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Abstract— We deal with transmit antenna selection for space-
time coded (STC) systems over multiple input multiple output
(MIMO) channels. Using pairwise error proebability analysis and
simulation results, we show that transmit antenna selection based
on received power levels does not reduce the achievable diversity
order for full rank STCs. Initially, we prove the results for
Rayleigh flat fading channels, and then we state our expectations
for the case of frequency selective (FS) fading. In addition to
the study of full rank codes, we also consider rank deficient
space-time codes, and determine achievable diversity orders with
transmit antenna selection.

I. INTRODUCTION

Space-time coded (STC) systems have become popular
since they offer increased data rates while achieving low
error probabilities [1], [2], [3]. On the other hand, a major
limitation in achieving the promised advantages in practical
systems is the high cost of implementing multiple chains
of radio frequency (RF) circuits (amplifiers, filters, etc.) at
the transmitter and the receiver. A method to reduce the
required hardware complexity is to employ antenna selection
(at the transmitter and/or at the receiver). The idea is to use a
small number of RF chains together with the selected subsets
of available antennas for transmission, and still obtain the
benefits of MIMO communications. In this paper, our focus
is the transmit antenna selection based on feedback from the
receiver.

Recently, there have been significant research on transmit
and receive antenna selection for MIMO systems. A general
overview of the capacity and performance of MIMO sys-
tems with antenna selection at the receiver is presented in
[4]. Antenna selection algorithms and analysis techniques by
considering the minimization of error probability of the STCs
are studied in [5]. A set of near-optimal selection algorithms
based on maximizing the channel capacity is presented in
[6]. Antenna selection at the receiver based on maximizing
the signal-to-noise ratio (SNR) over quasi-static flat fading
channels is considered in [7] and [8]. The performance of STC
systems when the MIMO subchannels experience correlated
fading is studied in [9]. In [10], the authors demonstrate that
transmit antenna selection combined with space-time trellis
codes can achieve full available diversity using simulations.
However, they do not perform an analytical error-rate analysis.
In [11], performance analysis for space-time block codes
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using the Alamouti scheme with transmit antenna selection
over Rayleigh fading channels is presented which basically
proves that full diversity is achieved. It is shown that trans-
mit antenna selection with maximum ratio combining at the
receiver achieves full diversity [12]. Two adaptive transmit
antenna selection criteria based on an upper bound for the
conditional error probability of the space-time coded schemes
are provided in [13]. Transmit antenna selection for uncoded
spatial multiplexing systems is considered in [14]. Similarly,
in [15], transmit antenna selection algorithms are proposed to
maximize capacity or minimize error probability for spatial
multiplexing.

When the transmission rates are increased, depending on
the multipath spread of the chamnel, frequency selective (FS)
fading channel model may be more suitable than the flat fading
model. Although this is an important model for many practical
applications, there is only some limited research on STC-
MIMO systems with antenna selection over FS channels. Two
suboptimal antenna subset selection schemes are proposed for
direct-sequence code-division multiple access (CDMA) sys-
tems in [16]. Performance improvement with antenna selection
over MIMO-FS fading channels has been presented in [17] and
[18] where only space-time block codes are considered and no
error probability analysis is performed. In [19], receive antenna
selection for MIMO-FS fading channels is studied.

In this paper, we consider transmit antenna selection based
on the received signal to noise ratios, and derive the diver-
sity advantages of general space-time codes. First, using an
approach similar to [7] (where receive antenna selection is
considered), we perform a pairwise error probability analysis
for the case of transmit selection over flat fading channels.
Then, based on these results, we present our expectations on
the offered diversity orders for STC systems over MIMO-
ES fading channels. We do not have formal proofs for the
latter. We show that for full-rank space-time codes, transmit
antenna selection does not degrade the diversity gain 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 (i.e., it is rank deficient), then performing
antenma selection results in a loss of overall diversity order.
We note that the results are very general, and apply for
different space-time codes as they are only based on pairwise
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Fig. 1. Space-time coded MIMO system with transmit antenna selection based on received powers.

error probabilities. We corroborate our analytical results using
extensive simulations.

