwe%\?nn of Reed—Solomon and convolutional codes in asynchronous
t

pairs of transmit-receive antenna elements are independent RMA with selectlpn antenna d_|verS|ty Is studied in [17], and
e tradeoff analysis among various system parameters under a

fixed bandwidth expansion and concatenated code constraint re-
Manuscript received August 1, 2001; revised March 26, 2002. The matergllirement is provided. The effect of the positive correlation be-

in this paper was presented in part at the IEEE Globecom Conference, San fijjeen the Rayleigh fading channel amplitudes due to imperfect
tonio, TX, November 2001 and at the IEEE International Conference on Com- . .
munications, New York, NY, April 2002. power control and nonideal block interleaver, when a low-rate
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Fig. 1. Performance comparison of various MAE systems, independent receive sigrald, Rayleigh fading channel, with constant MIP.

10°

BER performance and capacity assessment of a DS-CDM#&pression [3] with a finite-limit integral is used. Since the
system with RAKE reception and convolutional coding undegrairwise error probability is exact, our transfer function bound
frequency-selective Nakagami fading are given in [22], baséd tighter than that in [23] for the independent fading case,
on hard-decision Viterbi decoding. In [23], tight upper boundsnd more general in the framework of MIMO systems. It is
on the BER of convolutional codes with soft-decision decodingorthwhile to note that for dual-MRC diversity using trellis
over independent Nakagami, Rayleigh, and Rician fading mweded modulation in nonselective correlated Nakagami fading
tipath channels are evaluated. However, the analysis does ctudnnel [24] also uses the similar technique to obtain the exact
consider space diversity and the bound for the Nakagami fadipairwise error event probability.
case is obtained under the following constraint: the ratio of theThe paper is organized as follows. In Section I, we will
fading severity parameter and the average path power is tireefly describe the wideband MIMO channel. Next, the bit
same for all resolvable paths. In this paper, a detailed perferror probability of a two-dimensional (2-D) RAKE receiver
mance and tradeoff analysis between the use of the space die¢the mobile terminal with receive diversity only is presented.
sity, path diversity and coding techniques in DS-CDMA systein Section |V, the above result is first extended to include
under the Nakagami fading links will be provided. dual-transmit diversity using a simple space—time block code

We will first extend the analysis in [13] to the more genf25] and is generalized to the case with an arbitrary number of
eral Nakagami fading environment with an arbitrary number @ix and Rx antenna elements. The transfer function bound of
transmitting (Tx) and receiveing (Rx) antennas. The effect abnvolutional-coded BER is derived in Section V. Section VI
the spatial correlation between receive antenna elements willgresents several numerical examples to demonstrate the flexi-
addressed. Adopting the moment generating function approdility of evaluating the impact of individual design parameters
[3], the uncoded BER expression is obtained in the form ofan the BER performance of the (2, 2) system. In addition, a
one-fold finite-limit integral, with the integrand being a functiortradeoff analysis between the diversity gain and coding gain is
of the channel covariance matrix and the operating environmgmesented. Concluding remarks are given in Section VII.
factors.

The exact pairwise error probability is then derived assuming
perfect interleaving and soft-decision maximum-likelihood
Viterbi decoding. Unlike the common approach using the We consider the downlink of a W-CDMA system, wiild,
simple upper bound of the Gaussi@rfunction, an alternative antennas at the mobile station (MS) aifi- antennas at the

Il. WIDEBAND MIMO CHANNEL
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Fig. 2. BER of MAE systems in different Nakagami-fading channels with constant MIP. For each system, the curves from upper to successively lower position
correspond ton = 0.75, m = 1, m = 2. 4 indicates the curve for the (1,2) systemvin= 2 fading overlaps with the (2,2) systemsiia = 1 fading channel.

