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Performance Analysis of Transmit and Receive
Antenna Selection over Flat Fading Channels
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Abstract— The paper considers two different antenna selection
schemes for space-time coded systems over flat fading channels.
First we explore antenna selection at the transmitter side based
on the received signal to noise ratios. We then study the joint
selection of receive and transmit antennas. Both schemes assume
a slowly fading channel (i.e., quasi-static fading) and require
some limited feedback from the receiver to the transmitter. By
computing upper bounds on the pairwise error probabilities and
conducting extensive simulations, we show that the space-time
coded systems achieve full diversity even with antenna selection
provided that the code is full rank. These results are extensions
of earlier work on antenna selection for MIMO systems [1] which
only considers receive antenna selection.

Index Terms—Space-time coding, MIMO communications,
antenna selection, transmit/receive antenna selection, spatial
diversity, Rayleigh fading channels, pair-wise error probability.

I. INTRODUCTION

HE use of multiple antennas have become popular as

the channel capacity for multiple input multiple output
(MIMO) systems over wireless links increases substantially
[2], [3]. With the motivation of attaining high data rates and
low error rates in these systems, space-time codes (STC) [4]-
[6] which can achieve full spatial diversity can be employed.
On the other hand, a major drawback in realizing MIMO
systems is the cost of implementing multiple radio frequency
(RF) circuits. As mobile devices are desired to be small, hav-
ing multiple RF transceivers in a single unit has considerable
realization issues such as proper isolation, increased price,
etc. Furthermore, the computational complexity of signal pro-
cessing required by MIMO transceivers, especially space-time
decoders, increases exponentially with the number of transmit
antennas. Because of these limiting factors, application of
antenna selection [7]-[9] can be an effective technique to
reduce the cost and the complexity of STC systems. With
antenna selection, a limited number of all available antennas
(both at the transmitter and the receiver) can be used with
a reduced number of RF chains still providing full diversity
benefits in MIMO communications.

In the literature, there has been considerable research on
antenna selection recently. A general overview of the capacity
and performance of MIMO systems with antenna selection is
presented in [7], [10]. Receive antenna selection is studied
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extensively in [11]-[13]. In [1], the authors consider antenna
selection at the receiver based on maximizing the signal-to-
noise ratio (SNR) over quasi-static flat fading channels. The
performance degradation of STC systems when the MIMO
subchannels experience correlated fading [14] and the perfor-
mance with fast fading [15] are also studied. The number of
works on transmit antenna selection is also increasing [16],
[17]. In [18], by simulations, the authors demonstrate that
transmit antenna selection combined with space-time trellis
codes can achieve full available diversity. However, they do
not perform an analytical error-rate analysis. Two algorithms
are presented to select the number and subset of active
transmit antennas in a correlated multiple-input multiple-
output (MIMO) multiple access channel in [19]. An adaptive
transmit antenna selection based on the minimization of the
conditional pairwise error probability is proposed in [20].
Transmit antenna selection in uncoded spatial multiplexing
systems is also considered and several selection algorithms
are proposed [21], [22]. In a practical system, it may be
desirable to employ antenna selection both at the transmitter
and receiver. Recently, selection algorithms based on capacity
maximization for joint transmit/receive antenna selection are
developed [23], [24]. However, to the best of our knowledge,
no error probability results for STCs with joint transmit and
receive antenna selection are available in the literature.

In this paper, we study the diversity gain that STCs
can offer over flat fading channels when transmit or joint
transmit/receive antenna selection is employed based on the
largest SNR observed. We perform a pairwise error probability
analysis for both cases. We show that if the space-time code
used achieves full-rank over flat fading channels, then antenna
selection does not degrade the diversity obtained compared
to that of the full complexity system. Furthermore, we show
that if the code does not achieve full diversity for the full-
complexity system, then performing antenna selection results
in a loss of diversity order. We note that the results are very
general, and apply for different space-time codes, and even
for concatenated coding schemes as they are only based on
pairwise error probabilities.

The paper is organized as follows: Section II presents the
system model. Section III discusses space-time coded systems
with transmit antenna selection. Section IV considers space-
time coded systems with joint transmit and receive antenna
selection. We comment on antenna selection for rank deficient
STCs in Section V. Finally, Section VI concludes the paper.

