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We  consider  orthogonal  frequency  division  multiplexing  (OFDM)  in a multiple  input single  output  (MISO)
system.  In  the  presence  of  spatially  uncorrelated  time-varying  frequency  selective  channel,  we use  sub-
carrier by  subcarrier  antenna  selection  using  delayed  feedback.  We  derive  closed-form  expressions  for
the pdf of the  received  SNR and  BER  for MQAM  constellation.  The  expressions  have  been  obtained  as  a
ntenna selection (AS)
ime-varying channels
elayed channel state information (CSI)
rthogonal frequency division
ultiplexing (OFDM)

function  of  the correlation  (�) between  perfect  channel  state  information  (CSI)  and  delayed  CSI,  where
0  ≤ � ≤ 1.  We  have verified  our analytical  expressions  by comparing  them  with  simulation  results.  We
have  also  reduced  the  BER expression  for some  special  cases  and  compared  them  with  the  results  avail-
able in  the literature.  We  conclude  that  the  diversity  gain  of  the  considered  system  is reduced  to  one  for
�  < 1, i.e.  not  having  perfect  antenna  selection  for each  subcarrier.  However,  we get  some  coding  gain

 singl
compared  to single  input

. Introduction

Orthogonal frequency division multiplexing (OFDM) is used in
ireless standards for high speed data transmission in frequency

elective channels. Using OFDM, multiple data streams can be
ransmitted in parallel without inter symbol interference. More-
ver, if each subchannel is narrow enough then the multipath
ading can be characterized as flat fading. Thus, OFDM enhances
pectral efficiency by increasing data rate, however it results in
oor BER performance due to flat fading nature of effective chan-
el. Therefore, spatial diversity with multiple antennas, popularly
nown as multiple input multiple output (MIMO) systems, is used
o mitigate the effect of fading. Hence, the use of OFDM in MIMO
ystems has been proposed as an efficient solution to meet the
urrent demand of high data rate with reliable communication in
ireless standards such as LTE [1], IEEE 802.11 (WLAN) and IEEE

02.16 (WiMAX) [2].
However, combination of MIMO  and OFDM has some inherent

ottlenecks also. One of them is that MIMO  systems require channel
tate information (CSI) at the transmitter for precoding or transmit
eamforming [3]. In case of frequency division duplex (FDD), this
equired CSI can be conveyed to the transmitter by employing ded-
cated feedback channel. Unfortunately, in MIMO—OFDM systems,

he amount of CSI data grows linearly with number of subcarriers
nd number of antennas, which makes this combination diffi-
ult in a practical wireless system. Therefore, various techniques

∗ Tel.: +91 9537673191.
E-mail address: yogesh.trivedi@nirmauni.ac.in

434-8411/$ – see front matter ©  2013 Elsevier GmbH. All rights reserved.
ttp://dx.doi.org/10.1016/j.aeue.2013.02.002
e  output  system,  the  coding  gain  reduces  with  decreasing  the correlation.
© 2013 Elsevier GmbH. All rights reserved.

have been proposed to reduce the feedback data in MIMO–OFDM
systems. For example, [4] has exploited time and frequency corre-
lations between subcarriers to reduce feedback for precoding and
beamforming. In [5], opportunistic scheduling and beamforming
schemes have been proposed in multi-user environment. In [6–9],
finite rate transmit beamforming has been considered with limited
feedback.

The other popular technique to reduce feedback data is trans-
mit  antenna selection. Performance analysis of MIMO systems with
antenna selection is well documented in literature, a few of them
are [10,11]. However, most of them have considered flat fading
channels. The benefit of antenna selection in MIMO systems is
that the diversity gain of reduced MIMO  systems (with antenna
selection) is the same as the diversity gain of full MIMO  systems
(without antenna selection). Moreover, in MIMO-OFDM systems,
antenna selection reduces inter carrier interference also. In [12–16],
subcarrier by subcarrier antenna selection using perfect CSI at the
transmitter in MIMO–OFDM systems has been considered. How-
ever, since wireless channels are time varying and the feedback
link introduces non zero delay, it is difficult to provide perfect CSI
at the transmitter, even if we assume perfectly estimated CSI at the
receiver and a noiseless feedback link. Therefore, in [17–19], perfor-
mance analysis of different MIMO  systems with antenna selection
using delayed CSI at the transmitter has been done in flat fading
channels.

