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Abstract—Weaddress theantenna subset selection prob-
lem in spatially correlated MIMO channels. To reduce the
severe performance degradation of the traditional antenna
selection scheme in correlated channels, we propose to em-
bed DFT operations in theRF chains. The resulting system
shows a significant advantage both for diversity schemes
and for the capacity of spatial multiplexing, while requir-
ing only a minor hardwareoverhead.

I . INTRODUCTION

Wireless communications systems show large perfor-
mance improvements when using multiple antenna ele-
ments at both link ends. Analytical as well as simu-
lation studies have verified the advantages of these so-
called MIMO (Multiple-Input-Multiple-Output) systems
[16] [17] [12]. Specifically, thosesystemscan increasethe
data rate by transmitting different data streams from dif-
ferent antenna elements (spatial multiplexing, [14], [13]),
or improvethequality of asingledatastream by exploita-
tion of transmit and receivediversity.

In either case, a major drawback is the requirement for
multipleRF chains(onefor each antennaelement), which
leadsto high implementation costs. For thisreason, recent
papers [6], [8], [9], [7], have suggested antenna selection
schemes that optimally choose a subset of the available
transmit and/or receive antennas, and process the signals
associated with those antennas. This allows to combine a
largenumber of low-cost antennaelements (e.g., patch or
dipole antennas) with a small number of (high-cost) RF
chains, allowing to maximally benefit from the multiple
antennadiversitieswithin theRF cost constraint.

These antenna selection schemes work well for the un-
correlated MIMO channels (e.g., i.i.d. Rayleigh fading at
each antennaelement). Hybrid selection / maximum ratio
combining (HS-MRC) schemesperform almost aswell as
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maximum ratio combining with the same number of an-
tennaelements[9]. Similarly, spatial-multiplexingMIMO
systems with antenna selection (HS-MIMO) show high
capacity in uncorrelated channels as long as the number
of RF chains is as least as large as the number of avail-
able data streams [6],[8]. Also space-time codes com-
bined with antennaselection perform well [5].

However, most practically occurring cellular channels
exhibit fading correlation due to a nonuniform power az-
imuthspectrum(APS) at thebasestation (BS) [3], [18]. In
such channels, HS schemes performs considerably worse
than full-complexity schemes [10], because the signals at
the different antenna elements exhibit correlation, which
in turn decreases the gain of the antenna selection. In the
current paper, we present a novel, simple but highly ef-
fective, hybrid antenna selection scheme that performs as
well as full-complexity schemes in fully correlated chan-
nels, and aswell asHSin uncorrelated channels. Thenew
scheme uses a Discrete Fourier Transformation (DFT) to
the(spatial) received signal vector in theRF domain. This
can be realized in a simple, low-cost way by placing a
Butler matrix (a butterfly structure consisting of phase
shifters, adders and power splitters) between the antenna
elements and the receiver switch. This system shows
significant performance improvements for HS-MIMO as
well.

The rest of the paper is organized the following way:
Section 2 describes the system model, and the assump-
tions about the propagation channel. Next, we describe
the performance of the traditional HS-MRC scheme as
well as of our new scheme for transmit/receive diversity
schemes. Section 4 then describes the performance with
spatial multiplexing. A summary and conclusions wrap
up thispaper.

I I . CHANNEL MODEL

We consider a multiple antenna system with t transmit
and r receive antenna elements. The channel isdescribed
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Fig. 1. MIMO channel model and system diagram.

by H, the r × t transfer function of the MIMO channel.
We adopt the widely used model [11] [2][7] :

H = R1/2WT1/2, (1)

where W is a matrix with i.i.d. complex Gaussian entries
∼ NC(0, 1), and R, T are r × r, t × t matrices denot-
ing receive and transmit correlations respectively. Such a
model is usually valid when assuming independent trans-
mit and receive correlations. We furthermore assume that
the antenna arrays at both sides are uniformly spaced lin-
ear arrays, and that the angles of arrival at the transmitter
(and receiver) are Gaussian distributed around the mean
values: θ = θt + ε; ε ∼ N (0, σ2t ), and the angle spread ε
is small

Denoting dt(dr) as the relative antenna spacing of
transmitter (receiver) with respect to the carrier wave-
length, the k, l-th element of the correlation matrix R can
be expressed as [1]

[R]m,n ≈ exp[−j2π(m− n)d cos(θr)]×
exp{−1

2[2π(m− n)d sin(θr)σr]2}. (2)

To simplify the analysis we assume only receive corre-
lation here, while the fading at the transmitter is uncorre-
lated T = It.This is realistic for the uplink of a cellular
system, where the mobile station sees a uniform APS.