The paper is organized as follows: Section 1T presents the
system model. Section III provides the pairwise-error proba-
bility (PEP) analysis for STC systems with transmit anterma
selection over flat fading channels. Section TV extends the
results to the case of MIMO-FS channels. Finally, Section V
concludes the paper.

II. SYSTEM DESCRIPTION

In this section, we describe the system model for STC-
MIMO systems. Figure 1 shows the STC system with antenna
selection at the transmitter side. The channel is modelled as
a quasi-static MIMO Rayleigh fading channel where the dif-
ferent sub-channels fade independently. In order to determine
the antennas to be used, the pilot symbols can be transmitted
from all available M transmit antennas, and then the SNR for
each transmit antenna can be obtained at each frame. Once
the selection of transmit antennas is done based on the largest
received SNRs, the receiver can feedback the indices of the
Lo transmit antennas to be used periodically. The feedback
information about the selected transmit antermas only requires
at most M bits, thus, it does not slow down the transmission
rate significantly. After the selection of antennas is performed,
the information sequence is encoded by a space-time encoder,
and then, the coded sequence is multiplexed by a serial-
to-parallel converter into several data streams. The resulting
data streams are then modulated and transmitted through the
selected Ly antennas simultaneously. At the receiver, space-
time decoding is performed using the demodulated signals of
the N receive antennas.

For a general MIMO system with A transmit and N
receive antennas, and ) intersymbol interference (IST) taps,
the received signal at antenna n at time & can be written as

D-1 M
wa(k) = 1/ 375 > 2 i (B)slb—d) + wa(k) (D)

d=0 m=1

where hffn,n(k) is the fading coefficient at time % between
transmit antenna 2 and receive antenna n for the d*® IST tap,
8, () is the transmitted symbol from antenna m at time %, and
wy (k) is the noise term, & =1, .- , K, where K is the frame
length. Both fading channel coefficients, and noise terms are
modeled as zero mean complex Gaussian random variables.
The noise is assumed to be spatially and temporally white, and

its variance is 1/2 per dimension. The fading coefficients are
spatially independent, but they are assumed to be constant over
an entire frame (i.e., quasi-static fading), so the dependence
on the variable & can be dropped. For the case of flat fading,
D =1, the fading coefficients are assumed to be identically
distributed for different sub-channels with variance 1/2 per
dimension. For frequency selective fading, the multipath delay
profiles need to be specified for all the sub-channels for a
clear characterization, however, we assume that the for each
sub-channel, the total power of the IS8T channel is D), i.e., for
uniform multipath delay profile, all the charmnel coefficients
have a variance of 1/2 per dimension. Signal constellation
at each transmit antenna is normalized so that the average
power of the transmitted signals is unity, and p is interpreted
as the average SNR at each receive antenna. We assume that
the receiver knows the channel state information (CSI) via
some training symbols, however, the transmitter does not have
access to this, thus it cannot use “waterfilling” type ideas, and
it evenly splits its power across L transmit antennas used.

Assuming that L of the M available transmit antennas are
selected at the transmitter side, the received signals can be
stacked in a matrix form as

2
LoD

Y = HS +W

where the N x (K + I — 1) received signal matrix is
vi(1) v(K+D—1)
Y=| :
yn(1) un (K +D - 1)

the N x Ly D channel coefficient matrix is

0 D1 0 D—1
hl,l hl,l hLT,1 hLT,1
H-= : : : \
0 D—1 ] D—1
hl,N hl,N hLT,N hLT,N

the Ly DD x (K + D — 1) codeword matrix is
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81(1) Si(K) 0 0
0 s:1(1) s1{K) 0
0 0 or(1) ()
. . .
s02(1) . s (K) 0 ... 0
0 srp(1) sro(K) ... 0
0 » 0 sz.(1) 510 (K)
and the N x (K + D — 1) noise matrix is
wl(l) wl(K—i—D — 1)
w=| :
wy (1) wn(K +D—1)

When the CSI is known at the receiver, the PEP conditioned
on the instantanecus CS1 is the same as the one for the case
of a MIMO AWGN channel. For any given D and H, the PEP
of erronecusly receiving S, when § is transmitted, is given by,

P(8 — §|H) = §erfc( —M\|HB|\> (2)
which can be upper bounded as
P(S — §|H) gexp( 4DM\|HBH ) (3)

where B = § — § is the codeword difference matrix. |. |2
represents the sum of magnitude squares of all entries (i.e.,
[V]? = Zz 1 23 1 |v7? is the Frobenius norm of the I x J
matrix V, where v;; is the entry of V at the i row and j**
column). To find the PEP over MIMO fading channels, we
simply need to average this quantity in (3) over the fading
statistics.