base station (BS). The transmitted and received signals carcbatainsM SIMO channelshgl), which defines the channel

represented by

s(t) = [s1(t)s2(t) .. sar, (1)]" @)

and

r(t) = [ri()ra(t) ... rars (O] 2

through which the signal is transmitted from Tx anterirta

all Rx antennas at delay, and each elemeriutgli) is the com-

plex channel coefficient from the transmit anteriret the BS

to the receive antenngat MS. We assume that receive antenna
elements experiences identical fading, the paths between each
transmit antenna and receive antenna are independent with iden-
tical multipath delay profile, and that the fading is constant over

wherel denotes the vector transpose. The input-output relatignjeast two consecutive symbol intervals.

of the MIMO system is described by the following vector nota-

tion:

r(t) = Ho s(t) +n(t) ©)

where @ denotes the convolution, defined ast)
JHT(7)s(t — 7)dr, and n(t)
Gaussian noise and interference.

The general wideband MIMO channel can be modeled ag;, special cassu;

tapped delay line. Assuming there drenultipath components
the equivalent low-pass vector channel is expressed as

L-1
H(r) =Y 6(r —m)h @)
=0
whereé(-) is the Dirac delta function and
l l l l
hO = (b0 B . )] ©

includes additive white

In a Nakagami fading channel, the amplituge= hg? fol-
lows Nakagamis distribution with pdf given in [1] as

2 m 2
. ( ) R e CUVAL DL ()]

whereI'(-) is the Gamma functiong,

m) \

= a? is the average

power on/th path, andn; > 1/2 is the fading parameter, with

= 1 corresponding to the Rayleigh distri-

' bution. Following [7], an exponential multipath intensity profile
(MIP) is assumed in the analysis, i.e.,

Q= Qe (7)

wheref) is the average signal strength corresponding to the first
incoming path and is the rate of average path decay factor, with
6 = 0 corresponding to constant MIP assumption as a special
case.
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Fig. 3. Ina(2, 2) system, comparison between nonidentical fading parameters on different multipaths with identical fadingicase.4ajp) 6 = 0.1.

The potential gain from applying space—time processingwhere D is the antenna spacing, is the carrier wavelength,
strongly dependent on the spatial correlation coefficient. Tlady, is the mean angle-of-arrival with respect to the axis per-
most general correlation between the elements(6f may be pendicular to the line of the array. We refergp = 0 as the
represented as a four-dimensional (4-D) tensor [9]. Consideribgadside direction, and;, = 90° as the end-fire direction.
that only the immediate surroundings of the antenna array im-The closed-form expression @152 for a ULA has been
pose the correlation between array elements and have no derived assuming that the azimuthual power spectrum (APS)
pact on spatial correlations observed between the element$alibws a uniform distribution [26], truncated Gaussian distribu-
the array at the other end of the link [9], we model the corrgion [6] and truncated Laplacian distribution [27], respectively,
lation among receiver and transmitter array elements indepemder different propagation conditions. In Section VI, we
dently from one another. Itis assumed that BS antennas are suift use the component spatial correlation derived from a
ficiently separated, so that the channels from Tx antenna danencated Gaussian APS [6], which is a function of antenna
or two to Rx antenna array can be assumed to be practicayacing, mean angle-of-arrival (AOA) and the angle spread. It
uncorrelated. In the following analysis, we focus on the spatial well known that increasing antenna separation between the
correlation between receive antennas at MS defined as antenna elements always reduces their correlation and that the

0 2 )2 correlation decreases quickly as the angular spread increases.
Pir = < 7‘hki > (8)

[Il. ERRORPROBABILITY PERFORMANCE OF2-D RAKE
where(a, b) represents the correlation betweeandb. The for- RECEIVER
mulat|or_1 in [6] o_n!y re(%wres_that Gaussmq (?omp(_)nent s_pat'alFirst, we present the BER performance of a 2-D RAKE re-
correlation coefﬁmenpjk be given, and the difficulty in looking

for th lation betw wo Nak i_taded | ceiver without transmit diversity, i.e., (M) system. Here, we
bc;:passggrrealon etween two Nakagami-fade en\'ecmesa@sumeperfectchannelvectorestimationand MRC combining,

