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Abstract—This paper discusses channel capacity improvements
with optimal multiantenna wireless communications using a discrete lens array (DLA) at the analog front end. It is first shown
that optimal signaling over multiantenna channels via virtual
spatial models (VSMs) has a direct hardware correspondence
in a multibeam spatially fed antenna architecture. A multibeam
dual-polarized DLA is designed and characterized, and the effects
of measured antenna radiation patterns on calculated capacity
are quantified. In particular, the paper examines: 1) effects of
cross-polarization for a dual-polarized multibeam array; 2) effects of beam overlap in a multibeam array; and 3) effects of
gain variations for different scan angles. It is demonstrated that
adding an ideal dual-polarized array achieves a capacity improvement of up to 88% compared to the single-polarization
case. In practice, the two polarizations are weakly coupled, and
the measured cross-polarization level of 14 dB decreases the
capacity of the system by less than 2%. Furthermore, it is shown
that a dual-polarized multibeam DLA is nearly insensitive to
polarization rotation in a rich scattering environment, whereas
single-polarized antennas incur a capacity degradation of up to
24%. Finally, capacity decrease due to measured nonuniform
amplitudes on the antenna aperture is shown to be less than
10%.
Index Terms—Antenna arrays, channel capacity, dual-polarized, multibeam antennas, polarization diversity.

I. INTRODUCTION

M

ULTIPLE antennas at the transmitter and receiver have
been shown to dramatically increase the capacity and reliability of wireless communication links and are often referred
to as multiple-input–multiple-output (MIMO) systems [1]. For
a given transmitted power and bandwidth the capacity is shown
to grow proportionally to the number of antennas [2], [3]. The
initial studies are based on an idealized channel model that assumes independent fading coefficients between transmit-receive
antenna pairs. Such a simple assumption overestimates the link
capacity due to correlation between channel coefficients in realistic physical MIMO channels [4], [5], [8]. On the other hand,
parametric physical models, i.e., [6], [7], that explicitly model
signal propagation over multiple paths, are very accurate but
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mathematically intractable due to the large number of nonlinear
physical channel parameters. The recently introduced Virtual
Channel Representation for uniform linear arrays (ULAs) [8]
strikes a judicious balance between accuracy and complexity
and provides a tractable linear characterization of the physical
channel. The virtual representation is a fixed coordinate transformation defined by a fixed set of spatial basis functions, virtual
spatial models (VSMs), corresponding to fixed antenna beams
[8]. Most importantly, the virtual channel coefficients are approximately uncorrelated regardless of the channel correlation.
Due to this property, signaling over the VSMs is optimal from a
communication viewpoint: capacity-optimal signaling reduces
to simple power allocation in different VSMs [10]. To date, the
virtual representation has been successfully applied in various
aspects of space–time communication, including channel modeling, space–time code design, channel estimation, and capacity
assessment of physical wireless channels [9]–[12].
In the context of antenna array design, a discrete lens array
(DLA) is an efficient hardware implementation of the VSM
theoretical representation and has the advantages of multibeam
arrays in wireless communications. A DLA is analogous to a
Rotmann lens [13], [14] and can be viewed as a hardware discrete
Fourier transform (DFT) of an arbitrary linear combination of
incident plane waves onto a focal surface. The wavefront at the
incidence plane is sampled by an array of antenna elements,
each sample is then appropriately time-delayed and re-radiated
by a second array of antennas onto a focal surface. The fields on
the focal surface are sampled so that each focal-plane antenna
element preferentially receives waves incident from a single
direction. Beamforming through a spatially fed array at the
front end has advantages in terms of complexity and cost of
digital hardware, as well, and computational load, especially
for large arrays. The DLA can be implemented using standard
planar circuit technology, and can incorporate transmit power
amplifiers or receive low-noise amplifiers either in the lens
arrays or at the focal-surface antennas [15]–[17].
The paper is organized as follows: Section II outlines the
VSM representation theory and describes the correspondence
to DLA hardware. Section III gives details on the design
and measured characteristics of a X-band dual-polarized DLA
with five beams in each polarization that cover scan angles
between
. Section IV presents the VSM model for capacity
calculations with measured DLA characteristics: 1) amplitude
nonuniformity; 2) measured array element patterns; 3) coupling
between two orthogonal polarizations. Section V provides a
discussion of numerical results for channel capacity for various
scenarios, based on carrier-frequency measured data at the front
end.
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II. VSM WITH DLAS
In order to calculate channel capacity limits for realistic
multibeam antenna arrays with front-end analog beamforming,
we first present the virtual space model theory for an ideal
uniform antenna array with omnidirectional elements. After
establishing the ideal array notation, we discuss required modifications for realistic antenna properties.
A. VSM Theory Foundations
Consider a MIMO system with uniform linear antenna arrays
(ULAs) at both transmitter and receiver, as depicted in Fig. 1.
The ULA at the transmitter side has
antennas, and the one
antennas. The array transmit and
at the receiver side has
receive steering vectors are given by

