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Abstract—We develop the framework to analyze the symbol- As compared to STBC- and SA-based schemes, TAS re-
error probability (SEP) for the scheme integrating transmit ceives relatively much less research attention. TAS was first
amedn_“a 5,e'|e°t'°” (TAS@ W/'At\h T‘?X'mﬁ_"ra“ﬁ Combl'qn'“g (MRC) " nroposed in [8] and thereafter studied in, e.g., [6] [9] [10].
used in wireless networks. Applying this scheme, the transmitter : ) :
always selects an optimal antenna out of all possible antennasunIIke SA bashed SCheIIne USIrI1g the fu!l ICSI f?EdbaCkl’( the
based on channel state information (CSI) feedbacks. Over VAS-based scheme only employs thartial CSI feedback,
flat-fading Rayleigh channel, we develop the closed-form SEP Which costs much less feedback channel bandwidth. Using
expressions for a set of commonly used constellations whenthis partial CSI feedback in TAS scheme, a single antenna
assuming the perfect and delayed CSlI feedbacks, respectively.out of all possible transmit antennas, which maximizes the
perfoct and delayed feedbacks. Our analyses show that while S91210T0iSe ratio (SNR) at the receiver, is dynamically
the antenna diversity improves the system performance, the f’aetl.icidnfg.:% nsEnI\/IItFS g;aét\/\tlagnrg‘ctgg(ra?“Tr?eT':cSh\gﬁ]Zmsa)((:lgnllzl(;
feedback delay can significantly impact the SEP of TAS/MRC fall Ining Iver, : :
schemes. TAS/MRC [10]. Also, TAS scheme needs only one RF chain,

and does not impose complicated signal processing at the

Index Terms—Symbol-error probability (SEP), order statistics, transmitter, which can significantly reduce the transmitter’s

transmit antenna selection (TAS), wireless networks. hardware and software complexity.
As a closed-loop MIMO scheme, the accuracy of CSI feed-
I. INTRODUCTION back will significantly impact the performance of TAS/MRC-

HE EXPLOSIVE demand for high speed wireless neEased system. In [9] and [10], the authors derived closed-form

working motivates an unprecedented revolution in Wir‘%_n—error rate (BER) expressions for BPSK modulation with

C : he perfect feedbacks. In [9], the authors alsamerically
less communications [1]. This presents great challengesamal zed the impact of feedback delavs on the BER of BPSK
designing the next-generation wireless systems since the mrHriddﬁlation withgut obtaining an clo)éed-form BER expres.
tipath fading channel has a significant impact on reliable trans- : g any pres

ons. In this paper, we analyze the symbol-error probability

missions over wireless networks. To overcome this proble ' EP) of a set of commonly used signal constellations for
multiple-input-multiple-output (MIMO) architecture emerges, o e scheme with both perfect and imperfect feedbacks.
as one of the most important technical breakthroughs For perfect feedbacks, we obtain the closed-form SEP expres-

modern wireless communications [1] [2]. . ; o )
Based on whether or not the channel state informati shon?, whlchl_are mc;]rehgeneral ?nd ?ngg't tEan thefprewous
(CSI) is available at the transmitter, the MIMO system esults. Dealing with the imperfect feedbacks, we focus on

can be classified into open-loop systems (i.e., without C edback delays. Under a number of special cases, we obtain
feedback) and closed-loop systems (i.e., with CSI feedbac e closed-form SEP expressions to take the feedback delays

For the open-loop systems, space-time block coding (STB 0 account. In all above situations, we develop the closed-

is a simple and powerful approach to achieve the diversi m Chernoff-bounds of the SEP's. Our analyses show that
P P PP \While the antenna diversity improves the system performance,

gain [3] [4]. For the closed-loop systems, the smart—anten% feedback delays can significantly affect the SEP of the