II. SYSTEM DESCRIPTION

In this section, we provide the system model and the
pairwise-error probability (PEP) for space-time coded MIMO

1536-1276/08$25.00 © 2008 IEEE
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Fig. 1. Block diagram of space-time coded multiple antenna system with antenna selection over a flat fading channel.

systems over flat fading channel. Figure 1 shows the system the M x K codeword matrix is

block diagram with antenna selection. The channel is modelled s1(1) s1(K)

as quasi-static flat Rayleigh fading where the channels for S ) ) 3
different transmit and receive antenna pairs fade independently - : : ’ G)
and remain constant over the entire transmitted frame of sm(1) sm(K)

symbols. In order to determine the antennas to be used, 4pd the N x K noise matrix W contains the noise samples,

the pilot symbols can be transmitted from all available M
transmit antennas (could be in a round-robin fashion), and then
the SNR for each transmit antenna or joint transmit/receive
antenna combinations can be obtained. Once the selection of
transmit and receive antennas is done based on the largest
of the received SNRs, the receiver feeds back the indices
of the Ly transmit antennas to be used at each frame. The
feedback information about the selected transmit antennas
requires at most M bits in each frame, thus, it does not slow
down the transmission rate significantly. After the selection of
antennas is performed, the information sequence is encoded
by the space-time encoder and then the coded sequence
is divided by a serial-to-parallel converter into several data
streams. The resulting data streams are then modulated and
transmitted through the selected L1 antennas simultaneously.
At the receiver, space-time decoding is performed using the
demodulated signals from the selected Ly receive antennas.

For general STC-MIMO systems, the received signal at the
receive antenna n at time k, can be written as

M
Yn (k) = \/% > s (k) + wn (k)

where h,, ,, is the fading coefficient between transmit antenna
m and receive antenna n, sy, (k) is the transmitted symbol
from antenna m at time k, N is the number of receive
antennas, w, (k) is the noise sample at the receive antenna
n at time k, (k = 1,--- ,K), and K is the frame length.
hom.n and wy, (k) are i.i.d. complex Gaussian random variables
having zero mean and variance 1/2 per dimension. p is the
expected SNR at each receive antenna. The received signals
at all antennas can be stacked in a matrix form as

[ p
Y=,/—-H W
i S+W,

where the N x M channel coefficients matrix is given by

D

@)

hl,l h]\/[71
H= :

hin har,n

When the channel state information (CSI) is known at the
receiver, the PEP conditioned on the instantaneous CSI is the
same as the one for the case of anAAWGN channel. Given H,
the PEP of erroneously receiving S, when S was transmitted,
is given by [1],

P(S — SH) = %erfc (&IHBQ ;

which can be upper bounded by employing the Chernoff bound
as

“)

S P 2

P(S — S[H) < exp ( | HB| ) , )
where B = S — S is the codeword difference matrix. ||.||2
represents the sum of magnitude squares of all entries of a
matrix (i.e., V]2 = 31, Z}']:1 |v;j|? is the Frobenius norm
of the I x J matrix V, where v;; is the entry of V at the
it" row and the j** column). To find the PEP over a MIMO
fading channel, we simply average this quantity in (5) over
the fading statistics [4], [25].

ITI. TRANSMIT ANTENNA SELECTION

In this section, we investigate the diversity order of a STC
with transmit antenna selection over quasi-static flat fading
channels. We will derive an upper bound on the PEP for
the case where an arbitrary number of transmit antennas are
used. Since the more interesting case is the one where at
least two antennas are selected, the channel codes in this case
are space-time codes (e.g., space-time trellis codes or space-
time block codes). The upper bound on the PEP expression
provides information on the achieved diversity and coding
gain which are useful in designing novel space-time codes
with transmit antenna selection. We note that when only one
transmit antenna is selected, any channel code for a single
antenna system can be used and although the derivations are
not provided here, full spatial diversity can still be achieved
in a straightforward manner.

Let us denote Ly columns of the NV x M channel coefficient
matrix H having the largest norms by hj,--- hz,. The



3058

indices of these columns correspond to the indices of the
selected transmit antennas. In order to derive an upper bound
on the PEP, we first need to compute the joint probability
density function (pdf) of the columns having the largest norms.
Similar to the approach in [1], the joint pdf of the columns of
H with the largest norms can be written as

by,

L(F

=1

hLT)

[ T Z ||h1|| ]

e (thl\ +etlbe[1?)
aNLT ’

Ig,(hy,--- 7hLT)) (6)

where k = W’ Ig,(hy, -+ ,hz,) is the indicator
function
1 if (hy,---,h,) € Ry
IRz(h1>"' >hLT) - { 0 ( 1 elseLT)

which is nonzero in the region R; where column [ (h;) has
the smallest norm among the selected L columns, i.e.,