(1)
is related to the physical angle,
where
as
measured w.r.t. the array broadside,
[8], is the propagation wavelength, and
is the antenna spacing. In the absence of noise, the signals on
the transmit and receive array elements are related as
(2)
where is the
1 receive signal vector, is the
1
transmit signal vector, and
denotes the conjugate transpose
. For the
channel matrix ,
is
of the vector
denotes the comthe number of physical propagation paths,
and
plex path amplitude associated with the th path, and
represent the receive and transmit path angles, respectively.
and
are odd
Without loss of generality, we assume both
and
. In
and define:
contrast to (2), signaling can be alternatively accomplished in
VSMs following:

(3)
1 virtual transmit signal vector, is the
where is the
1 virtual receive signal vector, and the
matrix
is the virtual representation of . Transformations
and
are unitary DFT matrices

(4)
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As elaborated in [8], each nonvanishing virtual coefficient in
couples a pair of beams in the directions of transmit and
provides intuitive
receive virtual angles, and the structure of
insights into the relationship between the scattering environment
and the behavior of channel capacity and diversity. Moreover,
both analytical and experimental results [8], [12] show that
virtual coefficients are approximately uncorrelated. Due to this
property, the optimum transmit covariance matrix in VSMs has
a simple diagonal structure, and the optimal communication
reduces to power allocation over different transmit virtual angles
with those having larger channel gains getting more power
[9], [10].
B. A Possible Hardware Implementation of VSMs
There are a number of antenna array designs that are good
hardware approximations of the VSM representation: phased
array antennas, multibeam arrays with multiple passive corporate feed networks and a variety of spatially fed arrays [28] and
[27]. In this work, we demonstrate the correspondence between
theory and implementation using a DLA [29], [18], [30]. Fig. 1
illustrates two one-dimensional (1-D) DLAs used in a VSM
link, the transmit one with
beams, and the receive one with
beams.
A DLA consists of three antenna arrays: two of the arrays
form the lens, and the third samples the focal surface. The lens
functionality is accomplished with pairs of antenna elements
connected with delay lines, with the delay varying across the
face of the lens array. This is a discretized version of an optical
dielectric lens which is thicker in the middle, i.e., has a larger
delay in the middle [14]. In receive mode, a plane wave incident from the far field is approximately Nyquist-sampled by the
array aperture (labeled “nonprobe side” in Fig. 1). The lens then
performs a DFT by changing the phase in each element and focusing the signal onto the focal surface, which is then sampled
with the probe antenna elements.
In Fig. 1, which describes linear arrays for simplicity, the
focal surface becomes a focal arc, and the DFT can be expressed
, with and as the signal vectors
mathematically as
at the probe and the nonprobe-side elements, respectively. In the
experimental implementation described in Section III, the DLA
is a two-dimensional (2-D) array, allowing for better power efficiency. Since this is a linear and reciprocal component, the DLA
operates in the same way as a transmitter. In this case, we refer
to the elements on the focal arc as feed antennas and the two
sides of the lens are referred to as the feed and nonfeed sides as
shown in Fig. 1. The corresponding DFT can be expressed as
, where and denote the signal vectors at the feed
antennas and the nonfeed-side antennas, respectively.
III. DESIGN AND CHARACTERISTICS OF DLA
A. The Unit Cell

with receive and transmit virtual angles specified as

(5)

The antenna used as a DLA element as well as each feed and
probe in Fig. 1 is a multilayer microstrip patch. The typically
small bandwith of a single layer patch antenna can be increased
to greater than 15% by stacking tightly coupled patches of different resonant frequencies, [19], [20]. The stacked elements
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Fig. 1. Illustration of a wireless link using a VSM architecture, implemented in hardware with spatially fed discrete lens arrays. The transmitter and receiver have
N and N discrete beams, respectively. Each beam is transmitted/received from a corresponding feed/probe on the focal arc for linear arrays. Notation: 
and 
denote the pth and q th transmit and receive virtual angles, s ; . . . ; s
and z ; . . . ; z
are the signal vectors at the N feeds and at the N probes,
and y ; . . . ; y
are the signal vectors at the N nonfeed-side elements and at the N nonprobe-side elements, respectively.
respectively, x ; . . . ; x

