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ABSTRACT inherits OFDM'’s advantages (e.g. robustness against-multi
Antenna (subset) selection is a feasible scheme to redugath, efficiency by using the Fast Fourier Transform (FFT)
the hardware complexity of Multiple-Input Multiple-Outpu  algorithm) [4]. OFDM is widely studied in combination with
(MIMO) systems. Studies of antenna selection schemes aMIMO systems, whereas MIMO SC-FDE systems are stud-
typically based on channel capacity optimizations employied less often.
ing frequency flat channel models, which are inconsistent Antenna selection or antenna subset selection is moti-
with MIMO systems employing spatial-multiplexing. Such vated by the reduction of the required complexity of analog
systems aim to offer a high data-rate transmission, so thaadio hardware and of the digital processing hardware. This
the channel is usually of frequency selective nature. Is thigenerally yields a reduction of power consumption, which is
contribution we study antenna subset selection at tratesmit especially relevant for mobile devices. In addition, angn
and receiver-side for the MIMO Single Carrier (SC) schemgsubset) selection allows for significant gains in perfangea
with Frequency Domain Equalization (FDE) in frequency se-and capacity by exploiting diversity at the transmitterd/am
lective channels. As an alternative selection metric theai  the receiver-side.

quality of the MIMO equalizer output is used. As first indication for the hardware requirements of a
MIMO chip, the following information for a system-on-chip
1. INTRODUCTION (SoC) integrated SISO Wireless LAN transceiver [5] can be

Current and future wireless applications (e.g. digital?escehdn'O@gﬁsarr:so?tzélmpe %;tggg:aeﬁ gfs#]rg c%'i\goiss Sigi-
videofaudio broadcast, video telephony, virtual reaftye- Jal logic. In transmit mbde, the power dissipation is 180mA

high data-rate links in wireless communication networks int 1-8V and in receive mode power dissipation is 175mA at

indoor and outdoor environments. Systems with multipleL-8Y- I [6] the demands and challenges of MIMO trans-
antennas at the transmitter-side and at the receiver-side, c€Ver Radio Frequency Integrated Circuit (RFIC) are re-
called MIMO systems, are seen as a key technology to fulP9rted: The RFIC integrates two complete radio paths on
fill these demands, without occupying additional expensivén€ Same chip and itis reported that the isolation and the cal
signal bandwidth. MIMO systems can offer higher speciPration of the different transmit or receive paths is esgiec.
tral efficiency at the expense of additional analog and aligit c1a/lenging. This creates complications such as higher int
hardware, yielding additional costs, power consumptiad, a 9ration densities, but also limits the number of analogtron
space requirements. _ends for. a given Q|e area. Hence, antenna subset selectlon
High data-rate systems typically require a signal band'S a feasible candidate for reducing hardware complexity an
width that is higher than the channel coherence bandwidtt52vings of die area. _
so frequency selective fading degrades the quality of the In the literature most of the antenna (subset) selection
communication link. Two signaling schemes are widely acSchemes are based on the received input power [7] and [8]
cepted to mitigate the effect of frequency selectivity waa- ~ OF on channel capacity studies [9] and [10]. A comprehen-
sonable complexity for equalization in indoor and in outdoo Sive overview about the active research in this area is given
environments. The first is the well-known Orthogonal Fre-[7] and [11]. As one can note, this research is mainly based
quency Division Multiplexing (OFDM) scheme, which uses ON flat fading channel_ mo_dels. As stated in [7], _schemes
multiple carriers to transmit the data at lower rates in jielya  JuSt based on the receiver input power are only valid for fre-
and the second is the Single Carrier with Frequency Domaifiuéncy flat channels and diversity schemes.
Equalization (SC-FDE) scheme, which employs a high rate  In [7] and [11] it is also stated, that in case of frequency
single carrier transmission [1]. selective channels antenna selection may not be feasible or
As of today SC-FDE is only deployed in IEEE 802.16 [2] useful. Therefore, the question arises as to how antenna se-
as an alternative scheme and may also be deployed for brodg@ction can be valid for MIMO systems, which aim to provide
band CDMA techniques [3]. Nevertheless, SC-FDE is gainhigher data rates by using spatial multiplexing. Here typi-
ing more and more interest, because SC signaling is a provéally the signal bandwidth is larger than the coherence band
technology that can relax certain drawbacks of OFDM transwidth of the channel, so that the channel will be frequency
mission (e.g. inefficient usage of power amplifiers caused bgelective.
the high Peak-to-Average-Power-Ratio of transmission; se  Within this contribution we show that antenna subset se-
sitivity to phase noise and frequency offsets), while SC=FD lection is also motivated by the abilities of the equaliZenr
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Figure 1: MIMO SC-FDE with Spatial Multiplexing fdxy Transmit and\r Receive Antennas

