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Abstract— Antenna selection combined with dual-polarized
antennas offers an attractive alternative for realizing higher
order multiple-input multiple-output (MIMO) configurations in
compact, low-complexity devices. In this paper we analyze the
performance of antenna selection for narrowband dual-polarized
MIMO systems with linear minimum mean square error (MMSE)
receivers. We theoretically analyze the impact of cross-polar
discrimination on the achieved antenna selection gain for dual-
polarized MIMO channels. We use channel measurement data
collected at 2.4 GHz in a typical office environment to compare
the performance of spatial and dual-polarized MIMO with
respect to antenna selection. Our bit-error-rate (BER) results
indicate that antenna selection with dual-polarized antennas can
achieve significant performance gains for compact configurations
with only a nominal increase in complexity.

I. I NTRODUCTION

The multiple-input multiple-output (MIMO) architecture
has the potential to dramatically improve the performance of
wireless systems. Much of the focus of research has been
on uni-polarized spatial array configurations where antenna
elements are separated in space. These systems require an
inter-element spacing of the order of a wavelength to achieve
significant gains in NLOS channels; even larger spacing is
required for LOS channels [1]. In this regard, dual-polarized
antennas have received much attention as an attractive alter-
native for realizing MIMO architectures in compact devices.

The main drawback of the MIMO architecture is that the
gain in performance comes at a cost of increased hardware
complexity in terms of multiple RF chains at the transmitter
and receiver. Antenna selection is a technique which can
alleviate these costs but still exploit the diversity benefits
offered by the MIMO architecture. This technique has been
extensively studied in the context of spatial channels (see[2]
and the references therein). We emphasize that this strategy is
all the more relevant for compact portable devices, which are
often constrained by complexity, power and cost.

Antenna selection, when combined with dual-polarized an-
tennas, may be a solution that could enable compact systems
to exploit the benefits of the MIMO architecture with only
a nominal increase in complexity. However, MIMO channels
with polarization diversity cannot be modeled like pure spatial
channels, because the subchannels of the MIMO channel
matrix are not identically distributed [3]. They differ in terms
of average received power, Ricean K-factor, cross-polar dis-
crimination (XPD) and correlation properties [4]. As a result,

the performance of antenna selection for these channels needs
to be evaluated. To the best of our knowledge, this issue has
not been addressed in the literature.

We consider VBLAST transmission with linear MMSE
receiver signal processing [5]. The most popular antenna selec-
tion strategy has been to choose transmit or receive antennas
that maximize the Shannon capacity for MIMO channels [2],
[6]. However, such antenna selection solutions are unlikely to
achieve optimum error performance for systems with limited
complexity receivers [7]. Various approaches to minimize the
BER of linear receivers have been proposed in the literature
[7]–[9]. In this paper, we consider the MMSE based antenna
selection approach proposed in [7], which has been shown to
out-perform other techniques for spatial multiplexing systems
with linear MMSE receivers.

The main objective of this paper is to analyze the perfor-
mance of antenna selection for MIMO channels in the presence
of polarization diversity. We provide a theoretical treatment
for the 2 × 2 dual-polarized Rayleigh MIMO channel. We
also provide empirical results for a line-of-sight (LOS) and
non-LOS (NLOS) channel, measured at 2.4 GHz in a typical
indoor office environment. In these measurements we have
observed a coincidence of low K-factors and high XPD. In
such channels, dual-polarized MIMO configurations incur an
SNR and a diversity deficit when compared to spatial systems
[4]. On the other hand, the correlation between the subchannels
of dual-polarized MIMO channel are very low, even in the
LOS environment. We use the measured channel samples to
a compare the performance of antenna selection in terms of
BER, between spatial and dual-polarized configurations fora
range of values of the array length (L).

This paper is organized as follows: Section II discusses the
dual-polarized MIMO channel and Section III presents the
MMSE based antenna selection strategy. In Section IV we
analytically study the effect of XPD on the performance of
antenna selection in dual-polarized MIMO channels. Section
V provides details about the indoor channel measurement
campaign. Section V presents BER results for (2,1)/(2,1) and
(4,2)/(4,2) selection for a range of values of the array length
and Section VII concludes the findings of this paper.