In this paper, we  consider subcarrier by subcarrier transmit

antenna selection using delayed CSI in MISO–OFDM systems for
frequency selective channel. We  assume perfect CSI for all the
subcarriers at the receiver and delayed feedback link. For MQAM
constellation, we derive closed-form expressions for the pdf of

dx.doi.org/10.1016/j.aeue.2013.02.002
http://www.sciencedirect.com/science/journal/14348411
http://www.elsevier.com/locate/aeue
mailto:yogesh.trivedi@nirmauni.ac.in
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eceived SNR and for the BER as a function of correlation (�)
etween perfect CSI and delayed CSI. We  reduce the expression
f BER for some special cases and compare them with the prevail-
ng results in literature. We  also present simulation results of the
onsidered system and compare the analytical results with them.
oreover, we have also presented simulation results for spectral

fficiency (R) of the considered system and shown the degradation
n R due to decreasing the value of �.

The rest of the paper is organized as follows. Section 2 describes
he channel and system models. In Section 3 we present the detailed
erformance analysis and some special cases have been discussed

n Section 4. In Section 5, we present the results and the paper is
oncluded in Section 6.

Notations: Bold upper (lower) letters denote matrices (column
ectors). The transpose, hermitian, absolute value, norm and expec-
ation are denoted by (·)T, (·)*, | · |, ‖· ‖ and E[·] respectively. We  use
( · ) and J0( · ) to denote the Gaussian Q-function and the zeroth
rder Bessel’s function of the first kind respectively.

. Channel and system models

We consider the wide sense stationary uncorrelated scattering
odel for the frequency selective mobile radio channel [21]. Math-

matically, the baseband impulse response of the channel can be
escribed by

(t, �) =
L∑

l=1

˛l(t)ı(� − �l), (1)

here L, � l and ˛l(t) denote total number of paths, delay of the
th path and the complex amplitude of the lth path respectively.

oreover, the ˛l(t)’s are wide sense stationary complex Gaussian
rocesses and independent for different paths with E[|˛l(t)|2] = q2

l
.

he channel is normalized such that

L

l=1

q2
l = 1.

t is further assumed that all the paths have the same normalized
orrelation function R(�d) in time domain. Therefore,

[˛∗
l (t)˛l(t + �d)] = q2

l R(�d). (2)

et B and K be the total bandwidth of the system and total number of
ubchannels respectively. It means subchannel spacing is �f  = B/K
nd an OFDM block length is T = 1/�f  = K/B.

We assume that each subchannel is narrow enough so that each
xperiences flat fading. Let Ts be the sampling interval, then the
requency response h[n, k] of the kth subcarrier in the nth OFDM
lock can be expressed as

[n, k] =
L∑

l=1

˛l(nT)e−(2�jk�l)/(KTs). (3)

hen, h[n, k] have the following two properties:

 h[n, k] is a complex Gaussian random variable with zero mean
and unit variance for any n and k.

 The correlation function between h[n, k] and h[n + �n, k] is given
by

R(�nT) = E[h∗[n, k]h[n + �n,  k]]. (4)
The input data stream is modulated by a MQAM modulator,
esulting in a complex symbol stream. This symbol stream is passed
hrough a serial to parallel (S/P) converter, which generates an
FDM block of K parallel MQAM symbols. The nth OFDM block is
n. (AEÜ) 67 (2013) 671– 675

denoted as x[n], where x[n] = [x[n, 1] x[n, 2] . . . x[n, K]]T. Each OFDM
block is passed through IFFT and then the cyclic prefix of length Lc

data symbols, where Lc ≥ L, is added. Finally, it is passed through
parallel to serial (P/S) converter. We  consider a MISO system with
Nt transmit antennas and frequency selective channel. We  assume
perfect CSI at the receiver for all the subcarriers corresponding
to each of Nt antennas. Now, we select one antenna for one sub-
carrier based on maximization of received SNR for the subcarrier.
Thus, at each instant one subcarrier is transmitted through only one
antenna. This is known as subcarrier by subcarrier antenna selec-
tion scheme [12]. The indices of the selected antennas are sent back
to the transmitter via a dedicated feedback link. However, in a sce-
nario of time varying channel and nonzero delay in the feedback
link, antenna selection can be carried out based on delayed CSI only.
At the receiver, we remove cyclic prefix. The remaining stream is
serial to parallel converted and passed through a K point FFT. The
output of the FFT represents the nth received OFDM block as

y[n] = h
m̂

[n]x[n] + w[n], (5)

where w[n] = [w[n, 1] w[n, 2] . . . w[n, K]] and each entry denotes
independent and identically distributed complex Gaussian additive
random variable with mean zero and variance N0. Further in (5),

h
m̂

[n] = [h
m̂1

[n, 1] h
m̂2

[n, 2] . . . h
m̂K

[n, K]], (6)

where

m̂k = arg max
1≤u≤Nt

{|̂hu[n, k]|2}, 1 ≤ k ≤ K. (7)

In (7), ĥu[n, k] denotes delayed version of hu[n, k]. Then, we con-
vert symbols from parallel to serial form and pass through MQAM
demodulator. Finally, the detection variable x̃[n, k] corresponding
to the kth subcarrier (or modulated symbol x[n, k]), using well
known zero forcing principle, can be expressed as

x̃[n, k] = y[n, k]
h

m̂k
[n, k]

.