our study we choose MIMO SC-FDE with spatial multiplex-to a Kg x Kt MIMO SC-FDE system. In case of antenna
ing as a signaling scheme. Nevertheless the similarities Gubset selection we ha®& = (ET> - % possible
SC-FDE and OFDM also allow re-using the techniques for . : T T,\',éNT_ ™! Ng!
OFDM-based systems. The antenna subset selection is doff@€ctions at transmitter-side aBg = (&) = KRI(NR —KR)!
at the transmitter- and at the receiver-side, and the practpossible selections at receiver-side. From this we can con-
calimportant linear receivers based on the Zero-Forcifig (Z clude, that we hav® = By - Bg possible channel matrices
criterion and the Minimum Mean Square Error (MMSE) cri- Hgt’)_ Therefore, we modify (1) to be
terion are deployed.
(b ~Lyxr(b b ~(b
2. SYSTEM MODEL OF ANTENNA SUBSET ¥ = (Dp k) *WODpHIA O, ()

SELECTION IN MIMO SC-FDE withb=0,1,... B—1.

In the following we assume the transmission Nf data From (2) we can conclude, that an antenna subset selec-
blocks, each of sizW, which are multiplexed to thiér trans- 4, affectst;b), WO, A0 andv®. The effect onH,
mit antennas. This means we restrict our treatment on a sin- (b)

: : b
gle transmission interval, which will not affect the geriigga ~ "@melyHc™, is due to the different channels seelv )
The mathematical system model for a MIMO SC-FDEIS based on channel estimation. The ndi$¥ is affected

with Ng receive antennas amét transmit antennas as given in two ways: by the receive antennas’ different noise levels
in Figure 1 can then be written as (caused by diversity of hardware) and by different equalize

. . . matricesW (). The receiver output signa® is obviously
d=Drn)  WDrnHed +V, @) effected byH®, W), andv® . Additionally d® is also
with 0 = (DFNT)_1WDFN v and where d — affected by other hardware impairments not modeled here.
d;,d dn ]’ ’describes fhz ,arallel transmitted data Note that a derivation of the MIMO ZF and MIMO
[da, 2503 NI] . ST pa "HIMMSE equalizer matrix can be found in [12] and will there-
blocks, v = [v1,V2,...,Vng] contains the corresponding fore be omitted here.
noise vectors,d = [d1,dp,...,dn,]" are the equalized
received data blocks, and the matWw is the MIMO 3. APPROACHESBASED ON OPTIMIZING THE
equalizer matrix. The matrices describedDy,; =1, ® Z CHANNEL CAPACITY

are block diagonal matrices with times the matrixZ as ) ]
elements. The operator’ indicates the Kronecker product. The capacity of a MIMO frequency selective channel can be

The elements of th&l x N Fourier matrice&y are defined described by
as[Fn], , = ﬁexp(jZn%), wheren is the sample number

and i is the frequency tone numberH, is defined as a ct =

Elock matrix, containing all circular channel matricHg, iN—l 1 e G\ ( n(byerdH)
etween the-th transmit and the-th receive antenna, N Z Iogzdet<IKR+ Ky (/\a Hp ) (/\a Hp ))
Hy, Hi, .. Hyy H=o @)
HZ,l H272 . H27NT
He=1 S : with
HNR,l HNR,2 ces HNRNT H(b’“) _

The circular channels can be obtained from the linear ones™ F

by Cyclic Prefix-based or Unique Word-based techniques, {HS’)} [H(qu

which modify the transmitted and the received signals. $(1,1),8(p1) Eu 1) &(ukr) |
Now let us assume we have oy < Nyt transmit RF : :

modules an&r < Ng receive RF modules as shown in Fig- a® a®

ure 2. Then, the digital processing system model is reduced { F L(LJ,KR),E(M) { F :|€(I»17KR)7£(I»17KT)
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Figure 2: MIMO Communication System with Rx- & Tx-Side Sdlen
where &(1,x) = 4+ 1+N(x—1). The matrix H'(:b) _ Ergodic Capacity of 2(3) Antenna Subset Selection on Rx & Tx

(Channel Realizations: 2500)

DEKRHéb)DI;lKT is a block matrix with the elements 14
’ - L=1, CleX selected

H(b)} = diag(Fhq ), wherehg p is aN x 1 vector con-
[ F a,p o q,p) &P x ,_e_Lzl,Cminselected