II. D UAL -POLARIZED MIMO

Consider a system withnt transmit andnr receive antennas.
When all the antennas are vertically polarized, the subchannels
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Fig. 1. Antenna Selection for Dual-polarized MIMO

of the MIMO channel matrixH are usually assumed to be
identically distributed. However, when antennas with different
polarizations are employed at either ends of the link, the
properties of the co-polar subchannels differ significantly from
those of the cross-polar subchannels. Hence for dual-polarized
configurations, the channel matrix can be conveniently written
as
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wherenV
t , nH

t are the number of vertically and horizontally
polarized elements at the transmitter, respectively. Similarly
nV

r , nH
r are the number of vertically and horizontally polar-

ized elements at the receiver, respectively. The elements of
the submatricesHV V and H

HH correspond to the co-polar
subchannels inH, while H

V H and H
HV correspond to the

cross-polar subchannels.
The transmitted radio signal, as it traverses through the

wireless channel, undergoes multiple reflections and scattering,
resulting in a coupling of the orthogonal state of polarization.
This phenomenon is referred to as depolarization. Cross-polar
discrimination (XPD) is a measure of depolarization in a
wireless channel, and is defined as

XV = E{|hV V |2}/E{|hHV |2}
XH = E{|hHH |2}/E{|hV H |2}, (2)

wherehIJ : I, J ∈ {V,H} is an element of the sub-matrix
H

IJ and E{Z} denotes the expectation of random variable
Z. Typically XPD values are high in channels with limited
scattering such as LOS channels and much lower in NLOS
channels. However high XPD values have been observed even
in NLOS channels, in some measurement campaigns [4], [10].
Further, owing to the different propagation characteristics of
horizontally polarized waves and vertically polarized waves,
β = E{|hHH |2} ≤ E{|hV V |2} = 1. These subchannel power
losses translate into a performances loss for dual-polarized
MIMO systems when compared to spatial MIMO [4].

Under LOS conditions, the co-polar subchannels are Ricean
distributed whereas the cross-polar subchannels are Rayleigh
distributed. This is expected due to the fact that the cross-polar

subchannel gains result from depolarization of the transmitted
signal. Correlation between the elements of the MIMO channel
is detrimental to its performance. For spatial MIMO, a large
inter-element spacing is required to lower the correlationbe-
tween the subchannels in some environments [4]. However for
dual-polarized MIMO, the correlation between the elements
from different submatrices are very low even under LOS
channel conditions [4].

Thus there are significant differences between dual-
polarized and spatial MIMO channels.

III. A NTENNA SELECTION

Antenna selection refers to the process of selecting the
“optimal” lt out of thent available transmit antennas and/or
the “optimal” lr out of thenr receive antennas. Symbolically
we denote this process as(nr, lr)/(nt, lt) selection. As shown
in Figure 1, we assume the availability of a perfect low-
bandwidth feedback channel for implementing selection at the
transmitter.

If the receiver employs a linear MMSE (LMMSE) detector,
it uses a spatial filterw so as to minimize the mean squared
error given by:E{||wH

r − s||2}. For a givenlr × lt MIMO
channel matrix,H̄, the optimum weight vector is:w =
Rr

−1
H̄, whereRr = H̄H̄

H + NoIlr . The residual minimum
mean squared error is given by

ξ(H̄) = tr(Ilr − H̄
H
R

−1
r H̄). (3)

The antenna selection strategy is devised to minimize this
residual error. The selection criteria can be expressed as [7]:

H̃ = arg min
S(H̄)

{ξ(H̄)}, (4)

where H̄ is obtained by eliminatingnr − lr columns and
nt − lt rows fromH. S(H̄) denotes the set of all possiblēH,
whose cardinality is

(
nr

lr

)(
nt

lt

)
. In this paper we assume optimal

selection, but we note that practical suboptimal selection
algorithms to implement this strategy have been proposed and
they achieve near-optimal performance [7].

The input-output relation for a typical spatial multiplexing
system can then be expressed as

r =

√
Es

lt
H̃s + n, (5)



wherer and s are the baseband complex received and trans-
mitted vectors respectively. It is assumed thatE{ssH} = Ilt .
Here,In is an identity matrix of sizen × n. n represents the
complex circular Gaussian noise vector with autocorrelation
Rnn = NoIlr . Es denotes the total transmit signal power. In
this paper, we define SNR =Es/No.

IV. EFFECT OFXPD ON SELECTION GAIN

In this section we study the influence of XPD on gain
achieved by using antenna selection. To make the analysis
tractable, we consider a2× 2 dual-polarized MIMO channel.
In this case the channel matrix (1) reduces to

H =

[
hV V hV H

hHV hHH

]
. (6)

All the subchannels are assumed to be independent complex
circularly symmetric Gaussian random variables. This is an
appropriate assumption for the typical NLOS indoor channel
[4]. Further, we make the simplifying assumptions thatXV =
XH = X, 1 ≤ X < ∞ and β = 1. We note that when
X = 1, dual-polarized MIMO channel is equivalent to a spatial
channel.

