
Predictive Transmit Antenna Selection with

Maximal Ratio Combining

Shiva Prakash

School of Computer Engineering

Block N4, Nanyang Avenue

Nanyang Technological University

Singapore 639798

+65 67906207

shiv0008@ntu.edu.sg

Ian Mcloughlin

School of Computer Engineering

Block N4, Nanyang Avenue

Nanyang Technological University

Singapore 639798

+65 67906207

mcloughlin@ntu.edu.sg

Abstract—Antenna selection has long been a pragmatic method
for exploiting spatial diversity in wireless systems with lower
complexity than space-time or MIMO coding, and potentially
having reduced hardware cost due to the reduction in the
number of RF chains required. Whilst receive antenna selection
is perhaps more common, transmit antenna selection also has
several advantages, particularly for hardware-costly transmit
schemes such as those requiring linearisation. However transmit
antenna selection (TAS) requires either channel knowledge, or
receiver knowledge at the transmitter, typically achieved using
data transmission in the reverse direction, and this implies a
delay between the channel being sampled and being acted upon.
This outdated channel knowledge degrades system performance.
In this paper, the degradation is determined, and related to
the channel characteristics. A prediction scheme is then applied
to mitigate against this degradation for the case of a (2,1;2)
TAS system, where one of two transmit antenna is selected to
communicate with two receive antennae employing maximal ratio
combining.

I. INTRODUCTION

MIMO is often cited as a solution for achieving the

high data rate demands of future wireless networks through

increased spectral efficiency and link reliability [1]. Future

MIMO systems are expected to further optimise performance

by adapting to varying propagation and network conditions

during operation – switching or adjusting parameters to per-

form better given the nature of current channel characteristics.

These may include channel state information (CSI) or other

measures of transmission environment, including low/high

SNR levels or interference. Based on whether CSI is available

at the transmitter, MIMO systems can be classified as either

open or closed loop. A significant advantage of the traditional

space time coding (STC) techniques is that they do not require

any CSI knowledge at the transmitter, and are thus open loop.

OSTBCs [2] [3] represent an important class of STC because

they achieve full diversity while enjoying simple maximum-

likelihood (ML) decoding. Considerable performance gains

can be obtained in closed loop MIMO systems, by transmis-

sion on the Eigen-modes of the transmit antenna correlation

matrix. For example, [4] proposes an optimal linear precoder

that assumes knowledge of the transmit antenna correlations

and improves the performance of STC by forcing transmission

on the nonzero Eigen-modes of the transmit antenna correla-

tion matrix. Although closed loop MIMO technology improves

reliability and transmission rates, the improvement comes at

the expense of higher hardware cost and increased feedback

rates. The major constraints in implementing such systems

are the cost of multiple transmit and receive radio chains,

the form-factor limitation of multiple antennae for handheld

devices and the complexity of the MIMO algorithms.

Transmit antenna selection (TAS) schemes employ partial

CSI feedback to reduce transmitter complexity in closed loop

systems by dynamically selecting a subset of available transmit

antennae to maximise post processing SNR at the receiver. In

this paper we analyse a TAS scheme having maximal ratio

combining (MRC) at the receiver – an optimal combining

scheme irrespective of channel fading statistics. MRC impacts

complexity since it requires knowledge of all fading parame-

ters and is suitable for most amplitude and phase modulated

signals [5]. The TAS scheme requires only partial CSI, since

only the index of the best antennae need be received at the

transmitter end – accomplished either using a feedback link

in frequency division duplex (FDD) systems, or by exploiting

channel reciprocity in time division duplex (TDD) systems

[6]. At high SNRs, such a TAS/MRC scheme achieves a full

diversity order [7], as if all the transmit antennas were used,

and also the scheme outperforms some of the complex space-

time codes of the same spectral efficiency.

Channel feedback delay is a major issue in TAS, signif-

icantly reducing antenna diversity, affecting the SEP of the

TAS/MRC-based scheme. It is more significant in fast fading

Fig. 1. Block diagram showing transmit antenna selection based upon
information from a feedback path from MRC receive antennae and a predictor.



channels where a delay associated with the return link might

render any channel information completely outdated. In [7],

the bit error rate (BER) of the TAS/MRC scheme was derived

for binary phase shift keying (BPSK) in flat Rayleigh fading

channels while in [8] the impact of CSI feedback delay over

flat fading Rayleigh channels was considered.

