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ABSTRACT
Antenna (subset) selection is a feasible scheme to reduce
the hardware complexity of Multiple-Input Multiple-Output
(MIMO) systems. Studies of antenna selection schemes are
typically based on channel capacity optimizations employ-
ing frequency flat channel models, which are inconsistent
with MIMO systems employing spatial-multiplexing. Such
systems aim to offer a high data-rate transmission, so that
the channel is usually of frequency selective nature. In this
contribution we study antenna subset selection at transmitter-
and receiver-side for the MIMO Single Carrier (SC) scheme
with Frequency Domain Equalization (FDE) in frequency se-
lective channels. As an alternative selection metric the signal
quality of the MIMO equalizer output is used.

1. INTRODUCTION

Current and future wireless applications (e.g. digital
video/audio broadcast, video telephony, virtual reality,pre-
mium multimedia data services) demand high quality and
high data-rate links in wireless communication networks in
indoor and outdoor environments. Systems with multiple
antennas at the transmitter-side and at the receiver-side,so
called MIMO systems, are seen as a key technology to ful-
fill these demands, without occupying additional expensive
signal bandwidth. MIMO systems can offer higher spec-
tral efficiency at the expense of additional analog and digital
hardware, yielding additional costs, power consumption, and
space requirements.

High data-rate systems typically require a signal band-
width that is higher than the channel coherence bandwidth,
so frequency selective fading degrades the quality of the
communication link. Two signaling schemes are widely ac-
cepted to mitigate the effect of frequency selectivity withrea-
sonable complexity for equalization in indoor and in outdoor
environments. The first is the well-known Orthogonal Fre-
quency Division Multiplexing (OFDM) scheme, which uses
multiple carriers to transmit the data at lower rates in parallel,
and the second is the Single Carrier with Frequency Domain
Equalization (SC-FDE) scheme, which employs a high rate
single carrier transmission [1].

As of today SC-FDE is only deployed in IEEE 802.16 [2]
as an alternative scheme and may also be deployed for broad-
band CDMA techniques [3]. Nevertheless, SC-FDE is gain-
ing more and more interest, because SC signaling is a proven
technology that can relax certain drawbacks of OFDM trans-
mission (e.g. inefficient usage of power amplifiers caused by
the high Peak-to-Average-Power-Ratio of transmission, sen-
sitivity to phase noise and frequency offsets), while SC-FDE

inherits OFDM’s advantages (e.g. robustness against multi-
path, efficiency by using the Fast Fourier Transform (FFT)
algorithm) [4]. OFDM is widely studied in combination with
MIMO systems, whereas MIMO SC-FDE systems are stud-
ied less often.

Antenna selection or antenna subset selection is moti-
vated by the reduction of the required complexity of analog
radio hardware and of the digital processing hardware. This
generally yields a reduction of power consumption, which is
especially relevant for mobile devices. In addition, antenna
(subset) selection allows for significant gains in performance
and capacity by exploiting diversity at the transmitter- and/or
the receiver-side.

As first indication for the hardware requirements of a
MIMO chip, the following information for a system-on-chip
(SoC) integrated SISO Wireless LAN transceiver [5] can be
used. A die area of 41 mm2 in a standard 0.18µm CMOS
technology is reported, where 72 percent of the chip is digi-
tal logic. In transmit mode, the power dissipation is 180mA
at 1.8V and in receive mode power dissipation is 175mA at
1.8V. In [6] the demands and challenges of MIMO trans-
ceiver Radio Frequency Integrated Circuit (RFIC) are re-
ported. The RFIC integrates two complete radio paths on
the same chip and it is reported that the isolation and the cal-
ibration of the different transmit or receive paths is especially
challenging. This creates complications such as higher inte-
gration densities, but also limits the number of analog front-
ends for a given die area. Hence, antenna subset selection
is a feasible candidate for reducing hardware complexity and
savings of die area.

In the literature most of the antenna (subset) selection
schemes are based on the received input power [7] and [8]
or on channel capacity studies [9] and [10]. A comprehen-
sive overview about the active research in this area is givenin
[7] and [11]. As one can note, this research is mainly based
on flat fading channel models. As stated in [7], schemes
just based on the receiver input power are only valid for fre-
quency flat channels and diversity schemes.

In [7] and [11] it is also stated, that in case of frequency
selective channels antenna selection may not be feasible or
useful. Therefore, the question arises as to how antenna se-
lection can be valid for MIMO systems, which aim to provide
higher data rates by using spatial multiplexing. Here typi-
cally the signal bandwidth is larger than the coherence band-
width of the channel, so that the channel will be frequency
selective.

