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Abstract— Antenna selection combined with dual-polarized the performance of antenna selection for these channettsnee
antennas offers an attractive alternative for realizing higher to be evaluated. To the best of our knowledge, this issue has
order multiple-input multiple-output (MIMO) configurations in not been addressed in the literature.

compact, low-complexity devices. In this paper we analyze the . . . .
performance of antenna selection for narrowband dual-polarized We consider VBLAST transmission with linear MMSE

MIMO systems with linear minimum mean square error (MMSE) ~ receiver signal processing [5]. The most popular antenieg-se
receivers. We theoretically analyze the impact of cross-polar tion strategy has been to choose transmit or receive argenna

discrimination on the achieved antenna selection gain for dual- that maximize the Shannon capacity for MIMO channels [2],
polarized MIMO channels. We use channel measurement data [6]. However, such antenna selection solutions are unfite!

collected at 2.4 GHz in a typical office environment to compare . . Ty
the performance of spatial and dual-polarized MIMO with achieve optimum error performance for systems with limited

respect to antenna selection. Our bit-error-rate (BER) results Complexity receivers [7]. Various approaches tQ minimhet
indicate that antenna selection with dual-polarized antennas can BER of linear receivers have been proposed in the literature

achieve significant performance gains for compact configurations [7]—[9]. In this paper, we consider the MMSE based antenna
with only a nominal increase in complexity. selection approach proposed in [7], which has been shown to
out-perform other techniques for spatial multiplexingteyss

with linear MMSE receivers.

The multiple-input multiple-output (MIMO) architecture The main objective of this paper is to analyze the perfor-
has the potential to dramatically improve the performanice mance of antenna selection for MIMO channels in the presence
wireless systems. Much of the focus of research has basfnpolarization diversity. We provide a theoretical treatrh
on uni-polarized spatial array configurations where ardgenfor the 2 x 2 dual-polarized Rayleigh MIMO channel. We
elements are separated in space. These systems requiralsm provide empirical results for a line-of-sight (LOS)dan
inter-element spacing of the order of a wavelength to aehieson-LOS (NLOS) channel, measured at 2.4 GHz in a typical
significant gains in NLOS channels; even larger spacing iisdoor office environment. In these measurements we have
required for LOS channels [1]. In this regard, dual-pokdiz observed a coincidence of low K-factors and high XPD. In
antennas have received much attention as an attractive aligich channels, dual-polarized MIMO configurations incur an
native for realizing MIMO architectures in compact devicesSNR and a diversity deficit when compared to spatial systems

The main drawback of the MIMO architecture is that th@4]. On the other hand, the correlation between the subaiann
gain in performance comes at a cost of increased hardwafedual-polarized MIMO channel are very low, even in the
complexity in terms of multiple RF chains at the transmittdtOS environment. We use the measured channel samples to
and receiver. Antenna selection is a technique which cancompare the performance of antenna selection in terms of
alleviate these costs but still exploit the diversity besefiBER, between spatial and dual-polarized configurationsafor
offered by the MIMO architecture. This technique has beeange of values of the array length)(
extensively studied in the context of spatial channels [Bee  This paper is organized as follows: Section Il discusses the
and the references therein). We emphasize that this sgretegdual-polarized MIMO channel and Section Ill presents the
all the more relevant for compact portable devices, whieh aMMSE based antenna selection strategy. In Section IV we
often constrained by complexity, power and cost. analytically study the effect of XPD on the performance of

Antenna selection, when combined with dual-polarized aantenna selection in dual-polarized MIMO channels. Sactio
tennas, may be a solution that could enable compact systevhprovides details about the indoor channel measurement
to exploit the benefits of the MIMO architecture with onlycampaign. Section V presents BER results for (2,1)/(2,4) an
a nominal increase in complexity. However, MIMO channel&,2)/(4,2) selection for a range of values of the array fleng
with polarization diversity cannot be modeled like puretigda and Section VII concludes the findings of this paper.
channels, because the subchannels of the MIMO channel
matrix are not identically distributed [3]. They differ ierms Il. DUAL-POLARIZED MIMO
of average received power, Ricean K-factor, cross-polar di Consider a system with,; transmit anch,. receive antennas.
crimination (XPD) and correlation properties [4]. As a fésu When all the antennas are vertically polarized, the subatlann
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Fig. 1. Antenna Selection for Dual-polarized MIMO