ITI. TRANSMIT ANTENNA SELECTION OVER FLAT FADING
CHANNELS

In this section, we study pairwise error probabilities for
STCs with transmit antenna selection based on the received
SNR levels over flat fading (DD = 1) channels. First, we
derive PEP bound for full rank codes, and then consider rank-
deficient codes. Our approach is parallel to the one taken in
[7] for receive antenna selection. We also present simulation
results to verify the theoretical findings.

A. Transmit Antenna Selection with Full Rank Space-Time
Codes

Let us denote the N x M channel transfer matrix by H', and
its L columns having the largest norms by fll, flg, - ,fl Lo
i.e., they form the equivalent channel matrix described in the
previous section, H. In order to derive an upper bound on the
PEP, we first need to compute the joint probability density
function (pdf) of the columns of H.

Let us define the event A = {hy,hg, -+ ,hy,, the first Ly
columns having the largest norms among all the columns of
H'’}. Then, the joint pdf of the columns of H is equivalent to
the conditional pdf

T (h17 v 7hLT‘A) (4)

where H'; denote random variables with the corresponding
realization h;. For brevity, we will denote this joint pdf as f,
which can be written as

fo= WP(A\HH =hy - Hpp =he,)
Srry e g (e, b, (5)
where P(4) = £ — — 45— Then the pdf becomes

T =L )Ll

2 2
NH w17 < b )
hrp) )

2 2
aP{|H cpy1||* < [ [hmial %
'fH’1>-~,HfLT(h1,"'

where ||hy,|[* = min {|[hy|[?,
pdf can be written as,

J|[hr||?}, then the joint

Lp L
o (H foj(ha)) 3> Inhi,-- hrg)
i=1 =1

2 2 2 2
PUH Lppa |7 < R, [H 5 < el @)

where [z, (hy, - ,hz,) is the indicator function

1 if hl,---,hL ER;{
T (b, s hig) = { 0 ( else )
and the region R; is defined as
Ri={he,heg il < e, k=10 =104, Lr}-

Finally, using the Gaussian statistics, the joint pdf of the
selected L columns can be written as

o |2 ||he||2” Mo
Fo= ey |1-etind E Ir;(hy,-- s hrg)
=1
e*(l\hi\l o Flhrn 12y
v : ®)

The PEP in (3) can be upper bounded by averaging over the
selected columns having the joint pdf in (8), that is,

-y e 2 o] M—Lp
pe—8) < ) [ okl [ _ —nh,;uzz L
=17 R
e T Ing )2 P .
T L A @
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We can utilize the eigenvalue decomposition of BB* = UAU*
where U is a unitary matrix and A is a diagonal matrix with
eigenvalues of BB*. Then, we note that

|HB|2 = ¢r (ITU)A (HU)*) (10)

2)\ le:*

where ¢; is the ¢*" column of HU, and

Z les|* = & (HU)HU)")
. tr (HUU'H®)
tr (HH™)

Lo
L (11
i=1
At this point, let us assume that we have a full-rank space-
time code which means that all the eigenvalues of the matrix
BB* are positive (i.e., nonzero). Later in this section, we will
also consider the rank-deficient STCs (some of the eigenvalues

of BB* being zeros) as well We denote the minimum of
A1,y Ay by A and note that

%

Lp
> Nle)?
i=1
Ly
D RNR
i=1

Ly
> Adlles|®
i=1
(12)

Hence, the upper bound on the PEP can further be upper
bounded as

. -y e IT Sjntem D Il
PE -8 < Z/ e Ity Zi=t Al T
=
M—Lp T,
5 h ™ T
_[1 T Z gl zH } 1 2hen a3

=1
To simplify this expression further, we use the following result
(as also used in [7])