[\

taining the linear channel impulse response betweep-the

. . L=1,C, _ selected
transmit antenna angith receive antenna of the correspond- - 12

ing selection. 10p o L=4,C  selected
With help of A’ = diaga(®) the different average re- £ || L= Cpy, selected
ceive Signal-to-Noise Ratios (SNR) of the receive antennag: g- |-+ L=4,C, , selected
of the selected antenna ¢eis modeled. ; 5
The vectora® = {\/pib),\/péb),...,\/p,g] contains iéo ]
the square roots of the corresponding average receive SNRS

px over all frequency tones.
Modification of (3) yields

1Nt 1 H
et =2 Zologzdet<IKR T (HS”‘”) /\gmH‘Fbv“)) :
u:

0 L
0 10 15 20
. (4) SNR / dB
(b) _ 4 (b) (b) (b)
where/, d'angl P2 ""’pKR} > Figure 3: Ergodic Capacity Obtained by Selection (Max,

Min, Fixed).L = 1 orL = 4. Same SNR on all Rx Antennas.

The aim is to find the antenna getso thailC®) achieves
its maximum. Note thab is selected for a transmission in-
terval of at least lengti. The curves labele@max represent the achieved ergodic
As can be seen from (4) an excessive search and compgapacity, whenever the antenna subsets that lead to a maxi-
tationally complex calculations are required to find the opIMum capacity are selecte@min represent the achieved er-
timum antenna set in terms of channel capacity. The ex- godic capacity, whenever the antenna subsets that lead to a
cessive search ové@® possible configurations motivates in- MiNimum capacity are selected (worst casey), represents
cremental and decremental methods as described in [9] akd€ achieved ergodic capacity, whenever the antenna 1 and
[10]. Nevertheless we will use an excessive search based @htenna 2 at transmitter- and receiver-side are seleoted, s
(4) as a reference and will refer to it as a "C-based” methodN© adaptive selection is performed. From the frequency flat

. . ' . o) (L = 1) curves in Figure 3 it can be seen, that in terms of
In Figure 3 the achievefirgodic Capacity E | C' )} IS channel capacity adaptive antenna subset selection gives a

plotted over SNRp for a frequency flat Rayleigh fading reasonable improvement compared to a fixed selection. In
channel withL = 1 tap (solid lines) and for a frequency selec-case of a frequency selective channel witk= 4 taps, we
tive Rayleigh fading channel with = 4 taps (dotted lines).  observe that the curves for the ergodic capacity obtained by
The underlying symbol-spaced quasi-static MIMO chan+the different selection methods are becoming closer to each
nel model consists of tapped delay lines witk- 1,4, or 15  other. A result that is not included confirms a similar ten-
taps. All coefficients have zero mean and are randomly chadency for arL. = 15 tap channel.
sen. The norm of the coefficients of each tapped delay line Also note, that the instantaneous capacities for frequency
channel is set to 1 and the noise is i.i.d. with zero mean. Faelective channels of the different subsets are very simila
simplicity we assume here and in the followit\&j) = plkg, At a first glance this supports the statement of [7] and
which means the same average SpIRt all receive anten- [11], thatin case of frequency selective channels antegna s
nas, which is typically valid in a rich scattering environme lection may not be feasible or useful. However, this result
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also allows the question, "Is channel capacity a suitable meformance over SNR, when ZF or MMSE equalizers are em-
ric for antenna (subset) selection?”, because the capscitiployed. We use the quasi-static MIMO channel model as
for different antenna subsets are, in the case of frequenaescribed in section 3 and assume that the channel is static
selectivity, so close to each other, that such a selectian cdor the 10 transmitted data blocks per antenna. We choose
hardly be motivated. a system withiNt = 3 transmit antennas aridk = 3 receive
antennas. Both methods will choose a subsdff 2 at
4. APPROACH BASED ON EQUALIZER OUTPUT the transmitter-side and &z = 2 at the receiver-side. The
SIGNAL QUALITY feedback for the selection at the transmitter is assumed to b
error-free and without delay. The data block-lenbtlis 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 synchronizatiostis a

In the following we motivates antenna subset selection by th
equalizer output signal quality, which includes the eqeali
abilities. These abilities include equalization of theeiged
signal and separation of the originally transmitted stream
We use known training sequences to decide which anten

subset can be used. One can, for example, use the training" | - lfigure 4 the performance of the MIMO SC-FDE sys-

sequences for channel estimation as known sequences, Whigh '\ i qualizer for different selection methods in a
are required anyway, so that no additional overhead arises. _tap (frequency flat) MIMO channel is shown. As it can be

One possibility is to use the Euclidean distance betwee ;
~ een theCnac-based and SDRy-based show basically the
the equalizer output symbot® and the known transmit ¢zme perfo?)r;ance. y

symbolsd
AD) —

da® — d‘ , (5) BER Performance of 2(3) x 2(3) SC-FDE Systems with ZF-Eq.
(Channel-Length: 1, Channel Realizations: 2500)