In the next section, we will derive the expression of BER for MQAM.

3. Performance analysis

In this section, we  derive the closed form expression of received
SNR and then derive BER in the case of MQAM.  For brevity, we
avoid the indices n and k. Then, the received instantaneous SNR �
per symbol can be expressed as

� = |h
m̂

|2�s, (8)

where �s = Es/N0 and Es denotes average symbol power for MQAM
constellation. Let us denote the correlation between h

m̂
and ĥ

m̂
as

�, where 0 ≤ � ≤ 1 or in general

E[ĥ∗
m̂

h
m̂

] = �IK ,

where IK denotes a K × K identity matrix. Now, using order statistics
[20], we  can easily determine the pdf of |̂h

m̂
|2. However, it is difficult

to determine the pdf that we  need i.e. the pdf of |h
m̂

|2 in (8).

To solve this problem, we first determined the pdf of |h
m̂

|2 con-

ditioned on |̂h
m̂

|2. Then using the pdf of |̂h
m̂

|2, we determine the pdf

of |h
m̂

|2. The details of the approach used follow.

To express |h
m̂

|2 in terms of |̂h
m̂

|2, let us represent h
m̂

as a func-
tion of ĥ
m̂

and an independent error term by using a Gauss–Markov
process model as done in [11]

h
m̂

= �ĥ
m̂

+
√

1 − �2ı. (9)
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ince h
m̂

∼CN(0,  1) and ĥ
m̂

∼CN(0,  1), we can easily show that

∼CN(0, 1) and ı is independent of ĥ
m̂

. Therefore, for a given ĥ
m̂

,
e can write [21]

m̂
∼CN(�ĥ

m̂
, 1 − �2). (10)

et us denote |̂h
m̂

|2 and |h
m̂

|2 as Ẑ and Z respectively. Now, take

�2Ẑ as A. Then, for a given A, the pdf of Z is noncentral chi square
ith two degrees of freedom which can be represented as

Z|A(z|a) = e−(z+a2)/(1−�2)

(1 − �2)
J0

(
2i

√
za

1 − �2

)
. (11)

ow, we require the pdf of A, which can easily be derived from the
df of Ẑ using order statistics [20] as

p̂
Z
(̂z) = Nt(1 − e−̂z)Nt−1e−̂z, ẑ ≥ 0.

= Nt

Nt−1∑
m=0

(
Nt − 1

m

)
(−1)me−(m+1)̂z.

ow, as A =
√

�2Ẑ ,  the pdf of A can be expressed as

A(a) = 2aNt

�2

Nt−1∑
m=0

(
Nt − 1

m

)
(−1)me−((m+1)a2/�2). (12)

ow, pZ(z) can be determined by

Z (z) =
∫ ∞

0

pZ|A(z|a)pA(a)da. (13)

lugging (11) and (12) in (13) and solving the integral using equa-
ion (6.631.1) of [23], we get

Z (z) = Nt

Nt−1∑
m=0

(
Nt − 1

m

)
(−1)me−(m+1)z/(m+1−m�2)

m + 1 − m�2
. (14)

or MQAM constellation with  ̌ bits/symbol, where  ̌ = log 2(M)  and
or a given channel h or z (where z = |h|2), the instantaneous BER can
e approximated by [22] as

(�|z) = 0.2e−1.6z�s/(2ˇ−1). (15)

hen, the average BER can be expressed as

e =
∫ ∞

z=0

P(�|z)pZ (z)dz. (16)

ow, substituting (14) and (15) in (16) and solving the integral

e=0.2Nt

Nt−1∑
m=0

(
Nt − 1

m

)
(−1)m(2ˇ−1)

1.6�s(m + 1−m�2)+(m+1)(2ˇ − 1)
. (17)

ow, we determine spectral efficiency using adaptive modulation,
here different modulation schemes are used for different subcar-

iers and the assignments vary over time. One way  to choose the
odulation schemes to achieve the target BER is to set the instan-

aneous BER Pe(�|z) equal to Ptar [21]. Then, using (15), we get bits

er symbol corresponding to channel power gain z as

(z) = log2

[
1.6�sz

ln(0.2/Ptar)
+ 1
]

(18)
n. (AEÜ) 67 (2013) 671– 675 673

Now, neglecting the guard interval (cyclic prefix), the average spec-
tral efficiency (R) over all the subcarriers can be determined as
[21]

R = Ez[ˇ(z)]

= Ez

[
log2

(
1.6�sz

ln(0.2/Ptar)

)
+ 1
] (19)

4. Special cases

In this section, we reduce the expression of the BER, i.e. (17), for
some special cases.