We furthermore assume the directions-of-arrival at the
receiver are Gaussian-distributed around the mean values:
θ = θt + ε; ε ∼ N (0, σ2t ). This allows a closed-form
computation of the entries of R, see [1]. The directions-
of-arrival at the transmitter are uniformly distributed, so
that T is a t × t identity matrix It. This is a reasonable
model for the uplink of a cellular system.

III. TRANSMIT/RECEIVE DIVERSITY

We first consider a system with a single data stream
1. For simplicity only receive antenna selection is dis-
cussed in this paper, while the transmitter fully exploits

all available antennas. However, the transmit selection can
be handled in duality. To maximize the diversity gain, an
information stream is multiplied by a t-dimensional com-
plex weighting vector before it is modulated to the pass-
band and applied to each of the t transmitting antennas.
In a conventional HS-MRC receiver, L out of the r obser-
vation streams are selected, downconverted, and linearly
combined. In our new scheme, the observation streams
are passed through a r × r Fourier transformation before
the selection; the purpose of the Fourier transform will be
explained below. The (conventional) system can be math-
ematically expressed by

�x(k) = H�vs(k) + �n(k), (3)

where s(k) ∈ C is the transmitting stream, �x(k) ∈ Cr
is the sample stacks of the complex-valued receiver data
sequence, and H is the r × t channel transfer function.
The total transmission power is constrained to P . The
thermal noises �n(k) ∈ Cr are white i.i.d Gaussian ran-
dom processes with independent real and imaginary parts
and variance NIr, and �v is the t-dimensional transmitter
weighting vector satisfying ‖�v‖ = 1.

For the determination of the optimum weights we in-
troduce the singular value decomposition (SVD) of H:
H = UΣV, where U and V are unitary matrices rep-
resenting the left and right singular vector spaces of H,
respectively; and Σ is the diagonal matrices consisting of
all the singular values of H. For convenience we will de-
note λi(A) as the i-th largest singular value of a matrix
A.

1) No Antenna Selection When there is no antenna
selection, to estimate the information stream s(k), a
linear combination of all the r observation streams
with coefficient vector �u is performed at the
receiver: ŝ(k) = �u∗H�v + �u∗�n(k).To maximize the
estimate SNR (Signal-to-Noise Ratio), it is obvious
that MRT and MRC should be adopted in this case,
i.e. �u (�v) should be the singular vector in U (V)
corresponding to the largest singular value λ1(H).
The resulting SNR is then ρλ2

1() where ρ = PN is
the nominal SNR.

2) Antenna Selection Now we assume that L out of
the r antenna elements are selected at the receiver.
Mathematically, each selection option corresponds
to a reduced-size transfer function matrix, which is
formed by extracting the L rows of H that are as-
sociated with the selected antennas. We denote the
set of all such submatrices as SL(H). Therefore for
the pure L/r antenna selection, the optimal SNR
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achieved is
max

H̃∈S � (H)
ρλ21(H̃).

As mentioned above, this scheme shows good per-
formancewhen thefadingat theantennaelementsis
independent. However, for strongly correlated fad-
ing, performance is bad. In the limit of a single in-
cident fading wave, maximum ratio combining re-
duces to purebeamforming, resulting in an increase
of the average SNR, but no change of the slope of
the SNR distribution. The beamforming gain, i.e.,
the gain in the average SNR is proportional to the
number of combined signalsr. A selection diversity
scheme performs badly because it has a low beam-
forming gainL, while (dueto thestrong correlation
of the fading) it cannot providediversity gain.

3) DFT-based selection: For our new schemewesend
all received observation streams through a (spatial)
Fourier transform beforeselection and downconver-
sion. Thiscan beimplemented easily by meansof a
Butler matrix, which performsaDFT in the RF do-
main. The r-point DFT matrix is illustrated by the
r × r matrix F in Figure1, which isof the form

F = 1√r











1 1 . . . 1
1 e−jω � . . . e−j(r−1)ω �

...
...

. ..
...