of the MIMO channel matrixH are usually assumed to besubchannel gains result from depolarization of the trattedhi
identically distributed. However, when antennas witheti#nt signal. Correlation between the elements of the MIMO chinne
polarizations are employed at either ends of the link, the detrimental to its performance. For spatial MIMO, a large
properties of the co-polar subchannels differ signifigafittm inter-element spacing is required to lower the correlaben
those of the cross-polar subchannels. Hence for dualipethr tween the subchannels in some environments [4]. However for
configurations, the channel matrix can be convenientlytenit dual-polarized MIMO, the correlation between the elements

as from different submatrices are very low even under LOS
sz‘;//my) Hsz;xny) channel conditions [4].
H-= 1) Thus there are significant differences between dual-
Hﬁgxny) Hglgxnf) — polarized and spatial MIMO channels.

_ _ [1l. ANTENNA SELECTION
wheren)”,nl are the number of vertically and horizontally

polarized elements at the transmitter, respectively. ISnhgi Af“e””a selection refers -to the process of selecting the
nY ,nH are the number of vertically a;nd horizontally polarfom'mal." I; out of then, avallablg transmit antennas "’F”d’ or
LT . . the “optimal” [,. out of then,. receive antennas. Symbolically
ized elements at the receiver, respectively. The elemets o . :
the submatriced"" and H#H correspond to the co-polar'"c denote this process &, I,)/(ns, l;) selection. As shown

subchannels irf, while HYH and HEV correspond to the in Figure 1, we assume the availability of a perfect low-
cross-polar subc’hannels bandwidth feedback channel for implementing selectiomat t

tfransmitter.

_The transmitted radio signal, as it trav_erses thro_ugh theh‘ the receiver employs a linear MMSE (LMMSE) detector,
wireless channel, undergoes multiple reflections andesiadt . N o
it uses a spatial filtew so as to minimize the mean squared

resulting in a coupling of the orthogonal state of polaitat . ) Ha o112 .
This phenomenon is referred to as depolarization. Cro’ﬁar-poerror given by:E{|lw r = s||"}. For a giveni, x I, MIMO

discrimination (XPD) is a measure of depolarization in ghannel matrix,H, the_optimum weight vector isw =
. . . P ?{r‘lH, whereR, = HH” + N_I, . The residual minimum
wireless channel, and is defined as "

mean squared error is given by

Xy = E{nVPY/E{|n"V?} T — _ AER-T

Xy = B{pTH2}/E{|nVH|?), (2) {H) =tr(L, —H"R,"H). 3)
The antenna selection strategy is devised to minimize this

IJ . i i . . A .
wheren” : I,J € {V,H} is an element of the sub-matriXegijqual error. The selection criteria can be expressed]as [
H'’ and E{Z} denotes the expectation of random variable

Z. Typically XPD values are high in channels with limited H= afgg(lli,{n){f(H)}» (4)
scattering such as LOS channels and much lower in NLOS _ ) o
channels. However high XPD values have been observed e¥ifre H is obtained by eliminatings, — I, columns and
in NLOS channels, in some measurement campaigns [4], [10}.— [« rows fromH. S(H) denotes the set of all possitig,
Further, owing to the different propagation charactarsnf Whose cardinality i) (/). In this paper we assume optimal
horizontally polarized waves and vertically polarized esy selec_tlon, but. we note that practical suboptimal selection
8 = E{|hfH|2} < E{|hVV|?} = 1. These subchannel powelalgonthms to |mplemgnt this strategy have been proposdd an
losses translate into a performances loss for dual—peh'irizthey achieve near-optimal performance [7]. o
MIMO systems when compared to spatial MIMO [4]. The input-output relation for a typical spatial multiplegi

Under LOS conditions, the co-polar subchannels are RiceS¥tém can then be expressed as
distributed whereas the cross-polar subchannels are iBayle E, ~

r= \/:Hs +n,

distributed. This is expected due to the fact that the cpodar ®)



wherer ands are the baseband complex received and trans-
mitted vectors respectively. It is assumed thHtss?} =1,,.
Here,I,, is an identity matrix of sizex x n. n represents the 3
complex circular Gaussian noise vector with autocorrefati 28
R,.. = N,I,.. E; denotes the total transmit signal power. In
this paper, we define SNR E,/N,,.