Ry={hy,-- hp, ||| <|hell, k=1,--- 1 —1,014+1,--
Using the new channel matrix H with the selected columns
of H, the PEP can be upper bounded by averaging over the

above joint pdf as,

(S —8)
<§/ — o B e Z ||hl|| A
< e T K —
1=1 7R
o= i g2
b dhy, (7)

We utilize the eigenvalue decomposition of BB* = UAU*
where U is a unitary matrix and A is a diagonal matrix with
eigenvalues of BB*. We note that

|EIB|2 = trace ((ﬂU)A fu

Lt
) = Adlel?, ®)
=1

where ¢; is the it" column of HU, and

Lt
dolel?* =
=1

= trace (I:IUU*I:I*)

trace ((I:IU)(I:IU)*)

= trace (I:II:I*)

Lt

= > Il

i=1

(€))

Let us now assume that we have a full-rank space-time code
which means that the eigenvalues of the matrix BB* are all
positive (i.e., nonzero). Later, we will also consider the rank-
deficient STCs (where some of the eigenvalues of BB are
zeros) as well. In order to simplify the PEP bound further, we

7LT}'
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denote the minimum of Aq,..., Ar, by A > 0 and note that

Lt L
SalalP > Y Aal?
=1 i—1
Lt
> D M), (10)
i=1
Hence, the expression can be further upper bounded as
P(S—S)
Lt P Lo Al 2 ,
SZ/ ity S Al 5{1—6_|hl|
l 1 /R
Hh HQ” M=Lz o~ 517, ||hy 2
z = .

To simphfy this expression further, we can use the following
result (as in [1])

N—-1 " ’UN
glv)=1-e">" — <57 (12)
n=0

for v > 0, and write the [t term of the right hand side of the
PEP bound as,

M-—L
7, < n/ o~ it T8 Alh? {Ihzlw} ’
<s /. —

N!
1 _ 2, ... 2
T (B[P -+l D gh, ... dhy,.. (13)
Then, with the change of variables h,; = O, up =

o2, where ||h||* = 25:1 Uy (with differential units dh,,; =
Onidondfy, duy = 20,,doy,;) and after taking the integral
with respect to df over [0, 27], we obtain

%) 00 Y
7, < H/ / o (@i dun )bt (@ tu )
—Jo

M—-L
<(ull++uNl)N> Tef(our'“JruNLT)du .
N 11

. -duNLT.
(14)

Note that for analytical tractability, we evaluate the integral
throughout the whole space which results in a looser upper
bound. To obtain simpler expressions, we write the upper
bound of 7; as Z; <7, )I 2) with

I(l) = H/ / e 4LT le,i;élj‘(zg:I “n'i)

Lt N
(Zl L it Zon= 1“"1 H Hdum‘

i=1,i#l n=1

oo
Il(2):/ .../ e 4LT)‘Zn 1unle—zg:1unl
0 0

NN\ M—Lg
(25:1 “nl)
N!

e

dull e duNl.

e krdr = L we obtain

Using [~ .

1

Il(l) =K
L A
I (1+£2)

15)
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For Il(z), we first use v,, = u,; and note that

(i UH)NMNLT SIS

ny=1 NMNM—-NLp=1

Uny " UnyyM—NLp»

16)

and Un, -+ Unyyr_np, = [T, (v,)™ such that S 1, =
NM — NL. Then we obtain

M—-L 0o jo%s) N
7@ _ (LN T[T T
! N! 0 0
N N N

Z Z H(vn)l"dvy-'dvzv-

ni=1 NMNM—-NLp=1n=1

17)

Changing the order of summation and integration and using

m'

/0 zmef‘”dx:amﬁ, (18)
results in
@ 1\ MLz N N
=(m) X X
ni=1 NMNM-NLp=1 (19)
I!---In!

(% F 1)t (% 41t
At high SNRs, from Il(l) and Il(2) we obtain

. M! 1
P(S — S) < (M — LT)'LT'(N')M_LT (XNJVI)

N N p —MN
NN [ .
Ll (4LT)

(20)

ni1=1 NNM-NLp=1

This result shows that the diversity order is M N which is
the full diversity available in the system. The coding gain
depends on the minimum of the eigenvalues of the square of
the codeword difference matrix, BB*. Obviously, the coding
gain with antenna selection will be lower than that of full-
complexity system. If a full-rank STC is used, A will be
nonzero and one way to design new codes suitable for transmit
antenna selection would be maximizing \ of all codes having
full rank BB*. Although not shown here, the analysis for
the simplest case of one transmit antenna selection is much
simpler and agrees with the above PEP bound. That is, the
diversity advantage of N M can be achieved even when only
one transmit antenna is selected based on the instantaneous
SNR at the receiver.