(SA) technique using transmit beamforming is shown to bFAS/MRC b

) ) -based scheme.
optimal [5] [6]. The STBC-based scheme cannc_)t achieve theThe rest of the paper is organized as follows. Section Il
_performance_ as good as SA-based scheme, Wh'le the PrOC&Ecribes the system model. Section Il derives the SEP when
ing complexity of SA, e.g.full CSI feedback, eigenvalue or

singular-value decomposition, etc, is much higher than ththte feedback is perfect. Section IV derives the SEP with the

. . elayed feedbacks. Section V presents the numerical results
of S.TBC' Moreover, b(.)th STBC and SA require multiple R f the SEP for TAS/MRC scheme. The paper concludes with
chains, which are typically very expensive [7]. In contras

the scheme using transmit antenna selection (TAS) provides %cnon VI

good tradeoff among cost, complexity, and performance. Il. SYSTEM DESCRIPTION

The research reported in this paper was supported in part by the National\/\/(:"_conSlder a _pomt—to-pom_t wireless link over flat-fading
Science Foundation CAREER Award under Grant ECS-0348694. Rayleigh channel in a MIMO wireless networks with trans-



mit antennas at the transmitter ang receive antennas at thefading Rayleigh channel, the post-processing Shrfollows
receiver. The complex channel gain between dhetransmit the centraly? distribution with degree of freedom equal to
antenna and thgth receive antenna is denoted ly;[n], 2N,. The probability density function (PDF) and cumulative
wherei € [I,N,], j € [I,N;], andn is the discrete time- density function (CDF) ofy(;), denoted byg(v) and G(v),
index. The channel gains are modeled as stationary and ergqgispectively, can be expressed as [11]
random processes, the marginal distributions of which follow
independent identically distributed (i.i.d.) Gaussian with zero- ) ANt ox <_V> )
mean and variance of2/2 per dimension. The receiver is At FN (N, —1)! P\73)
assumed to have the perfect knowledge of the CSI. Thus, the
index of the optimal transmit antenna, which maximizes the N1 m
total received power, can be obtained and then fed back to the () =1 — exp (_7) Z (1) (7) (6)
transmitter by the receiver. Based on this partial CSI feedback, m! gl
the transmitter selects the optimal antenna ouVptandidates
to send data. Since our discussion focuses on the level of Haerey = E.{/N, denotes the average SNR per symbol.
symbol duration, we omit the time-index in the rest of the USing the order statistics [12], the PDF of tiéh ordered
paper for simplicity. statisticsyy,), denoted byfj,(v), can be expressed as

If the transmitter selects an arbitrary antenndor data N, g(7)

transmission, the received signal vectocan be expressed fj;(y) = DI, R [G('y)]k_l [1-G(v)]
aS . t .

m=0

Ni—k

)

r=h;s+w (1) whereg(~) and G(v) are given by Egs. (5) and (6), respec-
tively. Employing TAS, the transmitter selects the antenna with

wherer = (r; ... ry,)" is the received signal vecto;)” the highest SNRy,]. Thus, Eqg. (7) generates the PDF of
denotes the transpose of), h; = (h; ... hiNT)T is the ~n,], Which is specified by
channel gain vectors denotes the transmitted symbol, and
W = (w; ... wy, )" represents the zero-mean additive white fivg () = Neg() [G(v)]
Gaussian noise (AWGN) vector, which are modeled as i.i.g. R
and having the single-sided power-spectral densityNgf g SEP Derivations ) _
At the receiver side, the maximal-ratio combining (MRC) is Based on the PDF of y,; given in Eq. (8), the average
employed. Then, the post-processing SNR at the output of gnbol error probability (SEP), denoted by, for a set
MRC combiner when using an arbitrary transmit antenna ©f commonly used signal constellations, including BP3K;

N;—1

(8)

denoted byy;), can be expressed as PSK, andM-PAM, can be expressed, or approximated, as
B, O I
s 2 Py = aQ(+/ d 9
) :mz‘h’j‘ ) M /0 Q( 57) f[Nt](’Y) Y 9
j=1

where o« and 3 are determined by the specific constella-
where E; denotes the average energy per symbol. We S@gns [11]. For example, for BPSK modulation, = 1 and

{70}, from the highest SNR to the lowest SNR, as followsy — 2; for M-PSK, a ~ 2 and 8 ~ 2sin® (x/M); for M-
PAM, a = 2(M —1)/M and 8 = 6/(M? — 1).