To mitigate issues related to delay between channel

measurement and switching, this paper considers a novel

predictive-TAS scheme. The predictor exploits the time corre-

lation of the channel. A power prediction is employed at the

receiver which picks the best transmit antenna for transmis-

sion. The benefits of using predicted channel values for the

TAS decisions are evaluated and compared with the delayed

case. The paper is organized as follows. Section II presents

the system structure and simulation models while Section

III discusses the operation of TAS. Section IV discusses the

investigations of TAS/predictor performance and their relevant

operating characteristics, then Section V will conclude the

paper.

II. SYSTEM MODEL AND ASSUMPTIONS

A flat fading MIMO channel with Nt transmit and Nr

receive antennae is considered in a TAS/MRC system, shown

in Fig. 1, where a single best transmitter i is selected from Nt

candidates. At any time instant k the received signal vector

can be expressed as:

y(k) = hi(k)x(k) + z(k) (1)

where x(k) represents the uncoded symbol transmitted from

the single selected antenna, z(k) is the AWGN vector with

distribution CN (0, σ2
zINr

) , hi(k) is a Nr × 1 vector which

is a column of the Nr ×Nt channel matrix H(k). The entries

of H are the fading coefficients hij , 1 ≤ i ≤ Nr, 1 ≤ j ≤ Nt

and are independent and identically distributed (i.i.d) Gaussian

random variables CN (0, σh2) that follow Jakes model [9] with

Doppler spread fd. A block flat or quasi-static fading model

is considered with elements of H assumed to be constant over

a frame and temporally correlated across blocks.

Channel estimates are assumed to be error-free at the

receiver, so that noncausal channel smoothing with high accu-

racy can be performed using Wiener interpolator filters [10].

This assumption enables coherent detection at the receiver and

is commonly adopted in such systems [11], [12]. Also an

error-free feedback path is assumed: the use of powerful error

control schemes could ensure this in practice. Due to decoding,

ARQ, block buffering and other processes, these schemes

introduce a time delay τ (expressed in symbol time). Even

with perfect channel estimates at the receiver, the performance

of an adaptive system such as TAS/MRC is degraded through

delayed or outdated estimates of the channel at the transmitter.

In this paper we analyse the BER performance impact of CSI-

directed predictive TAS based on imperfect channel estimates,

using MRC at the receiver.

III. TAS PRINCIPLE

A. TAS without feedback delay

The receiver picks the transmit antenna which offers the

signal power γNt
which maximises the post processing SNR

at the output of the MRC receiver:

γNt
= max

1≤i≤Nt

[γi ] (2)

γi =
Es

N0

Nr∑

j=1

|hij |2 (3)

Index i is fed back to the transmitter, through a feedback

channel (shown in Fig. 1), switching after τ symbols.

B. TAS with feedback delays (TASD)

As discussed in Section I, channel feedback delay signifi-

cantly reduces antenna diversity in fast fading channels. Large

delays could render feedback information useless, effectively

breaking the feedback loop. We know that the current channel

h(k) is related to its delayed version by:

hτ (k) = ρh (k) +
√

1 − ρ2 z′(k) (4)

where ρ = Jo (2πfdτ) is the correlated coefficient as per Jakes

model, τ being the symbol delay, and z′(k) is AWGN with

zero mean and unit variance.

The receiver computes the channel power corresponding to

each antenna as per (3), picks the best antenna corresponding

to maximum power gain as per (2) and then feeds back

index i, reaching the transmitter after a time delay n. Due

to this delay, the channel power at time (n + k) is different

from that at time (k) thus affecting performance. For small

values of the normalised feedback delay fdτ << 1, the BER

degradation may be small, however at large delays, the system

tends to behave like simple MRC with one transmit antenna

because of the decrease in channel correlation. Fig. 2 shows

the effect of increasing delays on the BER performance of

a (2,1;2) TAS/MRC system (i.e. one which selects one of

two transmit antenna and has two receive antennae). The

error probability can be determined due to the delay [8], to

reveal that TAS/MRC performance degrades considerably due

to feedback delay.