Figure 2 shows the plots of exact PEP from (4), PEP bound
from the expression (5) and derived PEP bound from (20)
(where averaging is done over selected fading channels using
Monte Carlo simulations) for the system with A/ transmit and
N = 1 receive antennas (to have small diversity orders of
MN = M) when only L7 = 2 transmit antennas are used
in actual transmission. Two codeword matrices with QPSK

symbols
(15 -1 —j s (1111
S_(j 1 —j —1) S_(l 11 1)’
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Fig. 2. PEP for a full rank code with transmit antenna selection, L = 2.
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Fig. 3. FER for a full rank 4 state STTC from [4] with transmit antenna

selection, L = 2.

where j = v/—1 are used in the simulations. We observe that
when M = 3 and M = 5, the diversity order is 3 and 5
respectively (regardless of the PEP bound). We also note that
when M = 3, N = 2 diversity becomes 6. These results verify
that full diversity can be achieved as expected theoretically
when full rank codes are used. Figure 3 shows frame error rate
(FER) plots for the M transmit and N = 1 receive antenna
systems (with L7 = 2) when the 4-state space-time trellis
code (STTC) from [4] with a frame length of 130 QPSK
symbols is used. As seen from the plots, with no antenna
selection, this STTC achieves full space diversity of order 2
when M = 2 and N = 1. When the number of available
transmit antennas is increased to M = 3 and M = 4, while
still using L1 = 2 of them for transmission, the diversity order
becomes 3 and 4, respectively. We note that this difference in
the diversity orders can only be observed for very high signal
to noise ratios.

IV. JOINT TRANSMIT AND RECEIVE ANTENNA SELECTION

In this section, we investigate the diversity orders of STCs
over flat fading channels with antenna selection both at the
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transmitter and the receiver. We first derive the PEP when only
one antenna on both sides are selected. Then, we consider
selection of more than one antenna, where we first select a
receive antenna resulting in the maximum SNR and then select
some of the transmit antennas corresponding to the selected
receive antenna for ease of analytical tractability. We note that
this simplified selection rule is more practical since it will
result in a faster selection by eliminating the search of all
possible antenna combinations. This type of selection can be
suboptimal in obtaining the largest possible SNR for the entire
system, i.e., the antennas resulting in the largest SNR may
not be selected. However, we will see that this suboptimal
selection still attains full diversity. We also consider multiple
transmit and receive antenna selection schemes to study the
setup in a more comprehensive manner.

A. Selection of Only One Transmit and One Receive Antenna

We will first study the simplest case in which only one
antenna is selected at the transmitter and the receiver. In this
case, unlike simplified selection rule as described above, the
selection is implemented in only one step by finding the largest
channel coefficient from the channel matrix. We also note that
since there is only one transmit antenna selected, any channel
code designed for single antenna system over flat fading can
be used.

Our PEP analysis starts with the selection of the complex
entry h, from H, the channel gain (having the largest norm)
corresponding to the selected transmit and receive antenna
pair. Then, the system model can be written as

[ p
X=4/-—hS+ W
MS ’

where the received signal matrix X is of size 1 x K, transmitted
signal matrix S is of size 1 x K. Then, the upper bound on
the conditional PEP can be written as

2L

P(S = Slh) < exp (— L)) 22)

and taking average over all possible h
P(S —8) < / exp (—§||hBH2) fu()dh,  (23)
C1

where C! is the 1 dimensional complex space and f(h)
denotes the pdf of A which is a complex Gaussian random
variable and can be written as

1T e
Lo-imiz

(MN-1)
) 24)

fu(h) = MN (1 _ e lnl?

We can utilize eigenvalue decomposition BB* = UAU*
where U is a unitary matrix and A is a diagonal matrix with
eigenvalues of BB*. For the 1 transmit and 1 receive antenna
selection case, BB* is 1 x 1, and thus, A = X and U = 1.
Then we can write

a (MN=1)
PS—98)< MN/ exp (_B)\HhH2) <1 _ e*HhHQ)
c1l 4
L o-imiz g,
T
(25)

Using h = 0e??, dh = ododf and fozﬂ df = 27, we obtain
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N o (MN-1)
P(S —§) < 2MN/ e 8 (1 - 6*02) e
0

odo.

