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Abstract. Multiple-input multiple-output (MIMO) wireless systems employ spatial multiplexing to increase spectral efficiency or transmit diversity (space-time coding) techniques to improve link reliability. The performance of
these signaling techniques is highly dependent on channel characteristics which in turn depend on antenna height
and spacing and richness of scattering. The use of dual-polarized antennas is a cost- and space-effective alternative
where two spatially separated uni-polarized antennas can be replaced by a single dual-polarized antenna element.
In this paper, we use fixed-wireless experimental data collected in a typical suburban environment at 2.5 GHz to
investigate the performance of spatial multiplexing and transmit diversity (Alamouti scheme) for a dual-polarized
antenna setup. Channel measurements were conducted over a cell of radius 7 km and channel statistics such as
K-factor, cross-polarization discrimination (XPD), and fading signal correlation were extracted from the gathered
data. At each location, different combinations of these parameters yield different performance (measured in terms
of average uncoded bit error rate) of spatial multiplexing and the Alamouti scheme. The results indicate that proper
selection of the transmission mode through feedback, if possible, can reduce the bit error rate by several orders of
magnitude. Furthermore, the results hint at the existence of a preferred-mode switching distance within a cell –
above/below which one mode of transmission exhibits generally superior performance.
Keywords: MIMO wireless, channel measurements, polarization diversity, spatial multiplexing, Alamouti
scheme, preferred-mode switching distance.

1. Introduction
The use of multiple antennas at both ends of a wireless link (MIMO technology) has recently
been shown to have the potential of drastically increasing spectral efficiency through a technique known as spatial multiplexing [1–5]. This leverage often referred to as multiplexing gain
permits the opening of multiple spatial data pipes between transmitter and receiver within the
frequency band of operation for no additional power expenditure, leading to a linear increase
in capacity. Multiple antennas at both ends of a wireless link can also be used to improve
link reliability through the use of transmit diversity techniques such as space-time coding [6–
9], a leverage that is referred to as diversity gain. Diversity gain reduces the receive signal
level fluctuation and improves the quality of transmission. Multiplexing and diversity gain
in MIMO systems depend strongly on the channel characteristics which in turn depend on
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transmit and receive antenna height and spacing and the scattering environment. In practice,
antenna spacings of several tens of wavelengths at the base-station and up to a wavelength at
the subscriber unit are required in order to achieve significant multiplexing or diversity gain.
Space to support multiple antennas is generally expensive or even unavailable, more so at the
subscriber unit than at the base-station. The use of polarization diversity, particularly dualpolarized antennas, is a promising cost- and space-effective alternative where two spatially
separated uni-polarized antennas can be replaced by a single antenna structure employing
orthogonally polarized elements.
In practice, propagation conditions often clearly favor one of the two above mentioned
signaling modes (spatial multiplexing and transmit diversity). It is therefore paramount to
understand and identify channel conditions that suit one mode over the other [10].
Contributions. In this paper, we investigate the performance of uncoded spatial multiplexing and transmit diversity, in particular the Alamouti scheme [9] using data acquired from
channel measurements. The data extracted from the measurements includes Ricean K-factor,
cross-polarization discrimination (XPD) and fading signal correlation coefficients. We use
previously developed techniques [10, 11] to evaluate the performance of spatial multiplexing
and the Alamouti scheme over a cell of radius 7 km for a fixed data rate and signal-to-noise
ratio (SNR) at each location. Performance is measured in terms of average uncoded bit error
rate (BER). The results indicate that making minimal feedback regarding the channel statistics
available to the transmitter combined with appropriate selection of the transmission mode can
result in several orders of magnitude improvement in BER. Selecting the optimal transmission
mode based on instantaneous channel knowledge at the transmitter has been studied in [12].
Conveying channel statistics to the transmitter can be accomplished via a low-bandwidth feedback link and is much easier to realize than feeding back the channel state information itself.
Additionally, our results point to the existence of a preferred-mode switching distance within a
cell – above/below which one mode of transmission exhibits generally superior performance.
Organization of the paper. The rest of this paper is organized as follows. Section 2
describes the measurement system used and the setup for the measurement campaign. Section 3 reviews the channel model validated by the measurements. Section 4 briefly describes
the performance analysis techniques. We present our results in Section 5, and conclude in
Section 6.
2. Measurement System and Setup
2.1. M EASUREMENT S YSTEM
A custom measurement system [13] was designed and implemented in hardware, which
allowed the measurement of a MIMO channel at 2.48 GHz center frequency. The system
was based on swept frequency sounding with a narrow-band test signal swept in 200 kHz
steps across a 4 MHz frequency band every 84 ms. The narrow-band receiver was swept
synchronously with the transmitter, with timing references derived from rubidium clocks. The
advantage of this design is a low noise floor (narrow bandwidth) and reduced complexity
compared to spread spectrum measurement systems. Figure 1 shows the configuration of the
measurement system. Control and measurement signals were created using programmable RF
signal generators. The recorded channel response data was streamed to computer hard disc for
later processing using C++ and Matlab.
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Figure 1. Schematic of measurement system.