Within this contribution we show that antenna subset se-
lection is also motivated by the abilities of the equalizer.For
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Figure 1: MIMO SC-FDE with Spatial Multiplexing forNT Transmit andNR Receive Antennas

our study we choose MIMO SC-FDE with spatial multiplex-
ing as a signaling scheme. Nevertheless the similarities of
SC-FDE and OFDM also allow re-using the techniques for
OFDM-based systems. The antenna subset selection is done
at the transmitter- and at the receiver-side, and the practi-
cal important linear receivers based on the Zero-Forcing (ZF)
criterion and the Minimum Mean Square Error (MMSE) cri-
terion are deployed.

2. SYSTEM MODEL OF ANTENNA SUBSET
SELECTION IN MIMO SC-FDE

In the following we assume the transmission ofNT data
blocks, each of sizeN, which are multiplexed to theNT trans-
mit antennas. This means we restrict our treatment on a sin-
gle transmission interval, which will not affect the generality.

The mathematical system model for a MIMO SC-FDE
with NR receive antennas andNT transmit antennas as given
in Figure 1 can then be written as

d̃ = (DF,NT)−1
WDF,NRHcd+ ν̃, (1)

with ν̃ = (DF,NT)−1
WDF,NRν̆, and where d =

[d1,d2, . . . ,dNT ]T describes the parallel transmitted data
blocks, ν̆ = [ν̆1, ν̆2, . . . , ν̆NR]T contains the corresponding

noise vectors,d̃ =
[

d̃1, d̃2, . . . , d̃NT

]T
are the equalized

received data blocks, and the matrixW is the MIMO
equalizer matrix. The matrices described byDZ,z = Iz ⊗Z

are block diagonal matrices withz times the matrixZ as
elements. The operator ’⊗’ indicates the Kronecker product.
The elements of theN ×N Fourier matricesFN are defined
as[FN ]n,µ = 1√

N
exp(j2π nµ

N ), wheren is the sample number
and µ is the frequency tone number.Hc is defined as a
block matrix, containing all circular channel matricesHq,p
between thep-th transmit and theq-th receive antenna,

Hc =









H1,1 H1,2 . . . H1,NT
H2,1 H2,2 . . . H2,NT

...
...

...
...

HNR,1 HNR,2 . . . HNR,NT









.

The circular channels can be obtained from the linear ones
by Cyclic Prefix-based or Unique Word-based techniques,
which modify the transmitted and the received signals.

Now let us assume we have onlyKT < NT transmit RF
modules andKR < NR receive RF modules as shown in Fig-
ure 2. Then, the digital processing system model is reduced

to a KR ×KT MIMO SC-FDE system. In case of antenna
subset selection we haveBT =

(NT
KT

)

= NT!
KT!(NT−KT)! possible

selections at transmitter-side andBR =
(NR

KR

)

= NR!
KR!(NR−KR)!

possible selections at receiver-side. From this we can con-
clude, that we haveB = BT ·BR possible channel matrices

H
(b)
c . Therefore, we modify (1) to be

d̃
(b) = (DF,KT)−1

W
(b)

DF,KRH
(b)
c d+ ν̃(b)

, (2)

with b = 0,1, ...,B−1.
From (2) we can conclude, that an antenna subset selec-

tion affectsH(b)
c , W

(b), d̃
(b), and ν̃(b). The effect onHc,

namelyH
(b)
c , is due to the different channels seen.W

(b)

is based on channel estimation. The noiseν̃(b) is affected
in two ways: by the receive antennas’ different noise levels
(caused by diversity of hardware) and by different equalizer
matricesW(b). The receiver output signald̃(b) is obviously

effected byH(b)
c , W

(b), andν̃ (b). Additionally d̃
(b) is also

affected by other hardware impairments not modeled here.
Note that a derivation of the MIMO ZF and MIMO

MMSE equalizer matrix can be found in [12] and will there-
fore be omitted here.

3. APPROACHES BASED ON OPTIMIZING THE
CHANNEL CAPACITY

The capacity of a MIMO frequency selective channel can be
described by

C(b) =

1
N

N−1

∑
µ=0

log2det

(

IKR +
1

KT

(

Λ(b)
a

H
(b,µ)
F

)H (

Λ(b)
a

H
(b,µ)
F

)

)

(3)

with

H
(b,µ)
F =











[

H
(b)
F

]

ξ (µ,1),ξ (µ,1)
. . .

[

H
(b)
F

]

ξ (µ,1),ξ (µ,KT)
...

...
...