. . . ... the instantaneous SINR at the output of 2-D RAKE receiver is
For an M-element uniform linear array (ULA) with omnidi- iven by P
rectional elements, the array response vector can be written %s

0
b

L—-1 L—1 Mg
—j27D sin —j27 — sin T
Vi) =[1 e DS DD 1= = (10
(9) =0 1=0 j=1
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wherey; andvy;; represent the instantaneous signal-to-interfeit is worthwhile to mention that (14) applies to very general
ence-plus-noise ratio (SINR) on thte RAKE finger and on the channel conditions, specifically: 1) the path signal arriving at
4t antenna array element of thild RAKE finger, respectively. different antenna elements can be arbitrarily correlated, but
For the general case of correlated received signals on anteerperiences the same fading severity; 2) different resolved
elements, the characteristic functiomgfis given in [6] as multipath signals that are faded independently, can have the
fading statistics coming from different Nakagami families, i.e.,
the fading parameters are not necessarily equal for all RAKE
fingers; 3) the average SINRs may be nonidentical for different
paths, assuming exponential path delay profile to characterize
the average power at the output of the channel as a function of

—my

y(t) = | Ingy, — it 2 - RY) (12)
my

wherel,,, isthe Mr x Mpg identity matrix,Rgl) denotes the
Mg x My dimension spatial correlation matrix [6] with eacHn€ path delay.

entry being the normalized component correlation coefficient BY SettingMr = 2, the average BER for the dual diversity
p;z}g, andy; = Ey /N, - is the average SINR per receive anfeceiveris obtameq as (15), shown at the botto.m of the page.
tenna contributed from thigh path. Note that’, is the energy . For Mg > 2, the integrand of (14) expressed in te.rms of spa-
per transmitted bit andy, is the equivalent power spectral den—t'al_ correlation becqmes cumbersor_ng, the glternatl\géléepresen-
sity including AWGN noise and the total interference, which cal@tion of the determinant of the matrix is desirable. SIR.e is

itive definite, it can be easily shown, through eigen-decom-

be approximated as a spatially and temporally white Gaussi?®

noise [7]. Since we assume that all resolvable paths fade in§@Sition, that the following equation holds for any real, positive

pendently, the characteristic function-pfs simply g:
Mg
Lt 5 —m ’I +9-ROI=TT(1+g- A\ 16
2(1) = [ T — it R Me 9 R 1;[1( 9 M) (16)
=0
L-1 o - e~ —m where{\;}}/% are the eigenvalues @ ". Therefore, (14)
= [T [are —it———- R (12) can be rewritten as
l
1=0
1 w/2 L=1Mg o - e—lo —my
wherey, = E,/N, - Q is the average received SINR corre- 1 = — ; 1T L+ I AL dd. (17)
sponding to the first path. ' 1=0 i=1
The average bit error probability in the presence of g, independent antenna branches, i&,; = 1,

fading is obtained by averaging the conditional error prob-_ L—1,i=1,..., Mg, (17)is simplified to
ability over the probability density function (pdf) of, i.e., o o
Py, = |F P(e|y) - p(v) - dv. The conditional error probability 1 /2=t

for coherent binary phase-shift keying (CBPSK) is given by P indep = — / <1
[28], i.e., P(e|y) = Q(+v/27), whereQ(z) is the Gaussia) TJo
function. Using the alternative representatiorn(gf) given in

3]

:Y ) 6_15 —Mpg-my
+ 7> do. (18)

my - sinZ ¥

Furthermore, under the assumptions that all multipaths expe-
rience the same extent of fading and constant MIP, we have