N
o

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 analysit
tractable, we consider 2x 2 dual-polarized MIMO channel.

In this case the channel matrix (1) reduces to

- { h}‘;“j h;z ] © 0 2 4 o0 @) 6 8 10
h h

All the subchannels are assumed to be independent complex
circularly symmetric Gaussian random variables. This is an
appropriate assumption for the typical NLOS indoor channe
[4]. Further, we make the simplifying assumptions thagt = al3.2 dB when X
Xg = X,1< X < oo andfp = 1. We note that when
X =1, dual-polarized MIMO channel is equivalent to a spati
channel. [5]
For (2,1)/(2,1) selection, the strategy outlined in (4)ureek The probability that one of the cross-polar subchannels is

to selecting the subchannel which has the maximum instanta;
Selected can be computed to be
neous power.
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Fig. 2. Effect of XPD on (2,1)/(2,1) selection gain

= 1 and asymptotically diminishes tb76
dB. These values are consistent with the well known result fo
a?NR gain of selection diversity with/ independent and equal
powered Rayleigh diversity branches, given by= >, 1

i=17

The instantaneous post processing SNR for the selecteg, X) = Pri(h = hVH 7 _ pHV\| _ 1 1
SISO channel /{) is given by Y E,/N, where the random (X) = Prih =) U (h=h77)} = (1+X)2 (10)
variable, Y = |h|?. For a circularly symmetric complex

As the XPD increases the probability of the cross-polar
subchannels being selected decreases and thus the average
'SNR gain diminishes. Furthelimx_,,, P(X) = 0, which
indicates that in the limiting case, the available degreles o
diversity reduce t® when compared td for X = 1. Thus a

high XPD results in a diversity loss for dual-polarized MIMO
Fy(y) = pr(|hVV|2 < y)2pr(|hHV|2 <y)? channels when compared to spatial channels.

= (1-e")’(1-e")’U(y) ()

The probability density function (PDF)fy (y) = %y(y) is
given by

Ty (y)

Gaussian random variablg with zero mean and variance
o2, the cumulative distribution function (CDF) is given by
Fz(z) = (1 — e #/7")U(z), where U(z) is the unit step
function. Since all the elements &l are assumed to be
mutually independent, the CDF &f can be derived as follows

10 R

Deterministic
selection

2(e7Y(1 —e ¥)(1—ev™)?
+Xe X1 —e *Y)(1—e¥)?)U(y) 102}

= Q(e_y(l—e_y)+Xe_Xy(1—e_Xy) x|
o

+(1+2X)e ¥ 4 (2 4 X)ev(HFX)

107} : : Ancreasing XPD
—(1+ X)er 0 2 4 e‘”““”)) Uly) (@) e
107k
Using the identity, [~ ze~%dx = 1/a?, Y = E{Y'}, which
indicates the effective SNR gain achieved by using anten 10
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selection, can be computed to be SNR (dB)
o 314+ X) 2 2 9 9
Y = 29X + 1+2X + 2+ X 2(1+ X) ©) Fig. 3.  Numerically evaluated BER curves for (2,1)/(2,1)estbn for

different XPD
The average SNR gain is a monotonically decreasing function
of X as shown in Figure 2. The selection gain is maximum For a given channel, the bit error rate (BER) with Gray



mapped 4-QAM constellationPr(error/H) = Q(,/”j\%) channel samples, wher® depended upon the array length
where E, /N, = E,/(2I,N,) is the pre-detection SNR per(L) of the configurationNV € {15000,9600,_5400,2400} for
bit and Q(z) — 12 IS —% du. The average BER can bedTay length,L € {0, /2, \,3)\/2}, respectively.

calculated as: e The measurement location is dgpicted in Figure 4 The
- vE LOS measurements were taken in the hallway, which is

BER — / Q( = *) fy (y)dy (11) lined by offices on one side and laboratories. For the NLOS

—oo 0 measurements the receiver array was moved into the adjpinin

For a spatial MIMO channel, a closed form expression fdaboratory and the both the door were closed.
BER can be developed and it can be shown that at high