2.2. M EASUREMENT S ETUP
In the measurements, a dual-polarized receive antenna with slanted polarizations (co-located
±45◦ ), a gain of 12 dBi and an azimuthal beam-width of 90◦ was used. The antenna was
mounted on a retractable mast of height 3 m. The +45◦ and –45◦ polarization transmit antennas
separated by 10 wavelengths were also directive with an azimuthal beam-width of 90◦ and a
gain of 17 dBi. Figure 2 depicts the antenna configuration for the measurement campaign.
The transmitter was located on top of an office building with an antenna height of nearly 20 m
above the street level. Outdoor measurements at 58 fixed locations with the receiver located
at the curbside were conducted in the San Francisco Bay Area over a cell of radius 7 km.
At each location, two measurements 1 m apart were taken. Therefore, the total number of
measurements was 116. Each measurement was taken over a 5 minute interval in the direction
of the strongest signal which turned out to be the direct transmitter-receiver path in most
cases. The terrain can be characterized as mostly suburban and flat with moderate tree and
building density. The average building and tree height was about 15 m. When conducting the
measurements, the received SNR was greater than 25 dB, even at the cell edge, ensuring high
reliability of the channel statistics extracted from the measurement data.

3. Channel Model
In this section, we briefly discuss the narrow-band channel model [10, 11] that is validated by
the measurements for the setup under consideration. The input-output relation for the channel
model is given by
r = H x + n,

(1)
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Figure 2. Schematic of antenna configuration.

where1
• x = [x0 x1 ]T is the 2 × 1 transmit signal vector whose elements are taken from a finite
(complex) constellation,
• r = [r0 r1 ]T is the 2 × 1 receive signal vector,
• n is the 2 × 1 temporally i.i.d. zero-mean complex Gaussian noise vector with E{nnH } =
σn2 I 2 ,!
"
h0,0 h0,1
• H =
is the channel transfer or polarization matrix.
h1,0 h1,1
The polarization matrix H describes the degree of suppression of individual co-and crosspolarized components, cross-correlation, and cross-coupling of energy from one polarization
state to the other polarization state. The signals x0 and x1 are transmitted on the two different
polarizations, and r0 and r1 are the signals received on the corresponding polarizations. We
emphasize that the underlying channel is a 2-input 2-output channel, since each polarization
mode is treated as a separate physical channel. The elements of H are (in general correlated)
complex Gaussian random variables. Without loss of generality, the channel matrix may be
expressed as the sum of a fixed (possibly line-of-sight) component and a scattered (or variable)
component as follows
#
#
K
1 !
H +
H,
(2)
H =
1+K
1+K
$
$
K
1 !
where E{H} = 1+K
H and 1+K
H are the average and variable component of the channel
$
$
K
1
matrix, respectively. The factors 1+K
and 1+K
in (2) are energy normalization factors and
!, denoted as
are related to the K-factor as will be described later. The elements of the matrix H
1 The superscripts T and H stand for transpose and conjugate transpose, respectively. E is the expectation
operator and I m is the identity matrix of dimension m × m.
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%
hi,j (i, j = 0, 1), are zero-mean complex Gaussian random variables whose variances depend
on the propagation conditions. Throughout this paper, we assume
h1,1 |2 } = 1
E{|%
h0,0 |2 } = E{|%

(3)

E{|%
h0,1 |2 } = E{|%
h1,0 |2 } = α ,

(4)

|h0,0 |2 = |h1,1 |2 = 1

(5)

|h0,1 |2 = |h1,0 |2 = αf ,

(6)

where 0 < α ≤ 1 is directly related to the XPD (or separation of orthogonal polarizations)
for the variable component of the channel. Good discrimination of orthogonal polarizations
amounts to small values of α and vice versa. We note that α is not only a function of the
antenna elements’ ability to separate orthogonal polarizations but also of the propagation
environment (coupling between orthogonal polarizations due to scattering). The elements of
the matrix H , denoted as hi,j (i, j = 0, 1), satisfy

where 0 ≤ αf ≤ 1 is directly related to the XPD for the fixed component of the channel. It
is important to note that the presence of a fixed channel component does not always imply
line-of-sight transmission. For pure line-of-sight conditions (for example, very high transmit
and receive antennas) αf unlike α is solely a function of the antennas’ ability to separate the
orthogonal polarizations.
The Ricean K-factor of a fading channel is defined as the ratio of the power in the fixed
component to the power in the scattered component [14]. Under the assumptions made above,
the K-factor for each element of the channel matrix, Ki,j (i, j = 0, 1), can be expressed as
follows
K0,0 = K1,1 = K
K0,1 = K1,0 =