Alternatively, a decision-directed approach can be used, 10°
where the detected symbal€” are used instead of a known g
sequence. Here the quality of the detector will have an ef- |11
fect on the selection as well. Note, that the calculatiorhef t
Euclidean distance is for example already done in a Viterbi- |
decoder, which will also allow for sharing already imple- 10 ¢
mented hardware.

istorti (b) )2 1030
The distortion ofd has the poweP, * = E (A ) . o
m :
A selection method can now be basedRiPw) oronthe ° 1074
Signal-to-Distortion Power Ratio (SDR)
E{ |d® ‘2 107 —-ZF: fixed selection 3
(b) _ ( 6) -o-ZF: Cmax selected
N E (A(b))z ’ 10°F ~-ZF: C . selected et ; 1
—7F: SDRmax selected| !

107

The aim is to find the antenna subbgwhich minimizes
the distortion powePA(m of the receiver output or maximizes

i b : , ,
the receiver output SDE®. , . Figure 4 MIMO ZF SC-FDE under Different Selections
To use this method, it is required to pass the training Seyith | = 1 Channel Tap.

guences 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 deplo . . :
come addilonal bufler U, due [ the eary usage of ASE SIUSITELS 10 8 4iap Tedency seeeve MO,
equalizer and the caused latency. This latency may be equgl Vo ; h based hods b d

to the one caused by the C-based approach, which also r early outperforms the C-based methods by 5-6 dB at BER

; L ; . 02 for the ZF equalizer and 2-3 dB for the MMSE equal-
gg;irr?]saﬁgg|:g)snualliscalculatlons and has to wait for the cleann izer. Interestingly the SDR-based curve for the ZF-Eqealiz

Note that the SDR-based method provides the foIIowingaFImOSt reaches the performance of the MMSE-Equalizer.

"e P . : his can be explained as follows. The SDR-based method
benefits: the decision is only based on the signal quality see . : ;
by the decoder, so all eﬁectgthat cause a Iosg of s(iqgnaitu}%ual employs the signal quality at the equalizer output. ZF equal

(e.g. synchronization errors, channel estimation erspa; izers generally suffer from noise amplification if the cheln
tial correlation, hardware effects) are inherently coesid, is frequency selective. Noise amplification contributethi®

In addition, only simple calculations or already implenszht ggégg'gn F;g\g;: \;?/ti"t?re t?) qgﬁé'ggéssggggg’tﬁgt wﬁlltstﬁgwsn%%r
equalizer functions are required. PP y

just reduced noise amplification. Thereby, it will make uke o
transmit and receive diversity offered by the subset select

5 COMPARISON to mitigate the noise amplification. The MMSE equalizer
With help of Monte-Carlo simulations we compare the C-also gains from this diversity compared to the fixed selectio
based and SDR-based methods in terms of their BER per- Figure 6 shows similar results for the 15-tap channel. The

012345678 910111213141516171819 20
SNR /dB

Figure 5 shows the BER performances with ZF and
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BER Performance of 2(3) x 2(3) SC-FDE Systems
(Channel-Length: 4, Channel Realizations: 2500)

1
~ 0 —+ZF: fixed selection
E o ZF:C selected L
10_4 | max
—--ZF: Cmin selected
—Z7F: SDR selected
5 max
107 £|. - MMSE: fixed selection
.o-MMSE: C selected
% max
10 "£|.o-MMSE: C . selected 4
min N
.-.-MMSE: SDR selected
7 max
10

01234567 891011121314151617181920
SNR /dB

BER

BER Performance of 2(3) x 2(3) SC-FDE Systems
(Channel-Length: 15, Channel Realizations: 5000)

—+7F: fixed selection
o 7ZF: Cmax selected

E|lo-ZF: Cmin selected
—Z7F: SDR__ selected
max

f [-*-MMSE: fixed selection o
-0-MMSE: C_  selected NN,

£|-©- MMSE: Cmin selected : N

.-.-MMSE: SDR __ selected { BN
max % ]

01234567 891011121314151617181920
SNR /dB

Figure 5: MIMO SC-FDE with ZF/MMSE Equalizers under Figure 6: MIMO SC-FDE with ZF/MMSE Equalizers under

Different Selections with. = 4 Channel Taps.

curves are becoming closer, but there is still a significairt g
of approximately 5 dB at a BER of 16 for the SDR-based

Different Selections with. = 15 Channel Taps.

[5] S. Mehta, D. Weber, M. Terrovitis, K. Onodera, et. al.:

method compared to fixed selection in case of the ZF equal-

izer.

6. CONCLUSION

(6]

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 subs

selection metric. This performance gain can be obtained by

using already implemented and shareable hardware.
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