. o For squareM-QAM, the SEPP;, = 1 — (1 — P ;)%
such that{y;},Ly, forms the permutation of the O”g'nalwherepm is the SEP of/37-PAM with o = 2(1—1//)

{7(s) }iz, sorted in a descending order. When employing TASnd 8 = 3/(M — 1). Since P}, can be easily obtained from
the transmitter always selects the antenna which can maximjz\?ﬁ, we only focus on the derivations dt in Eq. (9) in

VNG = VNe—1] 2 - = V) (3)

the SNR, i.e., the highest SNR as the rest of the paper. To further derive the SEP, we introduce
VN = ie{?l.%XN ) {V(i)}- (4) the following integral function [13]:
) 4Vt +00
Ill. SEPwITH PERFECTCSI| FEEDBACK Y(L) = (,/ax)xL exp <_%)
A. Post-Processing SNR 0 . "
In this section, we assume that the CSI feedback is perfect, _ lbL“L! 1— Z“ (1 — K ) <2k) (10)
i.e., there is no feedback delay considered. Over the flat- 2 =0 4 k
2N (24
a4 vt |- m s () (7))

(11)

TN, - .1)! 2

20 Jior Fomn o 20+ 17 (N — k= 1)1 (TN ! () )



where u = +/ab/(2 + ab). Substituting Egs. (5) and (6)any numbersN,; and N, of transmit and receive antennas,
into Eq. (8) and using Eg. (10)Py can be derived as respectively, as follows:
Eq. (11), which is shown at the bottom of this page, where

00
p= ZZT:_Ol Migy + Ny — 1, pg = \/ﬁi/ 2k+py+2),and Py < a/ exp (@)f[]vt](*y)d*y
the terms,{im}ﬁ,\fj:_0 areall possiblecombinations satisfying: 0

‘ aNy & (—1)kp!
{Oﬁlmﬁk (12) - W)l { 2 koD

o+ ... +in.—1 =Kk, k=0 \io+...+in,. 1=k
1
with each combination satisfying Eq. (12) corresponding to (W)H
one term within the second summation operation in Eq. (11). . ~ 1 il : . (16)
Note that both [9] and [10] addressed the derivation®gf (Hm;o im! (m!)“")

for BPSK modulation. In contrast with these existing results,
our expression is more general and more explicit for com- Using Eq. (16), we obtain the simplified expressions under
puter calculations. Furthermore, Eq. (11) can be significan®@me special cases as follows:
simplified under some special cases as follows:
CASE I: N, = 1.

CASE I: N; =1.

WhenN; = 1, in terms of Eq. (8), we havéy, (v) = g(7). Py <« (
The SEP given by Eq. (11) reduces to:

2\

. 17

) @
. CASE Il: N, = 1.

o N~ (L-mY (2 Nt
P =212 ( ) ( , ) (13) - 2(~1)Fa ;!
2 =0 4 J Py< Y N % (18)
k=0

DKk +1) + 5]
which corresponds to the case where no TAS is employedCASE m: N.—2

T

CASE II: N, =1.

m+2
N:e—1 k -1 k N, 1 %
SubstitutingN,, = 1 into Eq. (11), SEP can be simplified p, < 303 (=1)*aN!(m + 1) (2<k+1>+m) -
-’ - k=0 m=0 (N — k= 1)I(k —m)!
Ny—1 k( M L — py, It is worth noting that the Chernoff-bound &%, for A/-QAM
Py =« ];) (=1 (k; + 1) ( 2 > 14 is valid only when the Chernoff-bound & 5; for v/M-PAM

. 2
is less than or equal to 1, becauBg, =1— (1 — P )".
which corresponds to the case where no MRC is employed. o ( \/ﬁ)