For (2,1)/(2,1) selection, the strategy outlined in (4) reduces
to selecting the subchannel which has the maximum instanta-
neous power.

The instantaneous post processing SNR for the selected
SISO channel (̃h) is given by Y Es/No where the random
variable, Y = |h̃|2. For a circularly symmetric complex
Gaussian random variableZ with zero mean and variance
σ2, the cumulative distribution function (CDF) is given by,
FZ(z) = (1 − e−z/σ2

)U(z), where U(z) is the unit step
function. Since all the elements ofH are assumed to be
mutually independent, the CDF ofY can be derived as follows

FY (y) = Pr(|hV V |2 < y)2Pr(|hHV |2 < y)2

= (1 − e−y)2(1 − eyX)2U(y) (7)

The probability density function (PDF),fY (y) = dFY (y)
dy is

given by

fY (y) = 2
(
e−y(1 − e−y)(1 − eyX)2

+Xe−Xy(1 − e−Xy)(1 − ey)2
)
U(y)

= 2

(
e−y(1 − e−y) + Xe−Xy(1 − e−Xy)

+(1 + 2X)e−y(1+2X) + (2 + X)e−y(2+X)

−(1 + X)e−y(1+X)(2 + e−y(1+X))

)
U(y) (8)

Using the identity,
∫ ∞

0
xe−axdx = 1/a2, Ȳ = E{Y }, which

indicates the effective SNR gain achieved by using antenna
selection, can be computed to be

Ȳ =
3(1 + X)

2X
+

2

1 + 2X
+

2

2 + X
− 9

2(1 + X)
(9)

The average SNR gain is a monotonically decreasing function
of X as shown in Figure 2. The selection gain is maximum
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Fig. 2. Effect of XPD on (2,1)/(2,1) selection gain

at 3.2 dB whenX = 1 and asymptotically diminishes to1.76
dB. These values are consistent with the well known result for
SNR gain of selection diversity withM independent and equal
powered Rayleigh diversity branches, given by,Ȳ =

∑M
i=1

1
i

[5].
The probability that one of the cross-polar subchannels is

selected can be computed to be

P (X) = Pr{(h̃ = hV H) ∪ (h̃ = hHV )} =
1

(1 + X)2
(10)

As the XPD increases the probability of the cross-polar
subchannels being selected decreases and thus the average
SNR gain diminishes. Further,limX→∞ P (X) = 0, which
indicates that in the limiting case, the available degrees of
diversity reduce to2 when compared to4 for X = 1. Thus a
high XPD results in a diversity loss for dual-polarized MIMO
channels when compared to spatial channels.
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For a given channelH, the bit error rate (BER) with Gray



mapped 4-QAM constellation,Pr(error/H) = Q(
√

2Y Eb

No
)

where Eb/No = Es/(2ltNo) is the pre-detection SNR per

bit and Q(x) = 1√
2π

∫ ∞

x
e−

x
2

2 dx. The average BER can be
calculated as:

BER =

∫ ∞

−∞

Q
(√Y Es

No

)
fY (y)dy (11)

For a spatial MIMO channel, a closed form expression for
BER can be developed and it can be shown that at high
SNR, BER ∝ 1

(Es/No)d , whered is the diversity order [5].
As mentioned previously, the two extreme cases i.e.X = 1
and X → ∞ result in diversity ordersd = 4 and d = 2,
respectively. However, for other values ofX it is not easy to
arrive at such insightful approximations. Hence to analyzethe
influence of XPD on BER, we numerically evaluate (11). As
shown in Figure 3, as the XPD increases, BER performance
of selection diversity deteriorates. Further, the performance
degradation is more prominent at high SNR indicating a
gradual decrease in diversity as the XPD increases.

The measured NLOS XPD values reported in the literature,
for indoor environments vary between0 to 9 dB [4], [10], [11].
From Figure 3, we observe that the BER curve corresponding
to X = 9 dB, is extremely close to the worst-case (X → ∞)
curve for SNR< 8 dB. However as the SNR increases,X = 9
dB yields a BER that is significantly better than the worst-case.

Similar analysis can be done for the parameterβ. As a result
of these subchannel power losses, antenna selection for dual-
polarized MIMO channels performs under par when compared
to spatial channels. However in environments where the spatial
channel is highly correlated, the performance gap diminishes
as discussed in Section VI.