SNR, BER x W whered is the diversity order [5].
As mentioned previously, the two extreme cases Xe= 1 oniee N otics M_ofice Ithce oiee W orice Il ofice 1| ofice
and X — oo result in diversity ordersi = 4 andd = 2, i | e -
respectively. However, for other values &f it is not easy to ™>® 3m Hallway OR,,
arrive at such insightful approximations. Hence to analyee
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 perfamoe
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 betweérto 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-cas€ (- o) Fig. 4. Floor plan of the measurement location
curve for SNR< 8 dB. However as the SNR increases,— 9
dB yields a BER that is significantly better than the worsteca ¢ following are the key observations made based on the

Similar analysis can be done for the parameéteAs a result analysis of the measured data [4]:
of these subchannel power losses, antenna selection fér dua
polarized MIMO channels performs under par when compared
to spatial channels. However in environments where théadpat
channel is highly correlated, the performance gap dimessh
as discussed in Section VI.
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1) In the hallway, the measured K-factors dr&8 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

V. INDOOR CHANNEL MEASUREMENTS followed a Rayleigh distribution. Under NLOS channel
conditions, as expected all the subchannels follow a
Rayleigh distribution.

) The measured XPD values wetE;, = 16.96 dB and

Xy = 14.96 in the LOS scenario, and’y, = 8.58 dB

and Xy = 8.29 dB in the NLOS case. Furthef} =

—1.6 dB in the LOS scenario, and = —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

In this section, we provide a brief overview of the measure-
ment process and describe the salient channel charaicterist
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 artenn
to arbitrary pre-programmed locations. This set-up offgest
flexibility to experiment with different antenna configuicats. i .
The antennas used at both ends were dual-polarized narrow- ©f the 2 x 2 dual-polarized MIMO channel matrix was
band antennas, omni-directional in the azimuth and wittea fr upper bounded by.25 in the hallway and by.15 in
quency range 02.400 - 2.483 GHz (model number: SPDPG- the NLOS scenario. Fat x 2 spatial MIMO, observed
40-H20, Superpass Company Inc.). A virtual 50 element transmit ") and recewe;(_R) correlations values were
(5% 5% 2) cubicle array with a minimum inter-element spacing & Strong function of the inter-element spacing in the
of \/2 was used at both ends. The co-polar and the cross-polar Nallway as shown in Table I. Under NLOS channel
subchannels were measured for each pair of transmit (Tx) and  conditions, the correlation values are much lower and are
receive (Rx) locations. Previous measurements in the same not dependent on spacing. We note that.the magnitude of
environment had indicated that the coherence bandwidtheof t the complex correlation can be approximated from the
channel is abouts MHz. Hence corresponding to each pair of ~ POWer correlation values gdcompiex ~ /Ppower [14]-
transmit and receive antenna locations, we collected givmn
related channel samples in the frequency range of operation VI. BER RESULTS
Using subarrays of the Tx and Rx cubicle arrays along with In this section we analyze the performance of antenna
the frequency samples, we collected a numbBér,of MIMO  selection in terms BER for dual-polarized MIMO systems,



TABLE |

latter configuration. This difference is not larger becatise
MEASURED POWER CORRELATION VALUES FOR X 2 SPATIAL MIMO

spatial MIMO with L = \/2 suffers from high subchannel
correlations (Table I).

l [ L X2 ] 2 [3A\2]

T
P 0.56 | 0.30 | 0.18
LOS pf | 045 | 0.32 | 0.18
T
P 0.19 [ 0.05 | 0.02 ]
NLOS pR | 0.08 | 0.04 | 0.10 10

using the measured channel samples. The measured MIMC _ '
channel samples were normalized to achigg/H" "V ||%} = o
nYn} . The other subchannels scale accordingly to reflect the @1 Selection
power losses. This normalization facilitates a fair corguar 100 DREM2 :
between spatial and dual-polarized MIMO channels for a
constant transmit power [4].