(20)

For further simplification, we use the upper bound in (12) to
obtain

P(S—8) < MN/ e~ (BMF)v, (MN=1) g0, (27
0

Then, with (18), we easily arrive at
(MN —1)!
N MN *
(5 +1)

In this final PEP expression, we observe that the diversity
advantage of M N, as in the full-complexity system, can be
achieved. We also note that the coding gain depends on the
eigenvalue, \, of the square of the codeword difference matrix,
BB*. This result is quite useful since we can use just one
transmit antenna and one receive antenna and utilize all the
benefits of the MIMO systems. However, it is trivial as well
since this is nothing but selection combining out of M N
independent fading coefficients.

P(S —S)<MN (28)

B. Selection of 2 x 1 Antennas from a 3 x 2 System

Having studied the simplest selection case, we will now
obtain the PEP when more than one transmit antenna are
selected in order to analyze the full-rank STCs with joint
transmit and receive antenna selection over quasi-static flat
fading channels. We now consider a special case where there
are M = 3 transmit antennas and N = 2 receive antennas.
Our goal is to select two transmit antennas (L = 2), and one
receive antenna (Lp = 1).

Using the simplified selection rule, we start with the selec-
tion of one row, r, of H with the largest norm (or SNR). The
joint pdf of the selected row, r, is

N-1
w2 Mol r||2™ 1 2
[l [lxl
fRr)=N{[1-¢ E ¢ , (29)
m=0

m!

where R is the random variable representation of row r =
[c1, ca, c3]. With the definition v; = |¢;], 1 < i < 3, the pdf
can be written as

fél,éz,ds (Cl, c2, 03) =92 <1 _ e*<v1+v2+v3)

(01 +v2+v3)2>) 1

—(v1+v2tvs)
2 e ’

(1+(v1+v2+v3)+ —

(30)

where C’Z is the random variable with realization c;. After se-
lecting one row with 3 entries, we select 2 channel coefficients
with the largest norms. Then the resulting pdf is

fe,.¢,(c1,e2) = fey,cx(er, e2|G), (3D

where the event (& is defined as the first two elements, Cy, Cs,
having the largest norms. Using Bayes’ rule, we get

P(G|Cy = ¢1,Cy = ¢2) feo,,c. (1, ¢2)
P(G) 7
(32)

fe,.6,(c1,02) =
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where fc, c,(c1,c2) is the joint pdf of any two elements in
the selected row and can be obtained as

feico(cr,e2) = /fcl,cz7cg(01702703)d03- (33)

After using the pdf expression in (30) and taking the two
dimensional integral with respect to the angle and magnitude
of the complex number c3, fc, ¢, (c1,c2) becomes

1
e (01702) = <_2> (267(v1+”2) — e 2(vitv2)
m

107 L T : —&— Bound of PEP from expression (5)
o 10° L T T . 4
o «
& i &\\ \&
> Sl B T \\\ :
= L ~_
o -6 ~ ™~
s 10 F Srk I ~ 4
3 paii3] e :
o \\\\ . . TN .
§ .| _ \ \\ 1
I [ LI Ty
Q 3 ~
i
S 10° F : »

3061

T T

T T
—#— Exact PEP from expression

(4)

—+&— Analytical result from expression (42)

T+ S ) + 5+ ) -
4 2 (%} V2 B V1 (%] .
The other term in (32) can be written as

P(GICy = ¢1,Co = ¢2) = P(|ea]? < lem[?),  (39)

where |c,,|2 = min(|c1|?, |e2|?). With further simplification,

P(G|Cy = ¢1,C5 = ¢2) = P(|es| < |lem]) = P(os < o),
(36)
where o3 = |c3| and 0y, = |¢y,| and finally

27 Om
P(G|Cy =¢1,Cy = ¢2) = / / fesion,o.(esler, co)des,
o Jo

(37)
where we use dcs = osdosdfs for complex integration and
fes|on,0s(csler, c2) is the pdf of the third entry of the selected
row when the first two entries C; = ¢, Cy = ¢ are known.
Using Bayes’ rule, the conditional pdf can be written as

fes,on,0.(c3,c1,¢2)
f cs|c1,c2) = =
C3|C1702( ‘ ' ) f01,C2(Cl7C2)

(38)
Since v; = |ci\2, for brevity of expressions, we note that

1 Um
fe,.6,(c1,e2) = m/o fei,0a,05(V1,v2,v3)dvs. (39)

Then, the final pdf of the selected two entries will be

6
fe, .6 (c1,¢0) = <_7> e~ (v1tvatvm)