1 [™/? z? x/2 _ —Mg-Lm
’ = — _—— R > 1 o
Q(z) r./o exp< 2Sm2§> &9, >0  (13) B,=—/ (1+ Yo ) 5. (19)
T Jo m - sin” ¢
the average BER can then be written as This is equivalent to the performance witlfiz - L independent
/2 diversity branches in Nakagami fading. Substituting, = 1
1 oo ™ . .
P, :_/ / exp (_ . 72 ) &9 - p(~)dry in (19) leads to the same expression as [4].
™ Jo 0 sin”
1 [7/2 o . V. ERRORPROBABILITY OF MIMO SYSTEMS
== t
m /0 ®) it=—1/sin? 9 For the purpose of illustration, the simple dual transmit di-
= - —my versity space—time block code proposed by Alamouti [25] is
:_/ H Ing, + Yo¢ RO do. adopted in the analysis. The QPSK symhblsindd, are trans-
TJo my - sin” 9 mitted simultaneously from antenna 1 and antenna 2, respec-

(14) tively. Inthe next symbol interval, the symbetl} is transmitted

—my

do. (15)

_ 2 o 2
- Ty - el ~ L "B(l)2
my - sinZ ¥ my - sinZ ¥ 12
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from antenna 1 and the symbd@j from antenna 2. Alamouti have the same form as (11), with the average path SINR equal
[25] has shown that the maximum likelihood (ML) estimates db 7, /2. Finally, we have

the transmitted data are identical to the ML estimates obtained

in a system with a single-transmit antenna and dual-receive an- -

—2my
tennas. Therefore, the SINR at the output of 1-D RAKE receiver H Ingy —it5— R (22)
can be expressed as 1=0
The BER is given by
1 L-1
=52 (et z) (20) L
1=0 Py ——/ (1) it=—1/ sinz 9V
™ Jo
2 L—1 —2m
where the factog is due to sharing of the transmitted signal / H I o-eT? —15 RO ldﬂ
AIR ] °
power between two antennas. 0 12 2my - sin? ¥
Combining both transmit and receive diversity (23)
1 k=l Mr It is straightforward to show that the BER of a general
=3 Z Vi1 + vi2.0) (21) (Mr,Mg) MIMO system can be extended from (23) as
1=0 j=1 follows:

1 .7-‘-/2 L—-1 _ _18 — M7 -my
wherev;;,; and~y;»,; are the SINRs of théth path signal from P, = / I + Yo - € RO a9,
the first and second Tx antenna to tftl receive antenna, re- TJo 1% ® 0 Mp-my-sin?9 CC
spectively. Since the channels from different transmit antennas (24)

to the receiver array are assumed to be independent and identlt is necessary to point out that the derivation of (23) is based
cally distributed, the characteristic functionsgf ; andv,2; on the use of space—time block codes from orthogonal designs.
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10°

TABLE | channel, coding should be used with techniques which decor-
MAXIMUM FREE DISTANCE CONVOLUTIONAL CODES relate the received energy of each consecutive coded symbol.
Interleaving is one of these techniques and used to “break up”

ators ; .
n k C; d;. gsnoiisﬁ the memory in the fading process due to Doppler spread, and
' make burst errors into random errors, which can be efficiently
2 1 7 10 133, 171 : :
> 1 4 6 1517 corrected by an error correcting code. The length of the inter-
2 leaver can be adjusted to match the fading characteristics of the
3 1 -+ 10 13, 15,17
1 l 3 10 channel.
3,7, 7,7 For a fading channel, the appropriate performance measure
4 L 4 13 13,15, 15, 17 of a convolutional coded system is the average BERat the

output of the Viterbi decoder. The convolutional code will be de-

h is th f
However, [30] proved that for complex orthogonal designs, onBtOted by, k, Cr ), wheren is the number of encoded output

. . ) ./l rk binary in information bi n is th
M7 = 2 Alamouti-code can provide the maximum possibl ts pe .k binary input 1 ation bits, and’; is t © code
T . . ) onstraint length. Following the usual transfer function bound
transmission rate and full diversity. Fbf; > 2, the space—time .
. . " 28] for ML decoding over memoryless channels, the average
block codes can give full diversity, but lose up to half of the: " . .
: ; .. . it error probability of a rate:. = k/n linear convolutional
theoretical bandwidth efficiency. Therefore, the generaﬂonfror&)de mav be bounded as
(23) to (24) is only valid for real constellations or with the loss y
in bandwidth for complex constellation.