C. TAS with pilot-aided channel prediction (TASP)

1) Channel prediction: Known pilot symbols are transmit-

ted from each antennae in turn at different time slots into a

fixed frame length Lf , and channel estimation for a frame of

data is carried out independently for all channels. The entries

of the channel matrix H are estimated as:

h̃ij(k) = hij(k) + vij(k) (5)

where hij(k) is the true channel gain of the kth block and

h̃ij(k) is the channel estimate while vij(k) is the AWGN

channel estimation error with distribution CN (0, σ2
v), with

σ2
v = N0/Ep, Ep being the power of the pilot symbol. Thus

the variance of the estimated channel amplitude given by σ2
h̃

=
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TAS/MRC theory with delays
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Fig. 2. Performance of TAS/MRC with feedback delay compared to SISO
and MRC (the arrow indicates increasing feedback delay).

σ2
h +σ2

v . The CSI can be estimated using Weiner Hopf equa-

tions and the n block ahead predicted channel can be written as

ĥij (k + n) = h̃in wH
opt where h̃id is the complex vector of es-

timated fading amplitudes corresponding to a prediction length

L given by h̃in = [h̃i (k) h̃i (k − 1) , . . . h̃i (k − (L − 1)]
H

and wopt is the complex coefficient vector given by wopt =
R−1

w rw where [Rw]ij = Jo (2πfd |i − j|LfT ) + σ2
v and

T is the symbol period, and [rw]i = Jo (2πfd|n + i|LfT ).
The correlation coefficient between the true and the predicted

channel is given as ρ̂hĥ =
√

[rH
w R−1

w rw] which is bound by

0 ≤ ρ̂hĥ ≤ 1, a value of one meaning perfect prediction of

channel estimates and zero meaning no correlation between

predicted and estimated channel. The prediction error is given

by ǫ (k) = h(k) − ĥ(k) with the minimum square error

(MSE) being minimized when the optimal coefficient vector

w = wopt is used. Then the MSE is given by minwopt
σ2

ǫ =
σ2

h−rH
w R−1

w rw and is bound by 0 ≤ σ2
ǫ ≤ 1. The true channel

can then be written as:

h (k) = ĥ (k) +
√

σ2
h − ρ̂2

hĥ
n′(k) (6)

where n′(k) is AWGN with zero mean and unit variance.

The predicted channel amplitude is also a Gaussian random

variable with variance σ2
ĥ

= rH
w R−1

w rw.

D. Prediction of channel power

At instant k, the receiver selects a transmit antenna based

on the predicted channel power given by:

γ̂i =

Nr∑

j=1

∣∣∣ĥij

∣∣∣
2

(7)

and picks the antenna i corresponding to maximum power gain

just as we had seen for known channels in (2) and (3):

γ̂max = max
1≤i≤Nt

[γ̂i] (8)

The average channel power gain is E[γi] = Nrσ
2
h , and the av-

erage predicted power gain is E[γ̂i] = Nrσ
2
ĥ

= Nrr
H
w R−1

w rw.

Note that the average value of the error ǫp = γ − γ̂ while

predicting power is not zero as was the case with simple

channel amplitude prediction, it is in fact biased. It can be

seen that E[ǫp] = Nr(σ
2
h − rH

w R−1
w rw). Thus the power

prediction is biased. The MSE for the biased predictor is

E[σ2
ǫp

] = E[|γ − γ̂|2]. Using

E[γ2] = Nr(Nr + 1)σ4
h (9)

E[γ̂2] = Nr(Nr + 1)σ4
ĥ

(10)

E[γγ̂] = N2
r σ2

hσ2
ĥ

+ Nr|ρ̂h̃ĥ|4 (11)

The value of the MSE for the biased predictor can be

determined. For perfect prediction, the error tends toward zero,

and for no prediction the error will be equal to γ2.