The input symbolss; were drawn from a equiprobable 4- . : ‘ ‘
QAM constellation{+1 + j}/+/2. The channel was assumed 0 5 10 15 20
to be static for a frame of 100 symbols. BER is calculated
for e_ach frame and averaged over tNechannel real_izations Fig. 6. (2.1)/(2,1) Antenna selection under NLOS channeldéions.
provided by the measurements. The array length is the same

at the transmitter and the receiver. We consider (2,1)@8  nger NLOS channel conditions, the dual-polarized system
(4,2)/(4,2) optimal antenna selection according to theedd \yith selection outperforms the SISO link ty dB at BER
outlined in (4), under LOS and NLOS channel conditions for. {52 The performance gap between the spatial and dual-
a range of values of inter-element spacing. We use exhausii|arized systems in the presence of selection increases to
search to achieve optimal selection. 3.5 dB. This is because in NLOS scenarios, a spatial MIMO

In Figures 5 and 6, we plot the BER curves for (2,1)/(2,)9hannel achieves significant decorrelation and hence \ashie
selection under LOS and NLOS channel conditions, resp&gy giversity. On the other hand, dual-polarized configiom
tively. We consider & x 2 dual-polarized (D) system with g ffers from subchannel power losses. We note that despite
L =0 and a spatial (S) system with = \/2. For reference these losses, dual-polarized antennas offer the distemuefit
we also plot the BER for a vertically polarized determinustiy¢ compactness over the spatial configuration.
single input single output (SISO) link. In all the following | aqdition to providing compactness, dual-polarized ante
figures, DS stands for deterministic (or “no”) selection. 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 antennaisT
configuration could be realized in the same space as theakpati
configuration, yet it achieves better performance undeh bot
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, ezfch
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 & x 4 dual-polarized system witl, €

BER

(4,1)/(4,1) Selection__—7

| D:L=\2

0 5 10 15 20

SNR (dB) {A/2,),3X/2} and a spatial system witl. = 3X\/2. The
minimum inter-element spacing between the adjacent aatenn
Fig. 5. (2,1)/(2,1) Antenna selection under LOS channeHitims. elements is maintained at/2. For reference we also plot the

BER for deterministic selection (DS) f@x 2 spatial MIMO
In the results for the hallway, shown in Figure 5, thevith L € {\/2,\,3)\/2}.
dual-polarized system with selection outperforms the SISOIn the hallway, as the inter-element spacing is increased,
link by 8 dB at BER = 1072. The spatial system with the performance of th2 x 2 spatial MIMO with deterministic
selection performs better than its dual-polarized cowater selection improves owing to the decrease in the subchannel
by aboutl dB, owing to the subchannel power losses in theorrelations and the spherical wavefront effect [1]. Fertthe
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VIl. CONCLUSION

In this paper, we have studied the performance of antenna
selection for measured indoor dual-polarized MIMO chasnel
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 yarra
configuration performs the best under both LOS and NLOS
channel conditions, it requires a larger array length wlh
not always possible to realize in compact devices. On theroth
hand, antenna selection with dual-polarized antennasmesf
significantly better than deterministic selection, withlyoa
nominal increase in complexity and with no cost in terms of
space. Thus antenna selection combined with dual-pothrize
antennas presents an attractive solution to the problem of

realizing high order MIMO architectures in compact devices

Fig. 7. (4,2)/(4,2) Antenna selection under LOS channeldams.

[1]
performance of thd x 4 dual-polarized MIMO with selection
also improves with increasing inter-element spacing begau .,
of the lower correlations between the elements of the cafpol
submatricedIVV andH# [4]. For an array length of. = [3]
3)\/2, the 4 x 4 spatial and dual-polarized MIMO systems
perform equally well. They achieve a selection gainrdadB
at BER =102, [4]

Under NLOS channel conditions, as expected, the perfor-
mance is not a strong function of the inter-element spacin?.
For L = A\/2, the 4 x 4 dual-polarized system with selection 5l
outperforms the2 x 2 deterministic spatial MIMO by8.5 dB  [g]
at BER =1072. The (4,2)/(4,2) spatial MIMO with, = 3)/2
outperforms the dual-polarized MIMO with selection by abou

[7]
2.5 dB.
[8l
10 k! [9]
S Bs [10]
107 BN
o %
@
—0-S:L=M2;DS [11]
—0—-S:L=\;DS
10°H - —0—s:L=3N2; DS E
—&—D:L=M2
—4—D:L=A [12]
—&—D:L=3\2
—*%—S:L=3\2
10 .
0 5 10 15 20 [13]
SNR (dB)
Fig. 8. (4,2)/(4,2) Antenna selection under NLOS channeldtons. [14]

In our analysis we have assumed lossless switching. How-
ever, we note that the insertion loss of RF switches degrad&d

the performance of any antenna selection system and should
be taken into account, while designing these systems [15].
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