[

H
(b)
F

]

ξ (µ,KR),ξ (µ,1)
. . .

[

H
(b)
F

]

ξ (µ,KR),ξ (µ,KT)











,
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Figure 2: MIMO Communication System with Rx- & Tx-Side Selection

where ξ (µ ,x) = µ + 1 + N(x − 1). The matrix H
(b)
F =

DF,KRH
(b)
c D

−1
F,KT

is a block matrix with the elements
[

H
(b)
F

]

q,p
= diag(Fhq,p), wherehq,p is aN ×1 vector con-

taining the linear channel impulse response between thep-th
transmit antenna andq-th receive antenna of the correspond-
ing selection.

With help of Λ(b)
a = diag(a(b)) the different average re-

ceive Signal-to-Noise Ratios (SNR) of the receive antennas
of the selected antenna setb is modeled.

The vectora(b) =

[
√

ρ (b)
1 ,

√

ρ (b)
2 , . . . ,

√

ρ (b)
KR

]T

contains

the square roots of the corresponding average receive SNRs
ρk over all frequency tonesµ .

Modification of (3) yields

C(b) =
1
N

N−1

∑
µ=0

log2 det

(

IKR +
1

KT

(

H
(b,µ)
F

)H
Λ(b)

ρ H
(b,µ)
F

)

,

(4)

whereΛ(b)
ρ = diag

(

[

ρ (b)
1 ,ρ (b)

2 , . . . ,ρ (b)
KR

]T
)

.

The aim is to find the antenna setb, so thatC(b) achieves
its maximum. Note thatb is selected for a transmission in-
terval of at least lengthN.

As can be seen from (4) an excessive search and compu-
tationally complex calculations are required to find the op-
timum antenna setb in terms of channel capacity. The ex-
cessive search overB possible configurations motivates in-
cremental and decremental methods as described in [9] and
[10]. Nevertheless we will use an excessive search based on
(4) as a reference and will refer to it as a ”C-based” method.

In Figure 3 the achievedErgodic Capacity E
{

C(b)
}

is

plotted over SNRρ for a frequency flat Rayleigh fading
channel withL = 1 tap (solid lines) and for a frequency selec-
tive Rayleigh fading channel withL = 4 taps (dotted lines).

The underlying symbol-spaced quasi-static MIMO chan-
nel model consists of tapped delay lines withL = 1,4, or 15
taps. All coefficients have zero mean and are randomly cho-
sen. The norm of the coefficients of each tapped delay line
channel is set to 1 and the noise is i.i.d. with zero mean. For
simplicity we assume here and in the followingΛ(b)

ρ = ρIKR,
which means the same average SNRρ at all receive anten-
nas, which is typically valid in a rich scattering environment.

Figure 3: Ergodic Capacity Obtained by Selection (Max,
Min, Fixed).L = 1 orL = 4. Same SNR on all Rx Antennas.

The curves labeledCmax represent the achieved ergodic
capacity, whenever the antenna subsets that lead to a maxi-
mum capacity are selected.Cmin represent the achieved er-
godic capacity, whenever the antenna subsets that lead to a
minimum capacity are selected (worst case).C1,2 represents
the achieved ergodic capacity, whenever the antenna 1 and
antenna 2 at transmitter- and receiver-side are selected, so
no adaptive selection is performed. From the frequency flat
(L = 1) curves in Figure 3 it can be seen, that in terms of
channel capacity adaptive antenna subset selection gives a
reasonable improvement compared to a fixed selection. In
case of a frequency selective channel withL = 4 taps, we
observe that the curves for the ergodic capacity obtained by
the different selection methods are becoming closer to each
other. A result that is not included confirms a similar ten-
dency for anL = 15 tap channel.

Also note, that the instantaneous capacities for frequency
selective channels of the different subsets are very similar.

At a first glance this supports the statement of [7] and
[11], that in case of frequency selective channels antenna se-
lection may not be feasible or useful. However, this result
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also allows the question, ”Is channel capacity a suitable met-
ric for antenna (subset) selection?”, because the capacities
for different antenna subsets are, in the case of frequency
selectivity, so close to each other, that such a selection can
hardly be motivated.

4. APPROACH BASED ON EQUALIZER OUTPUT
SIGNAL QUALITY

In the following we motivates antenna subset selection by the
equalizer output signal quality, which includes the equalizer
abilities. These abilities include equalization of the received
signal and separation of the originally transmitted streams.
We use known training sequences to decide which antenna
subset can be used. One can, for example, use the training
sequences for channel estimation as known sequences, which
are required anyway, so that no additional overhead arises.