We can now proceed to determine channel SNR. First, let

Xmax be the true maximum SNR at time (n + k) correspond-

ing to the predicted maximum SNR X̂max. Let Xi represent

the SNR at time (n + k), then:

Xi =
Es

N0
γi (12)

corresponding to the predicted power gain:

X̂i =
Es

N0
γ̂i (13)

for each antenna with their means as:

X = E [Xi] =
Es

No
Nrσ

2
h = rH

w R−1
w rwσ2

h (14)

X̂ = E[X̂] =
Es

No
Nrσ

2
ĥ

(15)

Both are gamma distributed with PDFs, X ∼ G(Nr, x) and

X̂ ∼ G(Nr, x̂) where x = Es

No
σ2

h and x̂ = Es

No
σ2

ĥ
being the

shape factors of the gamma distributions also equal to the

average SNR per symbol for the true and predicted channel

respectively.

E. Error probability analysis of a TAS/MRC with prediction

In order to arrive at an expression for the the TASP/MRC

symbol error probability, we first need to derive an expression

for the PDF fXmax(x), where Xmax is the maximum of

the SNR Xis for all transmit antennas. The symbol error

probability for the TASP/MRC (Nt, 1; Nr) scheme can then

be expressed as:

BERav =
1

π

∫ π
2

0

MX

(
− a2

sin2θ

)
dθ (16)

where a is a constant that depends on the specific modulation

scheme used [5] and MX is the moment generating function

(MGF) of fXmax(x) given by:

M(−s) =

∫ ∞

0

exp(−sx) fXmax(x)dx (17)

Using induced order statistics [13], the PDF of Xmax can

be determined:



fXmax
(x) =

∫ ∞

0

f(x|x̂)fX̂max(x̂)dx̂ (18)

=

∫ ∞

0

f(x, x̂)

fX̂(x̂)
fX̂max(x̂)dx̂ (19)

where f(x|x̂) is the PDF of X conditioned on X̂ and fX̂(x̂)

is the PDF of the predicted power X̂ given by:

f(X̂)(x̂) =
x̂Nr−1

x̂
Nr

(Nr − 1)!
exp

(
− x̂

x̂

)
(20)

and fX̂max(x̂) is the PDF of X̂max. In order to derive

fX̂max(x̂),we make use of the CDF of X̂ given by

FX̂(x̂) = 1 − exp(−x̂/¯̂x)

Nr−1∑

m=0

(1/m!)(x̂/¯̂x)m (21)

Again applying order statistics, the PDF fmax(X̂) can be

given as:

fX̂max
(x̂) = Ntf(x̂)[F (x̂)]Nt−1 (22)

Both X and X̂ are mutually correlated and their joint

distribution is given by a bi-variate gamma distribution G′ ∼
(Nr, x̄, ¯̂x, ρp) as follows:

fX,X̂ (x , x̂) =
{

f(x)f(x̂)(Nr−1)!
1−ρp

(
ρpxx̂

x̄¯̂x

)−(Nr−1)/2

INr−1

(
2
√

ρp

(1−ρp)

√
xx̂

xx̂

)

exp
(
− ρp

1−ρp

(
x
x + x̂

x̂

)) }
(23)

To proceed further, we express
¯̂
X = rX̄ (since predicted

SNR will be a fraction of the true SNR) where 0 ≤ r ≤ 1.

Substituting this in (21, 22, 23), and expanding fX(x) (PDF

of X), which is similar to (22), we can write:

f
(X|X̂)

(x|x̂) =

{(
rx

ρpx̂

) (Nr−1)/2

INr−1

(
2
√

ρpxx̂

(1 − ρp)
√

rx̄

)

exp

(
− ρpx̂ + rx

r(1 − ρp)x̄

)
.

1

(1 − ρp)x̄

}
(24)

where Ik is the modified Bessel function of the first kind

with order Nr − 1 and ρp is the correlation coefficient of the

true and predicted SNRs, which is given by:

ρp = Cov(X, X̂)[V ar(X)V ar(X̂)]−0.5 (25)

Using (9-11) and (14, 15) the value of ρp can be calculated

and shown to be equal to the square of channel correlation

coefficient as ρ2
hĥ

. Note that this equality occurs with the

initial assumption that the coefficient vector wopt is also used

in channel power prediction calculations. Looking at (24),

when ρp goes to zero, the term in the exponential becomes

independent of x̂, and by expanding the Bessel function

and clubbing it with the first term, we see that f
(X|X̂)