P. <

> =

> BaPa(d) (25)
d=dfrce

V. CoMBINED CODING AND DIVERSITY

In mobile radio communication systems, FEC techniques ambere ds... is the free distance of the code, thg;} are the
employed to protect the information against the severe fadingefficients in the expansion of the derivativeTofD, V), the
due to multipath propagation. Moreover, it is well known tharansfer function of the code, evaluatedfét = 1 [29], and
in spread spectrum systems, the use of channel coding doesigtl) is the average pairwise error probability of selecting an
require additional allocation of bandwidth [15]. On a fadingncorrect pathx’ in the trellis that merges with the all-zero path
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Fig. 6. Comparison of bounds using (29) and the exact pairwise error probability (28) in the twarpath fading channel.

z for the first time, and.’ differs fromz in d bit positions. When  An error is made if the squared Euclidean distance metric of
using the transfer function bound, the channel characteristi¢ss less than that of, or equivalently, if the difference of met-

affect only the pairwise error probability between codewordscs is negative. For binary modulation techniques, the squared
The derivation ofP»(d) is the emphasis of this section. Euclidean distance between a pair of paths is proportional to
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Fig. 7. Uncoded and coded BER of a (2, 2) system in different Nakagami fading channels with two resolvable paths.

the sum of the received energy of their differing code symbd&NR can be represented by the product of the characteristic
(for other nonbinary techniques, the results presented here hlrection of each code symbol’'s SINR. Following the similar
to be modified by using a weighted sum of received energggrivation in Section lll, the average pairwise error probability
Let the pathe’ andz differ in d bit positionsiy, i, . . . i4, then for a (M, M) system can be written as

the energy sum of the different codesymbols may be written as

e(z!,z) = Y%_, e(in), wheree(i,,) denotes the energy 6f Pa(d) = -

th bit. w2 L1 s —Mypmy-d
Assuming MRC and unquantized demodulator outputs, they H Y A— — RO do

conditional pairwise error probability for BPSK modulated sig- 0 12 Mz -my - sin”J

nals is simplyQ (\/25@'7@/Ne). For a (1,Mg) system in an 27)

L-path selective fading channel, we have In the numerical examples, we will compare the bound using

- oE L—1Mg—1 " 5 (27) with that derived in [23], i.e.,
Py(d)=E |Q \ N. Z Z hi (i) Pud) [(dmy — 1)
> m=11=0 j=0 o (d) < —————2—
- 2y/m - I'(dmr)
—r|q |2 Xd: hl (26) Rt (r EQr |\ T
N, &' X oo (mT N, 1> (28)
L No

whereh!") is defined as the channel coefficient 18 receive _ B
’ 1 f wheremy = S my, Qr = S0

2
antenna foith path,z; = >, E?i%_l |h§l)(in,)L , E[]de- Itis worthwhile to note that here again, we use the alternative
notes the expectation, and the expectation is taken with respeqgbression of)-function (13), as oppose to using its simple
to the channel statek,,. Since we assumed that ideal interupper bound [23]. Thus, the pairwise error probability (27) is
leaving and deinterleaving make thgs i.i.d. random variables, exact, which makes our bound always tighter than that using
the average over#{,} can be computed as the product of av{28), since (27) is the sum over all possible error events of the
erages. Consequently, the characteristic function of the overlactvalues of the pairwise probability of those events.
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Fig. 8. Performance in flat fading (dash curves) or selective fading (solid curves) channel with two Rx antennas sepa}ra‘zadetlgngth, angular spread
o = 60°, and two codes with the same coding rate 1/2 and different constraint lengths.