Fig. 2. (a) Measured (solid lines) and simulated (dashed lines) s-parameters for port 1 (one of two orthogonally polarized feeds of unit cell). The upper curves
correspond to the reflection parameter s , and the lower curves correspond to the port isolation parameter s . The ripple in the measured s is the result of a
3.5 mm coaxial calibration. (b) Measured element E-plane (solid lines) and H-plane (dashed lines) co-polarized and cross-polarized radiation patterns.

do not increase the surface area compared to that of a single
patch antenna, making it suitable for arrays. The design variables in the stacked patch configuration are dielectric constants
and thicknesses of the substrates, patch sizes, feed locations and
offsets between the patch centers. They can be optimized for
broad-band as well as dual-frequency applications.
The simplicity of the unit cell is an important factor in
the DLA design, since the number of elements can be large
(hundreds) and the number of layers is doubled due to the
back-to-back connection of two arrays. The specific manufactured unit cell considered in this study consists of two square
patches built on ULTRALAM 2000 dielectric material separated by the Rohm Rohacell 31 HF foam. The foam is 3 mm

thick with a relative permittivity of 1.07 and the loss tangent of
0.004.
The 2-port -parameters of the stacked patch antenna element were measured using an HP8510 Network Analyzer with
a 3.5 mm coaxial calibration and are compared to simulations
obtained using Zeland’s IE3D Method of Moments software.
As shown in Fig. 2(a), the 2:1 VSWR bandwidth is 900 MHz
around the central frequency of 10.3 GHz, a 9% fractional bandwidth. The isolation between the two ports is 24 dB.
The measured co-polarized and cross-polarized ( - and
-plane) radiation patterns of the antenna element are given in
Fig. 2(b). The signals received at the two ports are measured
simultaneously: -plane radiation patterns are measured at
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Fig. 3. (a) Exploded view of the 165-element 30 cm 30 cm lens array. Corresponding feed side and nonfeed side antenna elements are separated by a common
ground plane and connected with metal-plated vias (not shown in figure). Arrays with parasitic patches are separated by a 3 mm thick foam layer from the arrays
with the directly fed patch antennas. (b) Outline of the antenna arrays on the feed side (light gray) and the nonfeed (dark gray) side of the 165-element lens array.

Fig. 4. Measured unnormalized horizontal polarization (a) and vertical polarization (b) radiation patterns of the lens array for the feeds positioned at:
15 , 0 , 15 , 30 .

0

the port with the vertical orientation, and the port with the
horizontal orientation receives signals in the -plane. The
cross-polarized signal is more than 20 dB below the co-polaror
ized signal, and the back radiation is at a level of
lower.
B. The DLA
The lens array discussed in this paper is based on the symmetrical approach [14]. A symmetrical design does not have perfect
),
focal points (unless the angle of best focus vanishes:
but instead has a cone of best focus. The octagonal lens array
has 165 antenna elements with a triangular lattice, and a unit
. The octagonal shape and triangular
cell size of
lattice result in lower side-lobe levels in the two principal planes.
An exploded view of the lens array is presented in Fig. 3(a). The
lens consists of two antenna arrays that share the same ground
plane. Each array has three metal layers: the ground plane and
the two microstrip patch arrays. The elements at the nonfeed
side and the feed side are connected with the metal-plated via

030

,

interconnects (not shown in figure). The dielectric material is
transparent in Fig. 3(a) to show the stacked patch antennas on
all the layers. The parasitic patches are used in an inverted configuration, providing a protective dielectric radome. Rohm Rohacell 31 HF foam is used between the patch antennas. Fig. 3(b)
shows the lower patches and the transmission lines on two sides
of the lens.
The radiation pattern of the lens array was measured in
an anechoic chamber for five different angles within the scan
,
, 0 , 15 , 30 ), Fig. 4. A standard gain
range (
horn antenna is used as a transmitter. The same dual-polarized
stacked patch antenna previously described is used as a feed.
The feed antenna is moved along the focal arc and the radiation
patterns are measured one at a time. The two ports are connected
to two HP437B power meters and measured simultaneously.
The measured value of the maximum beam power varies by
polarization and not more than 2 dB in
only 1 dB in the
polarization over the scan angle range [
, 30 ] in
the
both planes. The half-power beamwidth of 7 for a beam on
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Fig. 5. Calculated image of the normalized received power distribution (in decibels) on the focal surface for a plane wave incident from (a)  = 0 and (b)  =
30 . The black square represents the physical size of the feed element on the focal surface, indicating the amount of spill-over power. The dark areas around (a)
 = 0 and (b)  = 30 , represent the highest power densities in these black and white plots. Outside of these regions, dark areas represent the lowest power
density values.