IV. SEPWITH FEEDBACK DELAYS
CASE Ill: N, =2. A. Induced Order Statistics Analysis

When N, = 2, the SEP given by Eq. (11) can be derived |, yhis section, we assume that the transmitter receives the
as feedback with a time-delay, denoted by Due to the time-
AN (=) (m + 1) varying nature of the wireless channel, the current optimal
Py = > Y — : : SNR~(x,] may have changed already at the moment when the
k=0 m=0 2(k+1) (Ne =k = Dl(k —m)! transmitter receives the feedback after the delawhich can
mal o\ . significantly degrade the performance of TAS/IMRC scheme.
S <1 — uk) (2] ) .(15)  Let7y, denote the time-delayed SNR of the original, .
= 4 J and 7(;) denote the time-delayed SNR of the origingl,.
According to the order statistics [12fy,) is called the
For the cases with more than 2 receive antennas, the expigduced order statistic§or the concomitan} of the original

sion of Py, is complicated. Moreover, due to the hardwargrgered .- The PDF of7y,), denoted bYJ?[Nt](?), is
constraints at the mobile users or handsets, the numberg@termined by
receive antennas at the mobile terminals is typically limited.

Therefore, the cases witly,, < 2 are particularly attractive =

N¢—1 k

+oo
for the practical wireless-network implementations. fva () = /0 PO fa () y
+oo ~
C. The Chernoff-Bound of SEP = / [fg%)w] fivg(Mdy  (20)
0

Although Eg. (11) can be simplified under some special
cases, it still suffers from the complexity. To remedy thiwhere f (7|y) denotes the PDF of;, conditioned onvy;),
problem, we derive the Chernoff-bound of SEP, for andf(v,7) is the joint PDF ofy;, and7. Then, the SEP



considering feedback delay, denoted}%?), can be expressedwhich is expected since = 0 means that the delayed SNR

as Yn,) is independent of the original;y,), making TAS have
J +00 _ no effect (effectivelyN, = 1). Thus, whenp = 0 the SEP
PJ&) = / a@) (\/ﬁ”i) Jivg (V) d7. (21) and the Chernoff-bounds of SEP are determined by Egs. (13)
0

and (17), respectively.

Wheref[Nt (%) is given by Eq. (20), which can be derived byB SEP Derivations
using the following proposition: ) . )
Proposition 1: For any two random variables; and 7 Whenp # 0, substituting Eq. (24) into Eq. (20) and solving
following the centraly? distribution with PDF’s specified by the integral, we can derive the PDR,(3) as Eq. (28), which
Eqg. (5), the joint PDFf(v1,72) can be expressed as followsis shown at the bottom of this page, whquél( ) denotes the
confluent hypergeometric (Kummer) function [16].
fn, ) = 9(n) g () (N- — 1) In._ ( 2VPn7s ) Note that the authors in [9] also focused on deriving the
( 75) 1 (1= P)VTi72 expression offiy,;(7) (see [9], Eq. (13)). However, we obtain
P12 - T p 7 - the similar e>_<pression by using the diﬁe(qnt approaches.
57 e + 2 = (22) The authors in [9] started from the conditional Gaussian
istribution, while we derive Eq. rom Proposition 1.
v b distributi hil derive Eq. (28) from P ition 1
where I, (-) denotes the modified Bessel function of the firshs compared to [9], our approach is more general. Also,
kind with orderv, andp is the correlation coefficient of1  our expression, which explicitly containg can offer more