VI. NUMERICAL EXAMPLES Ey - IL=—01 Q;/N.. We can clearly see the performance with
transmit only diversity, i.e., (2, 1) and (4, 1) systems are 3 and
In this section, we present selected numerical results to §-dB worse than the receive-only diversity, (1, 2) and (1, 4)
lustrate the impacts of the operating environment (i.e., the aystems, respectively. This is because each transmit antenna
gular spread, the path decay factor and fading parameters) orrtidiates half or one-quarter of the energy in order to ensure the
BER performance of the (2, 2) MAE system in correlated Nakame total radiated power as with only one transmit antenna.
agami-m fading channels, and to illustrate the benefits of comfi-each transmit antenna was to radiate the same energy, the
bined coding and diversity techniques. For notational simplicitgerformance of ¥/, Mz) and (Mg, M7) would be identical.
the Nakagami fading parameters used in each plot is givenAsBER = 10 *, the diversity gains for (2, 1), (1, 2) and
a vectorm = [mg,my ... mg_1] of length L, corresponding (2, 2) systems are 2.5, 5.5, and 6.8 dB, respectively. It is
to the L resolvable paths at the receiver. In the case that thecessary to point out that the overall diversity gain comes
fading parameters are identical along all the resolvable patfem two sources: 1) reducing the range of fading fluctuation
we simply give that value, e.g = 0.75 implies that all paths through intelligent combining of several dissimilarly fading
undergo identical Nakagami fading with the fading parametsignals and 2) the additional average power since the average
0.75. Itis assumed that the total transmit power is fixed, regargbwer extracted from the received field is proportional to the
less of the number of transmit antenna elements, and unifonimber of receive antennas. Another important observation is
power is allocated to each transmit antenna. The total receivdt for the systems having the identical valueMf x Mg,
power from all paths is also assumed to be the same for variabhe average BER curves are asymptotically parallel to each
power decay factoré of the exponential decaying MIP. In theother. This is because for large SINR, the average BER varies
first five examples[. = 4 resolvable paths, broadside receptiorasymptotically as the inversgr x m x Mg x L)th power
and antenna separatidn = 1/2) are assumed, unless otheref SINR, which provides the effective order of diversity equal
wise specified. The no transmit or receive diversity case (1, t)) (Mr x m x Mg x L).
is plotted to calculate the overall spatial-path diversity gain.  In Fig. 2, the effect of fading parameter on BER are shown for
Fig. 1 plots the average BER of various MAE systemd, 1), (1, 2), and (2, 2) systems, assuming independent receive
in Rayleigh fading with the constant MIP, as a functiosignals and the constant MIP. Large fading parameter means less
of the average received SINR of 1-D RAKE receiver, i.esevere fading occurs, as indicated by the improvement in BER.
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Fig. 9. Performance comparison employing three convolutional codes with the same constraint length and different coding rates: (2,1,4y (3,1,4), a