1 e−j(r−1)ω � . . . e−j(r−1) � ω �











whereωr = 2π
r . When F is inserted before selection, the

antennaselection isperformed on thevirtual channel FH.
In the meanwhile, the thermal noises are also multiplied
by F, resulting an a (different) vector of i.i.d. Gaussian
noise variables. Following the same argument as in part
2, theoptimal SNR after maximal ratio combining isnow

SNRopt = max
F̃∈ � (F)

max
�u,‖�v‖=1

ρ|�u∗F̃H�v|2|�u∗F̃|2
= max

F̃∈ � (F)
ρλ21(F̃H). (4)

Let us next give an intuitive argument for the use of the
DFT. The output of the DFT can be regarded as ”beams”
oriented into different directions in space. Each beam im-
plicitly has a beamforming gain proportional to the di-
mension of the DFT, which is r. In a strongly corre-
lated channel, the scheme just picks the strongest beam,
and is thus as good as MRC. When the PAS is uniform,
the DFT has no effect on the performance: selecting the
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Fig. 2. 10% outage capacity with respect to the relative antenna
spacing d: original channel (solid surve), pure antenna selection (dot-
ted curve) and DFT-antenna selection (dash-dotted curve) with t = 2,
r = 8, ρ = 20db, θ = �

� and σ � = �
��� .

best L beams and combining them with maximum ratio
combining gives the same performance as selecting the
best L antenna signals. This interpretation is supported
by Fig. 2 which shows the 10% outage capacity (as de-
fined by [14]) as a function of the fading correlation for
a system with 2 transmit antennas, r = 8 receive antenna
elements, and L = 3 RF chains. We see that for large
correlation (meaning a small ratio of antenna spacing to
correlation length of the channel, antenna selection per-
forms considerably worse than the DFT-based selection
or the full-complexity scheme. At low correlation, DFT-
based selection shows the same performance as antenna
selection. Fig. 3 showsthecapacity distribution functions
for all three schemes with different numbers of receiver
chains L. We see that our DFT-based selection outper-
formsantennaselection especially for small L.

IV. SPATIAL MULTIPLEXING

Contrary to the transmission of a single information
stream over multiple antennas in Section III, different
streams can be applied on different antenna elements to
provideamaximal datarate, which is illustrated in Figure
4 In this case, thesystem model is

�x(k) = H�s(k) + �n(k), (5)

where �s(k) is now a t × 1 vector denoting the transmit
sequences. As the channel realization is unavailable at
the transmitter, we assume even power distribution, i.e
E [�s(k)�s∗(k)] = 1

t It . With spatial multiplexing, capacity
is thevital parameter to evaluate thesystem performance.
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Fig. 4. System and channel model for spatial multiplexing.

1) Capacity using all antennas. The channel capacity
of the original MIMO system in (5) at equal power
distribution is well known to be

C =
t∑

i=1
log2[1 + ρ

t |λi(H)|2]. (6)

2) Antenna Selection. With antenna selection in the
receiver end, the optimal choice that maximizes the
resulting capacity is

C = max
H̃∈S � (H)

L∑
i=1

log2[1 + ρ
t |λi(H̃)|2]. (7)

3) DFT-based selection. Similarly, with DFT in-
volved, the optimal achievable capacity after an-
tenna selection is given by (7) with H replaced by
FH.

Again, we see that the DFT-based selection shows con-
siderably better performance than antenna selection (Fig.
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5). For L = 1, the performance of both antenna selec-
tion and DFT-based selection is much worse than for a
full-complexity scheme, since the number of receive RF
chains is smaller than the number of transmit antennas,
so that the separation of data streams becomes difficult.
For L ≥ t, both selection schemes can support the t data
streams, but the DFT-based scheme outperforms antenna
selection scheme by about 2bit/s/Hz, because it has better
SNR. Figure 6 shows the 10% outage capacity as a func-
tion of the ratio of antenna spacing to channel correlation
length.

V. SUMMARY AND CONCLUSIONS

We presented a new antenna selection scheme that
shows excellent performance for arbitrary fading corre-
lation of the received signals. The received signals are
first spatially Fourier-transformed, and then the best L
out of the total r received signals are downconverted and
processed. We show that this scheme performs as well as
L/r HS-MRC in uncorrelated-fading channels, and much
better, namely as well as r-signal MRC in strongly cor-
related channels. It has (apart from a Butler matrix) the
same hardware effort as L/r HS-MRC, which means the
saving of r − L RF chains compared to r−signal MRC.
Computer experiments confirm our conclusions. We note
that while the formulation here was given for selection
at the receiver, the scheme can be implemented in a com-
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pletely analogousfashion at thetransmitter, or at both link
ends.

This scheme has the advantage that it requires only a
fixed RF circuit, namely a Butler matrix. An alternative
approach would be the use of an adaptive scheme, where
an adaptive phase transformation matrix is used instead
of the Butler matrix [15]. This approach shows better
performancein uncorrelated channels, but requireshigher
implementation complexity. Furthermore, the current ap-
proach can also be used when only partial channel infor-
mation (e.g., average power azimuth spectrum) is avail-
able, as is often the case in FDD (frequency division du-
plexing).

Summarizing, we have presented a simple yet effec-
tive scheme for performance improvement of reduced-
complexity multiple-antennaschemes.