(x|x̂)

becomes independent of x̂ and becomes equal to fX(x) which

is the PDF of X. This means that the SNR at time (n + k),
X is independent of the predicted SNR X̂ , thus rendering

TAS ineffective. The system behaves like a simple MRC

system with a single transmit antenna (1, 1; Nr). By use of

multinomial and binomial theorems, (22) can be expanded for

use with (24) and the PDF derived as:

fXmax
(x) =

Nt!x
Lr−1 exp

(
− x

(1−ρp)x̄

)

[x̄(1−ρp)]Nr−1[(Nr−1)!]2
(26)

{
∑Nt−1

i=0 −1i
(
Nt−1

i

)∑i(Nr−1)
j=0

{[
(1−ρp)

i(1−ρp)+1

]j+Nr

βji(j + Nr − 1)!1F1

(
j + Nr; Nr;

ρpx
[i(1−ρp)+1](1−ρp)x

)}}

where the coefficients βji are recursively computed [14]

as βi0 = 1, βi1 = 1, βii = 1/((m − 1)!)i, βji =

(1/j)
∑C

l=1 (l(i + 1) − k)/l!).β(j−i)i with C = min(j, 1),
2 ≤ k ≤ −1. 1F1(; ; ; ) is the confluent hypergeometric

function. Thus in (17) and thereby (16), the expression for

the average BER can be computed using techniques as given

in [5].

IV. INVESTIGATION

A. Influence of system parameters on channel correlation

The correlation coefficient which governs the BER, in

general depends on a number of parameters such as FIR pre-

dictor length, SNR, symbol rate, channel sampling frequency

(location of pilot symbol), training length, Doppler frequency

and feedback delay. At higher bit-rates, to limit the number

of filter coefficients, it is beneficial to reduce pilot insertion

frequency. This sub-sampling frequency (SSF) is usually kept

at multiples of the Doppler frequency (SSF≥ 2fd). Having a

relatively high over-sampling rate may mean clearer channel
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Fig. 3. Influence of filter tap spacing at different feedback delays (0.2, 0.4,
0.6, 0.8 from top to bottom) on correlation, for fixed fifth order filters.
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Fig. 4. Performance comparison of TAS/MRC with and without prediction
for different delays at high Ep/N0.

estimates but also poorer long range prediction with fixed

number of filter coefficients and vice-versa.

In our simulations the symbol period is set as T = 1µsec,

with a Doppler of 100Hz, and using BPSK modulation. A

5-tap FIR predictor is used initially, although different filter

lengths will be investigated later. To find the optimal sampling

or adaptation rate, we must determine the optimal delay

spacing at any given SNR and filter length. To find this, we plot

channel correlation w.r.t to delay spacing at any given SNR

and find the rate at which maximum correlation occurs. This

is shown in Fig. 3. To observe full benefit of prediction, we

maintain very high pilot to noise power ratio Ep/N0 = 100dB

at all SNR operating points, to have clear channel estimates for

prediction. This is achievable in practice with a long training

vector length, scaled with SNR.

Fig. 4, compares the performance of the TAS/MRC system

with and without prediction for normalised feedback delays of

0.2 and 0.6. For a delay of 0.2 the performance of the TASP

system is almost as good as the system without any feedback

delay, since as seen in the figure the curves for TAS and TASP

almost merge, and offers a gain of about 7.5dB compared to

the TASD at 10dB SNR. At 0.6 delay, the TASD behaves like

an open-loop system or as good as a simple MRC system. The

TASP system performs about 5dB better, indicating that there

is an increase in degradation rate w.r.t delay for the TASP case.

This effect is seen more clearly in Fig. 5 which plots BER

against normalised feedback delay for four different SNRs.

Even small amounts of delay in the TASD arrangement

cause significant deterioration in BER. By contrast the predic-

tive scheme (TASP) sustains performance almost unchanged

out to around delays of 0.35. For example at a carrier fre-

quency of 900 MHz at a walking speed of 1 m/s and target

BER of 10−4, in the TASD case, a time delay of not more

than 3.3 ms can be tolerated. The TASP arrangement, however,

can withstand a delay of upto 133 ms. Similarly for vehicles

moving at 22.2 m/s (80 km/hr) the TASD case tolerates upto

149 µs and while the TASP can tolerate about 5.8 ms delay.