We note that the curve of (1, 2) in = 2 fading overlaps with level, the performance variation with change of angular spread
that of (2, 2) inm = 1 fading. This is not a surprising result, ads small. For example, at = 5 dB, the BER fors = 3° is only
(24) shows. This means that under the total transmitted poveaice as high as that of = 90°, while aty = 10 dB, the BER
constraint, adopting/; fold transmit diversity is equivalent to of o = 3° is about 10 times as high as that of . The sensitivity
operating the same receiver in thér - m fading channel. to angular spread seems independent of the power decay factor,
Fig. 3 shows the difference when arbitrary fading paranand comparable in (2, 2) and (1, 2) systems.
eters for the different paths are compared to the identicalFig. 5 compares the performance of a (2, 2) system in the
case. For illustration, we choose the arbitrary multipatthannel with various power decay factorsiin = 1.2 fading
fading parameter vector to b&, = [1.4,1.25,0.75,0.6], channel. The dash lines depict the larger angular spread signals
my = [0.6,0.75,1.25,1.4]. This selection has the same meafr = 60°) with 6 = 2,1, 0.5, 0 in successively lower positions.
value asm. = 1. It is obvious that performance differencesThe solid curves show the correspondiifgrthes = 12° case.
exist, and the amount of difference increases for higher valtieeflects the frequency selectivity of the channel and, thus, as
of power decay factor. When the channel has rapid padlecreases, the gain due to path diversity is increased. In the case
decay, e.g.¢ = 0.4, if the paths with higher average powernf largeé, like in an indoor environment, the angular spread can
(corresponding to paths with small path delays) suffer mobe large, which provides efficient space diversity. In the con-
severe fading (e.g., im,; channel), the diversity gain is lesstrary case, when both andos are small, the path diversity will
than the one obtained with identical fading parameter, and the efficient. This result indicates the synergy of space and path
diversity gain inm, channel is larger than that in identicaldiversity. The effects of, § and fading parameters on BER per-
fading channel. In the channel with sméllor with constant formance indicate that the performance of MAE system depends
MIP, identical fading along all the resolved paths gives the bestongly on the operational environment.
performance. In the above examples, we focused on 2-D RAKE receiver’'s
The impact of the angular spread is illustrated in Fig. 4 at twgpace-path diversity without coding. In the following, we will
fixed SINR levels;y = 10 dB andy = 5 dB, with antenna determine the effects of different code rates and constraint
spacingD = 1/4), inm = 1.2 fading channel. Large angularlengths on the coded DS-CDMA system, as well as the tradeoff
spread increases the spatial selectivity of the channel, theré@pween the diversity gain and the coding gain. Table I lists the
increasing the space diversity gain. At the low average SNRRrameters of several low rate maximum free distance codes
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Fig. 10. Performance comparison employing three convolutional codes with the same free distance and different coding rates: (2,1,7), (3113%) and (4

[29], which will be used in the numerical evaluation. For a fair In order to emphasize the space diversity gain due to com-
comparison between the coded and uncoded system, the tbiaing only, BER will be plotted versus SNR per bit, defined
energy used for transmitting information bits is assumed to as the average SINR per information bit per antenna, under the
be equal to that used for transmittingcoded bits. That is to constraint that the total received SINR is fixed regardless of the
say, F, is the energy per information bit. value of Mg. To further narrow our focus, constant MIP and
First, we will compare the performance bounds obtained ligentical path fading parameters are employed in the following
substituting (27) and (28)[23] into (25), using a (2, 1, 7) convaexamples.
lutional code inm = 2 fading channel. This code has the free Fig. 7 shows the uncoded BER and coded BER (using a
distancels... = 10 and only even Hamming weight [29] paths(2, 1, 7) code ) upper bound of a (2,2) system in different
Identical fading parameters along all paths and constant MIPNiakagami fading channels with two resolvable paths. The
a (1, 1) system are chosen to meet the condition of using (2B&rformance improvement achieved by coding is shown to be
In Fig. 6, curves a and b are computed by substituting (27) intery impressive. Since the free distanég.. = 10 results
(25), and curves c and d correspond to substituting the pairwisea coding gain which has the similar effect as introducing
error probability bound (28) in (25). Specifically, curves a anténth-order diversity, the coded system has an order of diversity
c are obtained by summing over the first 18 terms of the seriegual to (M x m x Mgr X L X dgee). IN addition, the coded
expansion of the bound in (25), while curves b and d only usgstem exhibits a smaller performance difference in varying
the first six terms. The magnified SNR range is shown below.fiading channels compared with uncoded system. This results in
can be seen that our bound (27) is consistently tighter than (28pre significant coding gain in severe fading channels.
over the entire SNR range, although the difference is negligibleNext in Fig. 8, we consider two Rx antennas separateg by
for SNR > 2 dB. The diverging behavior at low SNR is typicalwavelength, with an angular spreadoot= 60°, (which gives a
for transfer function type union bounds [23]. Note that the cunapatial correlation of approximately 0.53,) operating in the flat
computed by using the first six terms of the series expansionfafling or frequency selective fading channel with= 0.75.
the bounds in (25) very accurately approximates the simulati®he comparison between applying the (2,1,7) and the (2,1,4)
result as demonstrated in [23], we will only sum the pairwiseodes indicates that by increasing the convolutional code con-
error probabilities for the six shortest Hamming distances as thteaint length, the performance becomes better due to the larger
coded BER upper bound in the following examples. free distance. However, the decoding complexity increases ex-
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Fig. 11. Performance comparison of different coding and diversity schemes=n1.25 fading channel.