V. I NDOOR CHANNEL MEASUREMENTS

In this section, we provide a brief overview of the measure-
ment process and describe the salient channel characteristics
observed in the measured data. For a detailed discussion of
the measurement process and the observations, we refer the
interested reader to [4].

The virtual array MIMO measurement system [12] was
used, wherein a virtual array is created by moving the antenna
to arbitrary pre-programmed locations. This set-up offersgreat
flexibility to experiment with different antenna configurations.
The antennas used at both ends were dual-polarized narrow-
band antennas, omni-directional in the azimuth and with a fre-
quency range of2.400 - 2.483 GHz (model number: SPDPG-
4O-H2O, Superpass Company Inc.). A virtual 50 element
(5×5×2) cubicle array with a minimum inter-element spacing
of λ/2 was used at both ends. The co-polar and the cross-polar
subchannels were measured for each pair of transmit (Tx) and
receive (Rx) locations. Previous measurements in the same
environment had indicated that the coherence bandwidth of the
channel is about15 MHz. Hence corresponding to each pair of
transmit and receive antenna locations, we collected six uncor-
related channel samples in the frequency range of operation.
Using subarrays of the Tx and Rx cubicle arrays along with
the frequency samples, we collected a number,N , of MIMO

channel samples, whereN depended upon the array length
(L) of the configuration.N ∈ {15000, 9600, 5400, 2400} for
array length,L ∈ {0, λ/2, λ, 3λ/2}, respectively.

The measurement location is depicted in Figure 4. The
LOS measurements were taken in the hallway, which is
lined by offices on one side and laboratories. For the NLOS
measurements the receiver array was moved into the adjoining
laboratory and the both the door were closed.
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Fig. 4. Floor plan of the measurement location

The following are the key observations made based on the
analysis of the measured data [4]:

1) In the hallway, the measured K-factors are0.78 and
1.30 for VV and HH co-polar subchannels, respec-
tively. Although counterintuitive, such low K-factors
have been observed in previous measurements in the
hallway environment [13]. The cross-polar subchannels
followed a Rayleigh distribution. Under NLOS channel
conditions, as expected all the subchannels follow a
Rayleigh distribution.

2) The measured XPD values were,XV = 16.96 dB and
XH = 14.96 in the LOS scenario, andXV = 8.58 dB
and XH = 8.29 dB in the NLOS case. Further,β =
−1.6 dB in the LOS scenario, andβ = −2.2 dB under
NLOS channel conditions. Thus the subchannel power
losses for the dual-polarized MIMO were significant.

3) The normalized power correlation between the elements
of the 2 × 2 dual-polarized MIMO channel matrix was
upper bounded by0.25 in the hallway and by0.15 in
the NLOS scenario. For2 × 2 spatial MIMO, observed
transmit (ρT ) and receive (ρR) correlations values were
a strong function of the inter-element spacing in the
hallway as shown in Table I. Under NLOS channel
conditions, the correlation values are much lower and are
not dependent on spacing. We note that the magnitude of
the complex correlation can be approximated from the
power correlation values as|ρcomplex| ≈ √

ρpower [14].

VI. BER RESULTS

In this section we analyze the performance of antenna
selection in terms BER for dual-polarized MIMO systems,



TABLE I

MEASURED POWER CORRELATION VALUES FOR2× 2 SPATIAL MIMO

L λ/2 λ 3λ/2

LOS
ρT

0.56 0.30 0.18
ρR

0.45 0.32 0.18

NLOS
ρT

0.19 0.05 0.02
ρR

0.08 0.04 0.10

using the measured channel samples. The measured MIMO
channel samples were normalized to achieveE{||HV V ||2F } =
nV

r nV
t . The other subchannels scale accordingly to reflect the

power losses. This normalization facilitates a fair comparison
between spatial and dual-polarized MIMO channels for a
constant transmit power [4].

The input symbolssi were drawn from a equiprobable 4-
QAM constellation{±1 ± j}/

√
2. The channel was assumed

to be static for a frame of 100 symbols. BER is calculated
for each frame and averaged over theN channel realizations
provided by the measurements. The array length is the same
at the transmitter and the receiver. We consider (2,1)/(2,1) and
(4,2)/(4,2) optimal antenna selection according to the criteria
outlined in (4), under LOS and NLOS channel conditions for
a range of values of inter-element spacing. We use exhaustive
search to achieve optimal selection.