T
(5
T2

3

7 3 1
) e~ 2(vitvatvm) <Z + 5(1}1 +v2 +vm) + 5(1}1 +v2 + vm)2>

2

+ (7) <267<U1+U2) — e 2vtvz) (Z + §(vl +v2) + 1(vl +v2)2>> :
™ 4 2

(40)

Using this derived pdf of the selected channel coefficients, the
PEP bound can be written as

P(S — S) S //eXp (—g”HB”2) fél,dg(cl’ CQ)dCldCQ.
(41)
Similar to the derivations in the transmit antenna selection,
this upper bound is not affected when ||[FIB||? is replaced with
\v1 + \vs where \ = min(A1, A2). This integration is quite
lengthy and with the help of computing tools (e.g. symbolic
integration in Matlab), the result can be obtained as

. B124 752+ 5202 + 34603 6
PS—S8)< ~ 346 -
=8 < T Pari@re e
) (42)
where oo = (p/8)A and the last approximation is obtained by
considering large SNRs. From this PEP bound, we observe

that the maximum diversity order which is the exponent of

i i i i i
10 1" 12 13 14 15 16 17 18
Signal to Noise Ratio (SNR) in dB

Fig. 4. Comparison of the exact PEP and the upper bounds on PEP for a full
rank code with joint transmit/receive antenna selection for Ay, = 4, A1 =
4 X=12, M =3, Ly =2, N=2,Lr=1.

the SNR term, p, at high SNRs is M N = 6. i.e, full spatial
diversity is achieved with full rank STCs as in the full-
complexity case. We note that in the PEP derivation for this
special case, we used computing tools and again showed that
full diversity is achieved. Tighter bounds can be obtained using
similar techniques to design better codes. However, when the
number of antennas increases such tools do not help. Thus, we
would like to derive other analytical PEP bounds for selection
of arbitrary number of antennas.

To verify our analytical derivations, we have simulated
several systems. However, due to space requirements, the
results for only one case are provided. Figure 4 shows the
PEP plots for the system where M = 3 transmit and N = 2
receive antennas are available, but only L = 2 transmit and
Lr = 1 receive antennas resulting in the largest received
SNRs are used. We use the same codeword pair as provided
in the previous section. The exact PEP plot is obtained by
averaging the PEP expression in (4) over the fading channel
statistics after selection. Similarly, the PEP bound plot is
obtained by averaging the upper bound on the PEP shown
in expression (5) over the fading channel statistics after the
selection. The analytical PEP bound is obtained from the
derived upper bound in the expression (42) with A\ = 4,
A2 = 12, and thus \,,;, = 4 (eigenvalues of the square of the
codeword difference matrix BB*). We note that the derived
PEP bound shows that full diversity is achieved and it further
upper bounds the exact PEP. Although not shown, when
the eigenvalues are close to each other, then the difference
between the derived upper bound and exact PEP bound is
smaller.

C. Selection of LT x 1 Antennas from an M x N System

Having studied a special case, we now consider the selection
problem with an arbitrary number of transmit and receive an-
tennas. In the following PEP derivation, we focus on selecting
L1 out of M transmit and one out of N receive antennas.

The joint pdf of the row with the largest norm, which is
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selected from the N x M channel matrix H, is

-
fr(r) = ( el Z |r||2m> L e,

(43)
where r = [c1,¢2,...,cp] containing M complex channel
coefficients. With the definition v; = |¢;|?, 1 < i < M and
w = v + vz + ...+ vy, the pdf can be written as

fé17027...,éA1 (c1,¢2,...,¢0M)

M-1 .\ VD 1
w
N [1—e 3 e (44
( e 2 m!) ¢ (44)

After finding the pdf for the selected row which corresponds
to the channel coefficients for the selected receive antenna,
we select L transmit antennas. For simplicity, we call
the pdf for the largest L elements of the selected row

5 4 4~ (c1,co,...,cp,) as f.Similar to set of equations
fcl,CQ,...,CL ( T) f q
in (31-39), f can be written as
N.M!
f= ]
(M — Ly)'Lp!
,1 m (N_l)
z AR (R o
= m!
ﬂ'LT IR, (V1,0 ULy )AULp g1 - d, (45)

where Ig, (vi,---,vr,) is the indicator function which is 1
if and only if v, is the minimum of all v; for 1 < ¢ < Ly,
otherwise, Ir, (v1, - ,vr,) = 0. After using the result in
(12), we obtain