and-s;. ' . o __insights. Furthermore, the authors in [9] did not obtain any
_ Proof: Using the K|bble’§ bivariate gamma distribu-closed-form expression for Eq. (21) (with=1 and 3 = 2)
tion [14], Eq. (22) can be obtained. B and thus they only solved it numerically. In contrast, we obtain
Using Proposition 1, the conditional PDR~2[y1) can be the closed-form expressions of Eq. (21) for some special cases
derived as as follows.
() N 2P CASE ! N, =1
flrm) = 22—y ( e ) Substituting; = 1 into Eq. (28) and using th i
(1-p)7, N A=)V, ubstitutingN; = 1 into Eq. (28) and using the properties
1 of Kummer function [16], fo (%) can be simplified as
Py 2
exp ( ( >> (23)
L=p\ 71 72 FNr—1 o
- _ . fivg@) = —————exp (-2 ] . (29)
Substitutingy; = v, 72 =7, and¥y; =7, =7 into Eq. (23), A (N, = 1)! 5

we obtain the expression ¢gf(7|v) in Eqg. (20), which can be

expressed as Note that Eq. (29) is independent of and has the same

expression ag(y) in Eq. (5), which is expected since no TAS

~\ ~ is employed {V; = 1), the feedback delay will not affect the
() "o (), (2 >
FGly) = Y (1-p)7 2v/p Y (24) performance of the system. Thus, the SEﬁ also has the

(1-p)y N (1= p)y same expression as Eq. (13).

where the correlation coefficieptis determined by [15] CASE Il: N, = 1.
p=Ji2nfpT) (25) The PDFf[N (¥) when N, = 1 can be simplified as

where Jy(-) denotes the zeroth-order Bessel function of the N1 ( DEN,! ex ( 5 )

first kind and fp is the Doppler frequency. fN Z P\ T

Note that Eq. (24) follows the non-centrgf distribution [Ne] )+ 17 (N — k— 1)!k!

when p # 0. On the other hand, whem = 0, by expanding -

the Bessel functionf(7|y) can be expressed as 0 F (1; 1; il ) (30)
CUTT RO = p) + 11 - 9]
Substituting Eqg. (30) into Eqg. (21) and using the properties of

Then, forp = 0, the PDF}T[M](;?) of the concomitantyy,]  Kummer function,P{? can be derived as
in Eg. (20) can also be simplified as

. e . P()—aNizl L fi (31)
fiva(3) = /0 9 fivg(dy = 9(7) (27) M k: + 1 2

G =9(). (26

~N = B 1— p+1 . ) ~
. N eXP( = m) = (U (rifm) pWA (p+ 1N i)

T = e 2 ), 2

k=0 | io+..tin, 1=k (Ny —k—1)! (Hﬁ;‘ol - (m!)im)

(28)



where 10 g

G k(1 —p) + 1)87 @ S NNl
2k + 1)+ [k(1—p) +1]87
Note that Eq. (31) has the similar structure to Eq. (14) except 10* P < S e
that i, is different from . However, wherp = 1, we have 5 —_
[k = pi, Making the two SEP expressions exactly same with. | N ]
each other, which is expected singe= 1 corresponds to the @ ~—- Chernoff-Bound

time delayr = 0, the perfect feedback case. This also verifies N —  ExactSEP

the correctness of Eq. (31). 10° \ -
CASE lll. N;= N, =2. 107 Nt =4, Nr = 2]
The system structure withy, = = 2 is attractive since it
can be used for the Ad Hoc wweless networks. Similar to the N
above two cases, we can derive the SEJ@ by expanding 105 10 15 20 25
f[N, (¥) and solving the integral, as follows: Average SNR 7 (dB)
(d) a a(4 _ 3p) Fig. 1. The SEPP),’'s and the corresponding Chernoff-bounds with perfect
Py = 5(1 — 710)%(2 4 o) — W(l —11)%(2 4 11)  CSlI feedback using different numbers of transmit and receive antennas.
—p
(1 ) (38 + 97+ 8) (33)
32(2—1p)
wherey and i, are the special forms in Eq. (32). 3 k 2
Ho - P il a. (32) P(d) < szl alN/!(-1) (67[k(kp)+1]+2(k+1)) 37)
C. The Chernoff-Bound of SEP (N — k—1)K!