In Figures 5 and 6, we plot the BER curves for (2,1)/(2,1)
selection under LOS and NLOS channel conditions, respec-
tively. We consider a2 × 2 dual-polarized (D) system with
L = 0 and a spatial (S) system withL = λ/2. For reference
we also plot the BER for a vertically polarized deterministic
single input single output (SISO) link. In all the following
figures, DS stands for deterministic (or “no”) selection.
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Fig. 5. (2,1)/(2,1) Antenna selection under LOS channel conditions.

In the results for the hallway, shown in Figure 5, the
dual-polarized system with selection outperforms the SISO
link by 8 dB at BER = 10−2. The spatial system with
selection performs better than its dual-polarized counterpart
by about1 dB, owing to the subchannel power losses in the

latter configuration. This difference is not larger becausethe
spatial MIMO with L = λ/2 suffers from high subchannel
correlations (Table I).
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Fig. 6. (2,1)/(2,1) Antenna selection under NLOS channel conditions.

Under NLOS channel conditions, the dual-polarized system
with selection outperforms the SISO link by6 dB at BER
= 10−2. The performance gap between the spatial and dual-
polarized systems in the presence of selection increases to
3.5 dB. This is because in NLOS scenarios, a spatial MIMO
channel achieves significant decorrelation and hence achieves
full diversity. On the other hand, dual-polarized configuration
suffers from subchannel power losses. We note that despite
these losses, dual-polarized antennas offer the distinct benefit
of compactness over the spatial configuration.

In addition to providing compactness, dual-polarized anten-
nas can also be used to realize higher order MIMO config-
urations in devices with larger form factors. To underscore
this point, we also plot in Figures 5 and 6, BER results
for (4,1)/(4,1) selection with dual-polarized antennas. This
configuration could be realized in the same space as the spatial
configuration, yet it achieves better performance under both
LOS and NLOS channel conditions.

In Figures 7 and 8, we plot the BER curves for (4,2)/(4,2)
selection under LOS and NLOS channel conditions respec-
tively. A four element dual-polarized array can be realized
by spatially separating two dual-polarized elements, eachof
which has two co-located orthogonal polarization elements.
This configuration could be useful for the not-so-compact
handheld devices like notebook computers. In these fig-
ures, we consider a4 × 4 dual-polarized system withL ∈
{λ/2, λ, 3λ/2} and a spatial system withL = 3λ/2. The
minimum inter-element spacing between the adjacent antenna
elements is maintained atλ/2. For reference we also plot the
BER for deterministic selection (DS) for2× 2 spatial MIMO
with L ∈ {λ/2, λ, 3λ/2}.

In the hallway, as the inter-element spacing is increased,
the performance of the2×2 spatial MIMO with deterministic
selection improves owing to the decrease in the subchannel
correlations and the spherical wavefront effect [1]. Further the
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performance of the4×4 dual-polarized MIMO with selection
also improves with increasing inter-element spacing because
of the lower correlations between the elements of the co-polar
submatricesHV V andH

HH [4]. For an array length ofL =
3λ/2, the 4 × 4 spatial and dual-polarized MIMO systems
perform equally well. They achieve a selection gain of8 dB
at BER =10−2.

Under NLOS channel conditions, as expected, the perfor-
mance is not a strong function of the inter-element spacing.
For L = λ/2, the 4 × 4 dual-polarized system with selection
outperforms the2 × 2 deterministic spatial MIMO by8.5 dB
at BER =10−2. The (4,2)/(4,2) spatial MIMO withL = 3λ/2
outperforms the dual-polarized MIMO with selection by about
2.5 dB.
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In our analysis we have assumed lossless switching. How-
ever, we note that the insertion loss of RF switches degrades
the performance of any antenna selection system and should
be taken into account, while designing these systems [15].

VII. C ONCLUSION

In this paper, we have studied the performance of antenna
selection for measured indoor dual-polarized MIMO channels
at 2.4 GHz. We have analytically showed the selection gain
diminishes as the XPD increases. Our measurement results
indicate that while antenna selection with the spatial array
configuration performs the best under both LOS and NLOS
channel conditions, it requires a larger array length whichis
not always possible to realize in compact devices. On the other
hand, antenna selection with dual-polarized antennas performs
significantly better than deterministic selection, with only a
nominal increase in complexity and with no cost in terms of
space. Thus antenna selection combined with dual-polarized
antennas presents an attractive solution to the problem of
realizing high order MIMO architectures in compact devices.
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