4.1. Case 1: Nt = 1

In this case, (17) can be reduced as

Pe = 0.2(2ˇ − 1)
1.6�s + 2ˇ − 1

(20)

This case is same as single input single output (SISO) [21], where all
the subcarriers will be transmitted by one transmit antenna. Hence,
� has no role to play.

4.2. Case 2: � = 0

In this case, (17) can be reduced as

Pe = Nt

{
Nt−1∑
m=0

(
Nt − 1

m

)
(−1)m

m + 1

}{
0.2(2ˇ − 1)

1.6�s + 2ˇ − 1

}
= Nt

{∫ 0

−1

(1 + x)Nt−1dx

} {
0.2(2ˇ − 1)

1.6�s + 2ˇ − 1

}
= Nt

{
1
Nt

}{
0.2(2ˇ − 1)

1.6�s + 2ˇ − 1

}
= 0.2(2ˇ − 1)

1.6�s + 2ˇ − 1 (21)

This expression is same as (20), because this case is a case of ran-
dom antenna selection. Therefore, no antenna selection gain can be
achieved and this case is equivalent to SISO.

5. Results

In this section, the BER performance of the considered system
has been evaluated using simulations over a frequency selective
fading channel. We  generate channels for L = 10 multipaths, where
all the paths are independent and identically distributed as complex
Gaussian with mean zero and variance of 1/L.  The OFDM system
includes K = 64 subcarriers (K-point FFT) and cyclic prefix Lc of 16
subcarriers. As Lc > L, the channel will be ISI free. Moreover, we
generate delayed CSI corresponding to each path using (2), where
correlation R(�d) = �, where 0 ≤ � ≤ 1. Antenna selection for the kth
subcarrier has been done using delayed CSI ĥ[n, k] using (7). Aver-
age SNR per bit is determined by �s/log 2(M), where M = 2ˇ. In the
figures, Avg. SNR is per bit and in dB. Fig. 1 shows BER for different
values of � such as 0.8, 0.95, 0.99 and 1, Nt = 2 transmit antennas
and M = 32 QAM constellation. It can be seen that the simulation
results are closely matching with their analytical counterparts. As
� decreases, the degradation in performance can be observed due
to non-selection of the best antenna for each subcarrier.
In Fig. 2, we have shown BER performance of M = 32 QAM system
for different values of � such as 0.95, 0.999 and 1 for two transmit
antennas. This is denoted by (2, 1 ; 1). We  have also shown BER per-
formance of 1 × 1 (diversity gain one) and 1 × 2 MRC  (diversity gain
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two) systems. It can be seen that the diversity gain of the considered
system is two for � = 1 but it is reduced to one for � < 1. However, we
can get some coding gain with respect to 1 × 1 system, the coding
gain reduces with decreasing �.

Fig. 3 shows spectral efficiency R vs. average SNR per symbol, i.e.
�s, for Nt = 2 and target BER Pt = 0.01 using simulations according to
(19) for different values of � like 0, 0.8 and 0.99. For an SNR of 15 dB,
spectral efficiencies are 3.5, 4 and 4.3 bits/symbol corresponding to
� of 0, 0.8 and 0.99 respectively. This observation is also in line with
BER performance. As � decreases, R also decreases.

6. Conclusions

We considered subcarrier by subcarrier transmit antenna selec-
tion with delayed CSI in MISO–OFDM systems in frequency
selective channel. We  derived closed-form expressions for the pdf
of received SNR and the BER, assuming MQAM constellation, as a
function of correlation (�) between CSI at the receiver and (delayed)
CSI at the transmitter. We  have presented simulation results and
found a close match with their analytical counterparts. We  con-
clude that the diversity gain of the considered system is reduced to
one, irrespective of multiple transmit antennas, while not select-
ing perfect antenna (i.e. � < 1) for each subcarrier. However, we
have some coding gain with respect to SISO system for � < 1, the
coding gain reduces with decreasing �. We  have also discussed
some special cases of the considered system and compared them
with the prevailing results in the literature. Moreover, we have
also presented simulation results for spectral efficiency (R) and we
observed reduction in R with decreasing �.
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