Acknowledgement: Part of this work was supported
by an INGVAR grant of the Swedish Strategic Research
Foundation.

REFERENCES

[1] D. Asztely, “On AntennaArrays in MobileCommunication Sys-
tems: Fast Fading and GSM BaseStation Receiver Algorithms”,
Tech. Rep. IR-S3-SB-9611, Royal Instituteof Technology, Stock-
holm, Sweden, March 1996.

[2] H. Bölcskei and A. J. Paulraj, “Performance Analysis of Space-
Time Codes in Correlated Rayleigh Fading Environments” , in
Proc. Asilomar Conf. Signals, Syst. Comput., Pacific Grove, CA,
USA, pp. 687-693, Nov. 2000.

[3] R. B. Ertel, P. Cardieri, K. W. Sowerby, T. S. Rappaport and J.H.
Reed, “Overview of Spatial Channel Models for Antenna Array
Communication Systems”, IEEE Trans. Pers. Commun., vol. 41,
pp. 10-22, Feb. 1998.

[4] G. J. Foschini and M. J. Gans, ”On Limits of Wireless Commu-
nications in aFading Environment When Using MultipleAnten-
nas” , Kluwer WirelessPersonal Comm. 6, 311-335, 1998.

[5] A. Ghrayeb and T. M. Duman, ”Performance analysis of MIMO
systems with antenna selection over quasi- fading channels” ,
2002 IEEE Symp. Inf. Theory, p. 333, 2002.

[6] D.Gore, R.Nabar, and A.Paulraj, “Selection of an optimal set
of transmit antennas for a low rank matrix channel,” in Proc.
ICASSP2000, pp. 2785–2788, 2000.

[7] D. A. Gore and A. J. Paulraj, “MIMO Antenna Subset Selection
with Space-Time Coding” , IEEE Trans. Signal Processing, vol.
50, no. 10, pp. 2580-2588, Oct. 2002.

[8] A. F. Molisch, M. Z. Win and J. H. Winters, “Capacity of MIMO
Systems with Antenna Selection” , in Proc. IEEE Intl. Comm.
Conf., Helsinki, Finland, 2001, pp. 570-574.

[9] A. F. Molisch, M. Z. Win, and J. H. Winters, ”Reduced-
Complexity Transmit/Receive-Diversity Systems”, Proc. VTC
spring 2001, pp. 1996-2000, 2001.

[10] A. F. Molisch, M. Z. Win, and J. H. Winters, „Performance
of Reduced-Complexity Transmit/Receive-Diversity Systems“,
Proc. Wireless Personal Multimedia Conf.,Honululu, HA, USA,
738-742 (2002).

[11] D. Shiu, G. J. Foschini, M. J. Gans, and J. M. Kahn, “Fading
Correlation and Its Effect on the Capacity of Multi-element An-
tenna Systems”, IEEE Trans. Commun., col. 48, pp 502-513,
Mar. 2000.

[12] V. Tarokh, N. Seshadri and A. R. Calderbank, “Space-Time
Codes for High Data Rate Wireless Communication: Perfor-
mance Criterion and Code Construction” , IEEE Trans. Inform.
Theory, vol. 44, pp. 744-765, Mar. 1999.

[13] G. J. Foschini, G. D. Golden, R. A. Valenzuela, and P. W. Wolni-
ansky, “Simplified processing for high spectral efficiency wire-
less communication employing multi-element arrays,” IEEE J.
Seceted Areas Comm., vol. 17, pp. 1841–1852, 1999.

[14] G. J. Foschini and M. J. Gans, “On limits of wireless commu-
nications in fading environmentswhen using multipleantennas,”
Wireless Personal Comm., vol. 6, pp. 311–335, 1998.

[15] X. Zhang, A. F. Molisch, and S. Y. Kung, "Phase-shift based
antenna selection for MIMO channels", submitted to Globecom
2003

[16] I. Emre Telatar, “Capacity of Multi-Antenna Gaussian Chan-
nels” , European Trans. on Telecomm., vol. 10, no. 6, pp. 585-
596, Nov.-Dec. 1999.

[17] J. H. Winters, “On the capacity of radio communications sys-
tems with diversity in Rayleigh fading environments,” IEEE J.
Selected Areas Comm., vol. 5, pp. 871–878, June1987.

[18] M. Steinbauer and A. F. Molisch, “Directional channel models”
Sec. 3.2 in L. Correia (ed.) Flexible Personalized Wireless Com-
munications, Wiley, 2001.


	Title Page
	Title Page
	page 2


	DFT-Based Hybrid Antenna Selection Schemes for Spatially Correlated MIMO Channels
	page 2
	page 3
	page 4
	page 5
	page 6