Fig. 5 also reveals that, for the TASD case, systems with
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Fig. 5. Feedback delay tolerance comparison for SNRs of 8, 10, 12 and
14dB (top to bottom) for the TASD and TASP arrangements at high Ep/N0.

lower BER requirements are also more sensitive to feedback

delay. For the TASP case, at a given SNR, the degradation

is more pronounced at larger feedback delays than at smaller

delays. This effect can be explained by looking at the power

correlation coefficient ρp in the BER equations. For the

TASD case ρp = J2
0 (2pifdτ) [9], which falls off rapidly for

increasing values of τ . By comparision the power correlation

coefficient for the TASP case is equal to rH
w R−1

w rw which is

a quadratic function having reduced slope at smaller values

of delay compared to the coefficient in TASD case. The

comparison of the correlation coefficient for both cases is

plotted in Fig. 6, where the slope difference can be seen to be

quite pronounced. For the TASP case the correlation is plotted

for different system parameters and operating SNRs.

At a given SNR, normalised feedback delay and filter delay

spacing, we can determine the dependency of the correlation

and filter length with increasing number of pilot symbols for

each antenna as Lt is increased. This is shown in Fig. 7 for

normalised delays of 0.2 and 0.6 at 12dB SNR.

For quasi-static or block fading, we neglect the noise

introduced by Doppler variance. Then the MSE or the variance
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of the estimated channel will be N0/LtEs where Lt is the

number of pilot symbols for each transmit antenna (where

each is transmitted round-robin), over the entire frame. The

total number of pilot symbols for all antennae will be the

training length given as NtLt. Thus Lt will also influence

the overall BER of the system. Obviously greater training

length also decreases the duty cycle factor η = 1−NtLt/Ld,

affecting throughput.

For smaller delays, shorter training and prediction-filter

lengths are able to assure sufficient correlation. However at

increased delays, greater training length offer more correla-

tion gain than increasing filter length, since clearer channel

estimates offers greater prediction performance. This can be

seen more clearly in Fig. 7, where two sets of curves (for

delays of 0.2 and 0.6) for SNRS of 8,10,12,14 dB with

different training and filter lengths are plotted. We can see

that for a larger delay, the effect of changing training length

is more pronounced. Maintaining the same parameters, and

improving the operating SNR point, naturally increases corre-

lation again because of better channel estimates. Depending on

these system parameters, the correlation for the TASP system,

increases or decreases at a fixed delay. At very small delays

(fdτ <= 10−2), when correlation is poor due to reduced

training length, it may happen that TASD performs as well as,

or even slightly better than TASP. Thus it maybe beneficial

to turn off predication to save computation bandwidth under

these circumstances. Depending on the required output BER,

we can determine the optimal values of predictor order and

Lt from such graphs. For example, given an operating point

at 10dB and target BER of 10−3, we first obtain the required

channel correlation from the BER expression to sustain the

error rate. Next we determine the optimal training and filter

lengths to achieve this correlation value. For example, if we

require a 0.85 correlation to achieve an error rate of 10−3

at 10dB, then from Fig. 6, a training and filter length of 3

and 4 could be used to achieve this correlation. Further for

these values, the system will be able of tolerating a normalised

feedback delay of up to 0.2.

V. CONCLUSION

This paper has explored the issue of transmit antenna selec-

tion, based upon feedback from a MRC receiver. In general, a

system with two receive antennae employing MRC, and two

transmit antenna, one of which is selected for transmission of

an entire data frame, was the system model. TAS was evaluated

in the presence of switching delays, and shown to degrade

performance for even quite small delays.

To mitigate against the performance degradation caused by a

time delay between channel evaluation and transmitter switch-

ing, a predictor was developed to utilise past CSI to predict

the best transmitter for the current data frame. This has been

shown to be capable of alleviating much of the performance

loss associated with outdated transmitter selection knowledge,

even at delays which would cause non-predictive TAS to

be completely ineffective. The inter-relation between systems

parameters such as predictor and training length and operating

parameters such as SNR have also been explored, and the

critical importance of the channel correlation coefficient noted.

Since the prediction scheme is relatively low in complexity,

it would be a viable choice for TAS systems experiencing

medium to severe feedback delays.
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