(7)

αf
K.
α

(8)

For the remainder of this paper, we shall refer to K as the K-factor of the system. Experimental data reveals that the elements of H are in general correlated. We define the following
correlation coefficients2
t=

E{%
h0,0%
h∗0,1 }
E{%
h1,0%
h∗1,1}
√
=
√
α
α

(9)

r=

E{%
h0,0%
h∗1,0 }
E{%
h0,1%
h∗1,1 }
√
=
√
α
α

(10)

s = E{%
h0,0%
h∗1,1 } ≈

E{%
h0,1%
h∗1,0 }
α

,

(11)

where t is referred to as the transmit correlation coefficient while r is referred to as the receive
correlation coefficient. The correlation coefficient s captures the correlation of the diagonal
2 The superscript ∗ stands for complex conjugate.
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Figure 3. Spatial multiplexing.

and the anti-diagonal elements, respectively. The approximation sign in (11) is motivated by
measurement results. The experimental data gathered during the measurement campaign was
used to extract values of K, αf , α, r, t, and s for each measurement location. Using these
statistical parameters, it is possible to estimate the performance of spatial multiplexing and
the Alamouti scheme in terms of average uncoded symbol error rate as will be described in
the next section. It is pertinent to note that in addition to the channel statistics mentioned
above, knowledge of the fixed component of the channel matrix, H , is required to estimate
the symbol error rate. Due to limitations in the measurement equipment, determination of the
phase information of H was not possible. Instead, we resorted to random computer generated
realizations of H .

4. Performance Analysis
4.1. S PATIAL M ULTIPLEXING
MIMO systems employ spatial multiplexing to increase spectral efficiency. Figure 3 shows a
schematic of a spatial multiplexing system. The symbol stream to be transmitted is split up
into two sub-streams each of which is launched from one of the two orthogonal polarizations.
We assume that the receiver has perfect channel knowledge (acquired through training) and
performs maximum-likelihood (ML) detection. In the following, we shall use an estimate
P̄mux of the average (over the random channel) uncoded scalar symbol error rate for spatial
multiplexing as a function of the channel statistics derived in [10, 11]. The estimate relies on
a weighted average pairwise error probability (PEP) approach and provides an estimate of the
symbol error rate that matches the actual symbol error rate very closely. Furthermore, P¯mux
reveals all the trends of the actual symbol error rate with varying channel statistics and SNR,
eliminating the need for time-consuming computer simulations.
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Figure 4. Alamouti scheme.

4.2. A LAMOUTI S CHEME
Transmit diversity schemes exploit spatial diversity inherent in MIMO systems to improve
link reliability. In this paper, we consider the performance of a simple transmit diversity
scheme, the Alamouti scheme [9], for the polarization diversity channel under consideration.
A schematic of the transmission strategy for the Alamouti scheme is shown in Figure 4.
Unlike the case of spatial multiplexing, in the Alamouti scheme redundancy is introduced
in the transmitted symbol stream to exploit spatial diversity. More specifically, if symbols s0
and s1 are transmitted at polarizations +45◦ and –45◦ respectively during one symbol period,
then during the following symbol period, symbols –s1∗ and s0∗ are launched at polarizations
+45◦ and –45◦ , respectively. We assume that the channel remains constant over at least two
consecutive symbol periods and that the receiver has perfect channel knowledge and performs
ML detection. The ML receiver for the Alamouti scheme is much simpler than that for spatial
multiplexing. This is due to the fact that the structure of the transmitted signal orthogonalizes
the channel irrespectively of the channel realization [9]. Appropriate processing at the receiver
effectively turns the vector detection problem into simpler scalar detection problems. An
estimate P¯div of the average (over the random channel) uncoded symbol error rate for the
Alamouti scheme as a function of the channel statistics was derived in [10]. We note that this
estimate reveals all the trends of the actual symbol error rate and can predict performance of
the Alamouti scheme accurately.
5. Measurement Results
Since the Alamouti scheme introduces redundancy in the transmitted data stream, the data rate
will be half the data rate for spatial multiplexing if the same underlying scalar constellation
is used. In order to compare the two signaling schemes at the same data rate, we employ
a higher order constellation for the Alamouti scheme in our simulations. In particular, we
assume that the data symbols for spatial multiplexing are drawn from a 4-QAM constellation
while the data symbols for the Alamouti scheme are drawn from a 16-QAM constellation.
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Figure 5. BER estimate for spatial multiplexing.