N-1 . N

v ¥
g(v)zl—eiijzggm

n=0

(14)

for v > 0, and write an upper bound to the {** term of the
summation as

R IWLE - e
I < o RE — iy
[ ﬁ”
dhm (15)
|: N! :| m=1

where [[hy|2 = T2 2. By making the change of
variables, hy, = oe®* and u;, = o, and taking the
integral over the entire space (as opposed to each region K;),

we can further upper bound this quantity as

pX

TSI B e

AT

N M—Lg LT N
.(_(meiv?*n) ) I1 T detrmn- {16)

m=1n=1

Let us write 7; as 7; < Il(l)fz(g) with

n

et

i = Dcfoc’o ‘ ‘,f“ (H_Z%) Ens (B wme) m:iTm;ﬁs a1

(% :fomwfooo (Hz‘fﬁ) =l Hin (M)(MLT) ﬁ:ifgwn,

M1

e *dy = L we obtain

Using [~ e =4,

1
I
T1 0 (1425

For Il(g) we first use »,, = uy, and note that

IV — o (17)

n

Un W — N Ly {13)
PNM N L=l

and vy Unyy_yrn = H;:Ll(vﬂ)z” such that
N
> by =NM—NLy.
n=1

Then we can write Ii(g) as,

7o _ MotT =~V e
i N!

ni=1  nyM_NLp=l

(v, ) duy - - dugy. (19

Changing the order of summation and integration and using

o0 '
_ el

T Me™ 0T Jp — —
0 am+

results in

N N N

Il(mz(%)M*LT S <

ny=1

Z!

1) oy o

A
"N M- N Lp=1=1 (Z%

Finally, at high SNRs, from Ii(l) and Ii(g) we obtain,

o

PE -9 < NOMIT (A%w)

(g & m...w)(éyf‘”@l)

#=1t Ay yrp=l

This is our main result which shows that a diversity order of
MN (i.e., full diversity available in the system) is achieved.
The coding gain depends on 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 systemn. When a full-rank STC is used, A will be
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Fig. 2.
selection.

FER for full rank 4 state STTC from [1] with transmit antenna

nonzero and one way to design new codes suitable for transmit
antenna selection would be maximizing the minimum value of
A of all codeword pairs.

Let us now provide several examples to illustrate the error
rates of STC systems with transmit antenna selection. Figure
2 shows frame error rate (FER) plots for the M transmit and
1 receive antenna system (with Ly = 2) when the 4-state
space-time trellis codes (STTC) from [1] with a frame length
of 130 QPSK symbols are used. As seen from the plots, with
no antenna selection, this full rank 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 Lr = 2 of them for transmission,
the diversity order becomes 3 and 4, respectively.

B. Transmit Antenna Selection with Rank-Deficient Space-
Time Codes

Until now, we considered the full-rank STCs and observed
that they achieve space diversity of order M N. To complete
the picture, in this section, we consider the performance of
rank-deficient STCs with antenna selection.

For rank-deficient space-time codes, when Lz > 1 transmit
antennas are selected, the derivation of the PEP will follow
the same lines as full-rank codes ((9)-(20)). However, when
rank-deficient space-time codes are used with the rank ¢ =
rank(B) < Ly < M, then (Ly — g) eigenvalues (A; terms)
will be zero. Therefore, Il(l) and 1}(2 (expressions (17) and
(20)) will be computed for only nonzero eigenvalues, where A
is the minimum of the nonzero eigenvalues. If the eigenvalue
A; which corresponds to ¢ = [ term in the overall 7; integral,
is zero then the SNR term in 1}(2) will disappear, on the other
hand, SNR exponent in Il(l) will be Ng. If A; is nonzero then
SNR exponent in 1}(2) will be N while the exponent in Il(l)
will be N(g—1). From the summation of the SNR exponents
for Il(l) and Ilg), we see that the diversity order for rank-
deficient codes will be at least g/N. We claim that this is the
true diversity order as opposed to MN for full-rank codes.
This is because, we can also derive a lower bound on the PEP

—%— M=3, N=1
M=4, N=1
—#— M=5, N=1
b T M3 M=
107 E| —e— M=3, N=3
—5— M=3,N=2

Pairwize Error Prabability (PEP)

0 5 10 15 20
Signalto Noise Ratio (SNR) in dB

Fig. 3. PEP for rank-deficient STBC with transmit antenna selection.

that will result in the same diversity order. A similar argument
is made in [7] for the case of receive antenna selection.