One possibility is to use the Euclidean distance between
the equalizer output symbols̃d(b) and the known transmit
symbolsd

∆(b) =
∣

∣

∣
d̃

(b)−d

∣

∣

∣
. (5)

Alternatively, a decision-directed approach can be used,
where the detected symbolsd̂

(b) are used instead of a known
sequence. Here the quality of the detector will have an ef-
fect on the selection as well. Note, that the calculation of the
Euclidean distance is for example already done in a Viterbi-
decoder, which will also allow for sharing already imple-
mented hardware.

The distortion ofd has the powerP(b)
∆ = E

{

(

∆(b)
)2

}

.

A selection method can now be based onP(b)
∆ or on the

Signal-to-Distortion Power Ratio (SDR)

δ (b) =

E

{

∣

∣

∣d̃
(b)

∣

∣

∣

2
}

E

{

(

∆(b)
)2

} . (6)

The aim is to find the antenna subsetb, which minimizes
the distortion powerP(b)

∆ of the receiver output or maximizes
the receiver output SDRδ (b).

To use this method, it is required to pass the training se-
quences through the equalizer, which is normally not done.
This will not occupy additional hardware, because the equal-
izer is already implemented, but it may be required to deploy
some additional buffer units, due to the early usage of the
equalizer and the caused latency. This latency may be equal
to the one caused by the C-based approach, which also re-
quires additional calculations and has to wait for the channel
estimation results.

Note that the SDR-based method provides the following
benefits: the decision is only based on the signal quality seen
by the decoder, so all effects that cause a loss of signal quality
(e.g. synchronization errors, channel estimation errors,spa-
tial correlation, hardware effects) are inherently considered.
In addition, only simple calculations or already implemented
equalizer functions are required.

5. COMPARISON

With help of Monte-Carlo simulations we compare the C-
based and SDR-based methods in terms of their BER per-

formance over SNR, when ZF or MMSE equalizers are em-
ployed. We use the quasi-static MIMO channel model as
described in section 3 and assume that the channel is static
for the 10 transmitted data blocks per antenna. We choose
a system withNT = 3 transmit antennas andNR = 3 receive
antennas. Both methods will choose a subset ofKT = 2 at
the transmitter-side and ofKR = 2 at the receiver-side. The
feedback for the selection at the transmitter is assumed to be
error-free and without delay. The data block-lengthN is 64
and a cyclic prefix of 16 is used. The data symbols are 16-
QAM modulated. The overall transmit power is normalized
to 1 and we assume the same received SNR at all antennas.
Perfect channel knowledge and perfect synchronization is as-
sumed.

In Figure 4 the performance of the MIMO SC-FDE sys-
tem with ZF-Equalizer for different selection methods in a
1-tap (frequency flat) MIMO channel is shown. As it can be
seen theCmax-based and SDRmax-based show basically the
same performance.

Figure 4: MIMO ZF SC-FDE under Different Selections
with L = 1 Channel Tap.

Figure 5 shows the BER performances with ZF and
MMSE equalizers in a 4-tap frequency selective MIMO
channel. Here it becomes visible that the SDR-based method
clearly outperforms the C-based methods by 5-6 dB at BER
10−3 for the ZF equalizer and 2-3 dB for the MMSE equal-
izer. Interestingly the SDR-based curve for the ZF-Equalizer
almost reaches the performance of the MMSE-Equalizer.
This can be explained as follows. The SDR-based method
employs the signal quality at the equalizer output. ZF equal-
izers generally suffer from noise amplification if the channel
is frequency selective. Noise amplification contributes tothe
distortion power at the equalizer’s output, so that the SDR-
based approach will try to choose subsets that will show no or
just reduced noise amplification. Thereby, it will make use of
transmit and receive diversity offered by the subset selection
to mitigate the noise amplification. The MMSE equalizer
also gains from this diversity compared to the fixed selection.

Figure 6 shows similar results for the 15-tap channel. The
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Figure 5: MIMO SC-FDE with ZF/MMSE Equalizers under
Different Selections withL = 4 Channel Taps.

curves are becoming closer, but there is still a significant gain
of approximately 5 dB at a BER of 10−3 for the SDR-based
method compared to fixed selection in case of the ZF equal-
izer.

6. CONCLUSION

Within this contribution we acknowledged that antenna sub-
set selection can provide a significant gain in BER perfor-
mance, even in frequency selective channels, if the signal
quality of the equalizer output is used as an antenna subset
selection metric. This performance gain can be obtained by
using already implemented and shareable hardware.
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