-1
N.M!
<
/= <(M Lr 'LT)Z/ / <M')
1 —w
ﬂ'LTe IR,,('Uly"' ,’ULT)dULT_H...d?)M. (46)
We note that
M M(N-1)
(01 4+ o) = (Z”) ’
i=1
M M
= Z Z Uiy Vigr w1 s
i1=1  in=1
(47)
where the indexes iy, in v;,, k € {1,--- ,M(N — 1)}, take

values from the set J = {1, -+, M}. Assume the subscript
index j appears [; times among the subscripts of the term

Uiy ** Vipg e Then,

M
Vip * Uiy - Uik7
k=1
M
= [I@)s, (48)

j=1

such that Z]]Vil l; = M(N —1). Therefore, we can use

YM(N-1)

(v + -

=3 > Tl

i1=1 ivy=175=1

+vpr) (49)
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to obtain

eay > [

11=1 iM(nv—1)=1p=1

M

H(vj)lj e g, (v, ,vp;)dvppy1 ... don,  (50)

j=1

N.M!

where 3 = W) Each integral can be written as
follows

v L (1j—k)

/0 ! vé’%f”f dv; =1 ! {—evf’ kZ::O h}

(I;+1)

Ly m
_ v v
=1t {_6 > ﬁ} Slj!(lI')Jrl)w
‘ J :
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where we used m = [; — k for a simpler expression, and the
result in (12) for the last inequality. Then the pdf becomes

Lt Lt

reay > STl

i1=1 iM(N—1)=1p=1k=1

(52)
M ()
1R, (01, vLy).
it it 1)

In order to write the PEP bound, we integrate over 0 < v; <
oo region instead of integrating in the region defined by Ig,

which further loosens the upper bound, resulting in
M

PS—8 < / / P {CI +'ULT)BZ Z

i1=1 'LJVI(N 1)=1
Lrp (1;+1) Ly

3 H E)lp+1 He” vklkndvk, (53)

p=1j=Lp+1 k=1

where v = —2 X\ and the integration with respect to angle
cancels out the 7TLT term. After interchanging the summation
and integration, then, taking the integrals for the two cases
k = p and k # p separately with the help of (18), we finally
obtain

S—»S

11=1

(lp+( j= LT+1(l + ))) Lt 13!
(’Y+1)( p IS L (1) 1,k#p (v + 1)+’

M 1
Z 11;1( = gﬂ(lﬂ""l))

(54

We observe that the exponent of v, and thus the exponent of
the SNR term p, will be Z 1(l; +1) = MN which shows
that full diversity is achleved even though only L7 transmit
antennas and only a single receive antenna are used. This PEP
expression can be useful in designing new STCs with joint
transmit and receive antenna selection.

D. Selection of Arbitrary Number of Transmit and Receive
Antennas

Due to the complexity in deriving the joint pdf of the
selected channel coefficients for joint transmit and receive
antenna selection scheme for arbitrary number of antennas
L7 >1and Lr > 1, we do not deal with the PEP bound for
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this case. Clearly, since we have shown that full diversity is
achievable with Lr = 1, selecting multiple receive antennas
will also achieve full spatial diversity if a full-rank STC is
used.

Let us present an example. Figure 5 shows the FER plots
for the system with M transmit and N receive antennas. We
transmit a full rank STC, using (5, 7)octar convolutional code,
over 2 antennas. For M = 2 and N = 1, i.e. no antenna
selection, this STC achieves full space diversity order of 2.
With joint transmit and receive antenna selection, L7 = 2 and
Lr =1, the diversity order increases to 6 for a system with
M =3, N = 2. Figure 6 shows the PEP plots for the system
with joint transmit and receive antenna selection with L = 2
and Lr = 1. We use the same codeword pair as provided
in the previous section. With no antenna selection, the full
rank code achieves a diversity order of 2 for the M = 2,
N = 1 system. When M = 3, N = 2, the diversity order
increases to M N = 6 and when M = 3, N = 3 the diversity
order becomes 9 as expected. Obviously, the system with joint
transmit and receive antenna selection results in much lower
error rates although the same number of RF chains are used.
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V. ANTENNA SELECTION WITH RANK-DEFICIENT
SPACE-TIME CODES

Until now, we considered full-rank STCs and observed that
they will achieve a spatial diversity of M N. To complete the
picture, we consider the performance of rank deficient STCs
with antenna selection. We consider two cases, i.e., transmit
antenna selection and joint transmit/receive antenna selection,
separately.