boresite changes less than 1.5 in both principal planes over
the 60 scan range.
The polarization characterization was performed with the
transmitting antenna rotated from 0 to 360 and the dual-polarized stacked patch antenna used as a feed antenna. The
power received at the two ports, which correspond to vertical
and horizontal polarizations, and for five positions of the feed
antenna along the focal arc is presented in Fig. 6. The cross-pol
on average and it changes less than 1.5 dB as the
is
.
beam is scanned from 0 to
To characterize the losses in the multibeam antennas, first a
through measurement is performed by calibrating w.r.t. a direct
link between the lens feed antenna and receiving antenna. The
lens is then inserted at the optimal position, resulting in a maximal gain of 8.6 dB at 10.3 GHz. The array directivity is 28.7 dB.
The losses are attributed to losses in the lens (mismatch, conductor, dielectric, spill-over, taper loss). The loss budget is given
in the following gain computation:

where 3.9 dB are losses independent of the scan angle, due to via
transition (0.5 dB), transmission line sections (0.5 dB), and three
80-% efficient antennas (3 0.97 dB). Scan-dependent losses
due to spill-over and taper loss amount to 7.1 dB. Computations
show that the total loss is relatively constant across the scan
range which is the reason for the small variation in the maximal
beam power.
The image on the focal surface is calculated for two signals
coming from 0 and 30 off axis. The results are presented in
Fig. 5(a) and (b) and show that the shape of the spot is circular.
The approximate effective area of the feed antenna is presented
with the black squares positioned at 0 in plot (a) and at 30
in plot (b). In our application scanning is required only in the
horizontal plane and can in principle be accomplished with a
1-D array. The 2-D array design, however, reduces the spill-over
loss and thus increases the efficiency.

Fig. 6. Measured polarization properties for the two polarization states of the
lens array for three scan angles (from left to right 0 , 15 , and 30 ) as the
transmitting horn polarization is rotated.

IV. VSM-DLA SYSTEM MODELING AND
CAPACITY ASSESSMENT
In this section, we modify the theory for ideal 1-D multibeam
arrays to incorporate measured properties of the DLA described
in Section III.
A. 2-D Aperture Model With Tapered Amplitudes
As illustrated in Figs. 2 and 3, the DLA has nonisotropic element patterns and a 2-D aperture, so the channel matrix (2)
becomes
(6)
where the steering and response vectors are modified to incorin one plane
porate the element pattern

(7)
Throughout this paper, for simplicity, we assume that the scatterers are distributed only in the horizontal plane connecting
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Fig. 7. Illustration of the transmit and receive polarizations of a wave propagating along the nth path. 
and 
are the departure and arrival angles of the
r are the propagation direction vectors, ~i represents the vertical polarization component, while ~a and ~b denote the horizontal polarization
nth path, ~t and ~
components on both sides.

the transmit and receive DLAs. It can be shown that the virtual
in (3) for a 2-D aperture takes the form
channel matrix
(8)
where the matrices
and
are diagonal and the diagonal entries denote the number
of elements in different columns of the 2-D aperture. For
matrix
example, for the aperture in Fig. 3(b), the
. These integers reflect the
is
coherent combination of the signals on the elements in the
same column, since these signals have no relative phase shift,
because the feeds, probes, and scatterers are assumed to be in
the horizontal plane. One of the nonidealities of a DLA is the
nonuniform power density across the aperture, mainly due to
the radiation pattern of the feed element. To incorporate the
tapering weights in the analysis, (8) is modified as
(9)
where the matrices
and
are
diagonal and the diagonal elements denote the tapering weights
across the aperture, estimated from the measured beam patterns.
is normalized to preserve the total radiated
In our analysis,
power and the total received power, respectively. It can be shown
that the nonfeed-side aperture will have the same total radiated
is scaled according to
power if
for

D aperture
for D aperture

(10)

where
denotes the matrix trace. Note that for a 1-D
and
. Similarly, the total
aperture
received power on the receiver focal arc will remain constant
is normalized in the same way. Let
be the 1-D
if
transmit element pattern at physical angle . The normalization
preserves the total radiated power of
is also used as the receive element pattern
each element.
due to reciprocity.