This ensures that data is transmitted at 4 bits/symbol period for both schemes. Additionally,
we assume an SNR of 20 dB at each location. The assumption of fixed SNR is justified for
systems employing power control. In order to compare the two schemes based on BER we
make the following approximations BERmux ≈ P̄mux
and BERdiv ≈ P̄4div , where BERmux is the
2
average bit error rate estimate for spatial multiplexing and BERdiv is the average bit error rate
estimate for the Alamouti scheme.
Figure 5 shows the BER estimate for spatial multiplexing as a function of distance from
the base-station. It can be seen that BERmux fluctuates widely over the cell, more so at greater
distances from the base-station. The fluctuation can be attributed to the wide variation in
channel statistics over the cell. Figure 6 shows the BER estimate for the Alamouti scheme as
a function of distance from the base-station. As for the case of spatial multiplexing, BERdiv
fluctuates widely over the cell.
From Figures 5 and 6 it is clear that if knowledge of the channel statistics is available
to the transmitter, the correct choice of transmission mode can result in significant BER
improvements. For example, consider the measurement location closest to the base-station
(at a distance of approximately 200 m). A comparison of the performance of the two schemes
for this location reveals that the channel statistics at this point are much more conducive to the
Alamouti scheme than they are for spatial multiplexing. If feedback were available, the choice
of the Alamouti scheme over spatial multiplexing would result in nearly two orders of magnimux ,BERdiv )
for each measurement location.
tude reduction in BER. In Figure 7, we plot max(BER
min(BERmux ,BERdiv )
The plot reveals the reduction in BER possible through correct selection of the transmission
mode for each measurement location and clearly illustrates the value of feedback of channel
statistics to the transmitter for mode selection. Feeding pertinent channel statistics back to the

Multi-Antenna Signaling Strategies Using Dual-Polarized Antennas

39

Figure 6. BER estimate for the Alamouti scheme.

transmitter can be accomplished via a low-bandwidth link. Furthermore, conveying channel
statistics to the transmitter is more easily accomplished than feeding back the channel state
information itself.
If feedback is not available, it is beneficial to note the general trend in performance of
spatial multiplexing and the Alamouti scheme over the cell area. In Figure 8, we plot the
least-squares line fit for both spatial multiplexing and the Alamouti scheme data points. The
plot reveals the existence of a switching point at about 1 km from the base-station. We refer
to this distance as the preferred-mode switching distance – one mode of transmission is typically preferred over the other, depending on the subscriber’s position relative to the switching
distance. We stress that choice of the transmission strategy based solely on the subscriber’s
position relative to the preferred-mode switching distance may not be optimal. However, in the
absence of feedback, the preferred-mode switching distance is a fair indicator of the preferredmode of transmission. For the cell under consideration, spatial multiplexing is the preferred
transmission strategy for locations that are less than 1 km away from the base-station, while
the Alamouti scheme is preferred for locations closer to the cell edge. This can be attributed
to the fact that the MIMO channel experienced by users closer to the base-station tends to
have higher rank due to large angle spreads, which favors spatial multiplexing. Users at the
edge of the cell tend to experience smaller angle spreads and hence increased spatial fading
correlation which is detrimental to spatial multiplexing.
The preferred-mode switching distance for a cell will be a function of the SNR, data
rate, and the channel statistics inherent to the cell topology. Moreover, the use of forward
error correction coding can be expected to have a significant impact on the preferred-mode
switching distance as well. The results in this paper assume equal SNR at all locations within
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Figure 7. Reduction in BER through optimal mode selection.

Figure 8. Preferred-mode switching distance.
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the cell. Alternatively, we can set the SNR at each location to be a function of the distance
from the base-station and the path-loss exponent measured for the cell. Similar performance
trend lines can be plotted for the two schemes for this scenario and a preferred-mode switching
distance can be established.
6. Conclusions
We studied the performance of spatial multiplexing and the Alamouti scheme in terms of
average bit error rate for a dual-polarized antenna system using data acquired through channel
measurements. The results motivate the use of feedback of channel statistics to the transmitter
for link adaptation. Appropriate choice of the transmission mode based on channel statistics
information can improve the bit error rate by several orders of magnitude. Furthermore, the
existence of a preferred-mode switching distance within the cell was established. For the cell
under consideration, the channel statistics are more conducive to spatial multiplexing closer to
the base-station, while the Alamouti scheme is preferred for locations closer to the cell edge.
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