Let us now present several examples to verify our ex-
pectations. Figure 3 shows the PEP plots of the expression
in (2) averaged over fading for the system with transmit
antenna selection Ly = 2. We used an arbitrary codeword pair
from space-time block codes [2] with 4 input QPSK symbols
([1,4,—1,—4] and [1,1,1,1] where § = 1/—1). We observe
that with this rank-deficient code with ¢ = 1, the diversity
order ¢/N = 1 remains same for N = 1 and different numbers
of available transmit antennas M € {3,4,5}. The same rank-
deficient codeword pair achieves diversity orders of 2, 3 and
4 when M =3, Ly =2 and N is 2, 3 and 4, respectively.

IV. TRANSMIT ANTENNA SELECTION OVER FREQUENCY
SELECTIVE FADING CHANNELS

In this section, we deal with transmit antenna selection over
frequency-selective fading channels. Considering the channel
and signal model described in Section II, it is clear that
the MIMO FS fading channel with A{ antennas and 2 ISI
taps can be considered as MIMO flat fading channel with
MD virtual transmit antennas, thus, similar derivations can
be performed for the FS fading channels as well. However,
since the derivations of the joint pdf of the selected channel
coefficients and the PEP bound are more complicated for this
case, we only provide the expected diversity orders using the
extensions of the basic arguments of the previous section.

Our claims are as follows. The diversity order for STCs
with transmit antenna selection over FS fading channels will
be MND if a full rank STC is used. If a STC with ¢ =
rank(BB") < MD is used, then similar to the flat fading
case the diversity order for FS channel will be reduced to
gN. We expect these claims to be valid regardless of the
multipath delay profile of the underlying IST channels, though
the channel matrix could be easier to deal with for the uniform
profile (as all the channel coefficients will be identically
distributed). We do not have formal proofs of these claims,
thus we resort to simulations to verify them.

We provide PEP plots of the expression in (2) for several
STC systems with transmit antenna selection over FS fading
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Fig. 4. PEP for full rank and rank deficient delay diversity STC with transmit
antenna selection over FS fading channels.

channel in Figure 4. We use arbitrary codeword pairs from [20]
with QPSK symbols and consider the MIMO systems with
N =1,D =2,Ly = 2. The full rank codeword difference
maftrix used in the simulations is

-]

|
ClidriE W
wo oo
et R
o ol

For a full rank general delay diversity STC [20], the full rank
STC achieves a diversity order of 4 when M = 2 with no
antenna selection. With transmit antenna selection, L+ = 2, a
diversity order of 6 is achieved when A = 3. Similarly, when
Ly = 2 of M = 4 available transmit antennas are used, the
diversity order becomes M N D) = 8. On the other hand, when
a rank-deficient standard delay diversity STC [20] is used in
M=2D=2 N =1 system with no antenna selection, the
achieved diversity order is only 3, since the rank of the code
is ¢ = 3. When there are M = 3 or M = 4 available transmit
antennas, using Ly = 2 of them results in the same diversity
order of gV = 3 as expected. Having more transmit antennas
only increases the coding gain.

V. CONCLUSION

In this paper, we studied the performance of STC-MIMO
systems with transmit antenna selection over quasi-static fad-
ing channels. We considered transmit antenna selection based
on the maximum received powers where only the receiver
has knowledge of the channel state information. For flat
fading channels, using pairwise error probability analysis and
simulation results, we demonstrated that by employing antenna
selection one can still achieve full available diversity provided
that the underlying STC is full-rank. With rank-deficient STCs,
the diversity order depends on the rank of the codeword
difference maltrix and the number of receive antennas. Based
on our results for the transmit antenna selection schemes over
flat fading channels, we have commented on the diversity
orders of the STC-MIMO systems with transmit anterna se-
lection over frequency-selective fading channels, and verified
our expectations using simulations.
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