ponentially withC',. The achievable coding gain is smaller idargerr.. - 7, in the evaluation of the pairwise error probability
the case ofl. = 4 multipath components compared with sig{27).
nalling over the frequency nonselective chandeK 1). Finally, Fig. 11 illustrates the BER performance of different

Three codes with the same constraint length= 4 and dif- coding and diversity schemes versus the average received SINR
ferent coding rates applied in (1,1) and (1,2) systems are codh-a2 1-D RAKE receiver. Specifically, we consider the single
pared in Fig. 9. Independent antenna branches in a two-paki,and Rx antenna system employing codes (2,1,7) and (2,1,4),
m = 0.75 fading channel are assumed. It is not surprising thafd (1, 2) system with or without coding, in a single-path
for a fixed number of Rx antennas, the performance is improvéd = 1.25 fading channel. To illustrate the tradeoff between
with decreasing code rate. On the other hand, the more powefBpce-path diversity gain and coding gain, we allow the total
the code, the smaller the gain realized by space-path diversifeived power to be proportional to the number of receive
For example, aBER = 107°, dual Rx antennas provide 1.4antennas. For dual-Rx antennas, two angular spreads50°
and 0.7 dB diversity gain when applying = 1/2, 1/4 codes, ando = 25° are assumed, giving spatial correlations equal to
respectively. This fact leads to the conclusion that with powerfdi53 and 0.82, respectively. It is observed that the performance
codes, the main purpose of the 2-D RAKE receiver is to colle¢tith antenna diversity alone is better than the coded system
the power distributed in various propagation paths, not to itith a single antenna up to a certain SNR threshold, and above
prove the performance by introducing additional diversity. ~ Which the performance is degraded relative to the coded single

Next, we compare three codes with the saipe. — 10 in antenna case. The threshold depends on various factors, such

a two-pathm = 1.25 fading channel. Since with soft-decision®S fading severity, the coding scheme, the spatial correlation

decoding, the upper bound on the coded BER dropgy or- and the number of Tx and Rx antennas. Thus, adding diversity,
ders of magnitude as the SNR is increased over arange of 10 Sét,JECIa”y a; a low SNR level, can effectively r_educe the
the average BER of these three codes exhibits the same asy1ip- ber of bit errors at the convolutional dgcoder input, thus
totic slope, as indicated in Fig. 10. On the other hand, there' advantages of coding can be fully exploited.
approximately 1 dB difference between using the codes (2,1,7) VIl C

and (3,1,4), and also between the codes (3,1,4) and (4,1,3). It + LONCLUSION

can be concluded that with the identical free distance, the codéNe derived the BER of a general MIMO system using max-

with higher coding rate gives better performance, resulting froimal ratio combining and open loop transmit diversity in corre-
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lated Nakagami fading channels. The closed-form analytical ex14]
pression was given in the simple form of a single finite limit in-
terval, with the integrand being an elementary function of arrays
configuration parameters, spatial correlation, and operating en-
vironment factors, including angular spread, path decay factoFl
and fading parameters. Furthermore, we incorporated the exact
pairwise error probability into the transfer function bound, so
that the well-known performance advantages of convolutiondft’]
codes in Rayleigh fading are extended to the general MIMO
system in frequency selective Nakagami fading. The overall dif18]
versity (asymptotic slope) is equal to the product of four fun-
damental design parameters (the number of both the Tx and Rx
antennas, the number of RAKE fingers, and the free distance ¢f9]
the convolutional code) and also the fading channel parameter.
Our results are sufficiently general and apply to cases where the
instantaneous SNRs of the resolvable multipaths come from dif20]
ferent Nakagami families, as well as dissimilar average SNRs
from multipath components. The generality and computationafbll
efficiency of the results render themselves as powerful means

for both theoretical analysis and practical applications. 22]
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