In Sectlon IV-B, we derive the closed-form expressions %ASE -

SEPP ) under a number of special cases. For the more

complex cases, deriving the closed-form expressions are als NeZl & (=1)*4aN,!(m + 1)
possible. However, it is tedious and cannot be expressed Eyu < Z Z | | — 2
general expressions. Alternatively, in this section we derive =0 m=o (Ne =k = 1)l(k —=m)![(1 = p) 57 + 2]
the Chernoff-bound ofP;, @) for any numbers N; and N, p)BY + 2 2

of transmit and receive antennas respectively. The Chernoff- Izl Y+ 1]+ 2(k+1)

bound ofPJ(\;l) is determined by

N, =2.

(38)

V. PERFORMANCEEVALUATIONS

+o0 AN
Pﬁj) < a / exp <—ﬁ;> Jivg (7)dy (34) Without loss of generality, we evaluate the SEP performance
0 of TAS/MRC scheme using BPSK modulation € 1, 5 = 2).

Substituting Eq. (28) into Eq. (34) and solving the |ntegra|n all figures, we present the exact SEP’s and the correspond-
the Chernoff-bound of SEE”J(»(}) can be derived as Eq. (35), ing Chernoff-bounds, which are plotted by the solid and dotted

which is shown at the bottom of this page. Note that wh Wes respectively. All results used in the figures are calculated
» = 1, Eq. (35) becomes Eq. (16), verifying the correctne using the closed-form expressions for both exact SEP’s and

of our derivations. Also, we provide the results under som hljernofftk;ounds delnve(ijhthe preylr)?s Sec“?'?zs 11 d
special cases as follows: sing the general an e special forms of Egs. (11) an

Eq. (16), Fig. 1 shows the SEP,,'s and the corresponding
Chernoff-bounds with perfect CSI feedbacks when using dif-

CASE I Ny =1. ferent numbersV; and IV, of transmit and receive antennas.

@ 2 Ny As shown in Fig. 1, both the SEP and the Chernoff-bound
Py < (W) (36) decreases as the product of, and N, increases, which
verifies the fact that TAS/MRC can achieve the diversity order
CASE Il: N, =1. of N;N, [7] [10], as if all the transmit antennas were used.

(1—p)By+2 e
A 2 Ne D1 D! 7= E1—p)+ 1] +2(k+1
pl < (( ) 3 3 (ﬂv[ (1—p)+1]+2( ))

M = — | — ~ r 3
(N —1)! PIBY +2 k=0 | do+...+in,.—1=k (Ne — k= 1)! (Hﬁi 01 ! (m!)lm)

(39)




10 ' S g normalized delayfpr further increases, the SEP first grows
S i up, then fluctuates, and finally approaches to a constant. The
Ne=2,Nr=1 S 7 fluctuation is due to the tail of the Bessel function [see
= Eqg. (25)]. In Fig. 3, all numbers of receive antennas are set to
N, = 1. With the increase of delay, all SEP’s approach to the
constant equal to the SEP wifti = 1, which is also expected

§5 since whenfp is too large, the correlation coefficient— 0,
o 10° making the feedback loop of the TAS-based scheme virtually
) Nt=2,Nr=2 broken. This observation also verifies the correctness of our

analytical results for the delayed feedbacks.

VI. CONCLUSIONS
We developed the framework to analyze the SEP for

——- Chernoff-Bound

— FxactSEP TAS/MRC scheme with perfect and delayed CSI feedbacks

. used in wireless networks. Specifically, we derived the general
1010.5 B R 101 ‘ 100 7, Cclosed-form SEP expressions when considering perfect feed-
Normalized Feedback Delay (fp 7) backs. For the system with delayed feedbacks, we obtained a

set of closed-form SEP expressions under a number of special
Fig. 2. The SEPPJQ?) and the corresponding Chermoff-bounds whe®ases. In all above situations, the Chernoff-bounds of SEP’s are
considering feedback delays using different numbers of transmit and receflerived. Our analyses showed that while the antenna diversity
antennasy = 10 dB). improves the system performance, the feedback delay can

significantly impact the SEP of TAS/MRC scheme.
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