A. Transmit Antenna Selection

For rank-deficient space-time codes, when L1 > 1 transmit
antennas are selected, the derivation of the PEP bound will
follow the same lines as that of the full-rank codes, i.e.,
expressions (6)-(19). When a space-time code is used with
rank ¢ = rank(B) < Ly < M, then (Ly — ¢) many of the
A; terms will be zero. Therefore, Equation (15)

N
1
Il(l) — K R -
T
Hi:l,i#l 1+ 4pL—T
and Equation (19),
. 1\ M-Lr N N
=(m) X X
ni=1 NNM-NLp=1
Il !

) ) ’
(2 + 1)t (2 1)+t

will be computed for only nonzero eigenvalues, where )\ is the
minimum of the nonzero eigenvalues. From the summation of
the SNR exponents for Il(l) and IZ(Q), we see that the exponent
for rank-deficient codes will be at least Nq. With a similar
argument as in [1], we claim that this is the true diversity
order as opposed to M NN for full-rank codes. The coding gain
depends on the eigenvalues of the codeword difference matrix.
We also note that the derivation of lower bound on PEP will
result in the same diversity order N¢q (as in [1]). Therefore,
we claim that the diversity order will be Ngq for rank deficient
STCs with transmit antenna selection.

After providing the theoretical diversity order, we now
present several examples to verify our expectations. Figure 7
shows the FER for the system with a rank deficient STC using
(3,3)0ctar convolutional code. With no antenna selection, for
an M = 2 and N = 1 system, this STC achieves no
spatial diversity, as the rank of this code is only ¢ = 1.
With transmit antenna selection L7 = 2, when M = 5, the
diversity order still remains as 1. When M = 3, and N = 2
the diversity order becomes ¢N = 2 which corroborates our
theoretical expectation. Figure 8 shows the PEP plots from the
expression in (4) averaged over channel fading for the system
with transmit antenna selection with L1 = 2. Two codeword
matrices with QPSK symbols

a 1 1 1 1
S = ( 111 1 ) ’

~(111)

where j = v/—1 and rank ¢ = 1, are used in the simulations.
We observe that the diversity order remains same g/N = 1 for

7
JJ
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L1 = 2 (for a fixed number of receive antennas, N = 1).

N =1 and several different values of M € {3,4,5}. Figure 9
shows the PEP plots with different number of receive antennas
where only L7 = 2 out of M = 3 transmit antennas are used
in actual transmission. The achieved diversity orders are 2, 3
and 4 when N is 2, 3 and 4, respectively.

B. Joint Transmit and Receive Antenna Selection

For the PEP expression in (54) which is derived for Lr = 1,
we note that if the underlying space-time code was a rank-
deficient code with rank ¢ < L7, then the diversity order
would be ¢ since N — ¢ SNR terms would disappear due to
zero eigenvalues. Although we do not have a PEP expression
for arbitrary L > 1 and Ly > 1, based on empirical results,
we claim that the diversity order for rank-deficient STCs in
general case of selecting Lt X Li from M x N system is
qL R-

Figure 10 shows the FER plots for a rank-deficient STC
with joint transmit and receive antenna selection where the
(3,3)0ctar convolutional coded sequence is transmitted from
2 antennas. With no antenna selection, when M = 2 and
N =1, this STC achieves no diversity, since the rank of this
code is only ¢ = 1. With antenna selection, the diversity order
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Fig. 10. FER for a rank deficient STC with joint transmit and receive antenna
selection.

still remains as ¢Lr = 1 for larger systems with M = 3 and
N =2, or with M =4 and N = 3, as theoretically expected.
Although the diversity orders are the same, obviously, when
selection is done among more antennas, smaller error rates can
be obtained. Figure 11 shows the PEP plots for the system with
several M, N, Lgrs. We use the same rank-deficient codeword
pair as in the transmit selection example. With no antenna
selection, when M = 2 and N = 1, this STC achieves no
diversity (¢ = 1), although the available spatial diversity is 2.
When M =3, N =2, or M = 3, N = 3 the diversity order
remains as gLr = 1. For M = 3, N = 4 system, if Lp = 2
receive antennas are used, then the diversity order becomes
qLr = 2. Similarly, if Lr = 3 receive antennas are used,
then the diversity order becomes ¢Lr = 3.

VI. CONCLUSIONS

In this paper, we have considered transmit and joint trans-
mit/receive antenna selection for space-time coded MIMO
systems over flat fading channels. We assumed that the antenna
selection is based on maximum received SNRs. We derived
PEP bounds and demonstrated that by employing antenna
selection full spatial diversity can be achieved provided that
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the underlying STC is full-rank. Otherwise, the diversity
achieved will depend on the rank of the codeword difference
matrix and the selected number of antennas. These results
mainly extend the results of [1] to a more complicated scenario
of transmit/receive selection.
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