B. Dual Polarization Model
The use of two orthogonal polarizations improves capacity
without increasing the array size. For simplicity, we first consider two DLA elements at the centers of the nonfeed-side
aperture and the nonprobe-side aperture, respectively. The two
in Fig. 7, and each element
elements are located at and
has two polarization ports. One generates vertical polarization perpendicular to the paper plane, and the other generates
horizontal polarization lying in the plane. Furthermore, the
th path starts from
at angle
and ends at
at angle
with
and
as the corresponding direction vectors.
We further define two vectors
and
where
represents the direction pointing out from the paper
plane. At the transmitter side, the vertical and horizontal ports
and
( -port and -port) transmit polarizations
, respectively. It is well known that the measured
cross-polarization is statistically nonzero when a single vertical
or horizontal polarization is transmitted [25]. This implies that
the polarization is more or less rotated during the propagation. The following model is introduced to characterize this
to
, the
polarization rotation. After propagating from
polarizations are changed according to

(11)
where
and
represent the polarization directions of the
signals from -port and -port, respectively. At the receiver
side, the -port and -port capture the vertical and horizontal
components by projecting the incoming polarization on and
, respectively. The general propagation attenuation between
any pair of transmit and receive ports is given by

(12)
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(a) Measured, estimated, and ideal far field radiation patterns for  = 30 . (b) Real part of the estimated tapering weights for the middle row of the lens.

where, for example,
represents the attenuation between the transmit -port and the receive -port for the th
is the path-length-dependent phase, and each path is
path,
with
as the
assumed to have the same attenuation
number of paths. There could be a distinct phase associated
, since the phase may be changed differently
with each
during the propagation. The phase difference can be easily
incorporated in the model. However, it is ignored in this work
for simplicity. Intuitively, the phase difference may favor the
dual-polarized scheme, since it reduces the dependence between different polarization components and therefore should
increase the capacity. Moreover, the normalization on the path
attenuation only depends on the number of paths and is independent of antenna configurations. It will multiply the same
scalar to the received signals of both single and dual polarization schemes. As described in [31], [32], the conventional
may not be approchannel normalization
priate for comparing multipolarization configurations whose
channel coefficients associated with different transmit-receive
antenna pairs may have different variance. Therefore, unlike the
may not be proportional
single polarization schemes,
. A simple example is the single-path line-of-sight
to
channel. Let the channel coefficient variance be 1 for a SISO
system with vertically-polarized antennas. If a receive antenna
with horizontal polarization is added, the associated channel
coefficient is 0, since it is orthogonal to the incoming polaris still 1 and is not 2 as predicted
ization. Therefore,
by the conventional normalization.
Another important issue of polarization modeling is the disand
. In this paper, they
tribution and correlation of
are modeled in two ways

In the no-rotation model, horizontal and vertical transmit polarizations are still in the horizontal and vertical planes at the
receiver side. In the random-rotation model, the polarization
angles are randomly rotated with uniform distribution and are
assumed to be independent of each other. The two models attempt to simulate the physical environments where each path
has a single or multiple bounces, since the polarization direction may change significantly in the latter case. However, there
may exist differences between (13) and realistic situations. For
instance, some measurement results [31], [32] indicate that transmission usually yields higher received power than transmission. This situation can be better accommodated by imon
posing Gaussian distribution with small variance around
and that with large variance around 0 on
where good
group plane is present.
If two dual-polarized 1-D DLAs are employed at both sides,
each nonfeed-side and nonprobe-side array can be decomposed
into two subarrays corresponding to the -ports and -ports,
and the channel model (6) has to be generalized to account
for the four channels. The channel matrix between the transmit
-port subarray and the receive -port subarray is

(13)

(15)

(14)
,
, and
can be
The expressions for
using (12) and (11). In the
obtained by modifying
1
presence of a 2-D aperture and tapering weights, the
received by the -port probes can be derived
signal vector
from (9) as
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where and represent the
1 signal vectors transmitted
received
by the -port and -port feeds. The signal vector
and
by the -port probes can be expressed by using
in the first and second terms in (15), respectively. In practice,
the two receiving polarization ports are not perfectly isolated,
. Including and
and a polarization coupling factor is
the background noise, the received signal vectors become

(16)
1 transmit signal vector and the
1
where the
dualreceive signal vector are related via the
. The (16) is an extension
polarized virtual channel matrix
of the basic relation in (3) and includes the factors of dualpolarized transmission, 2-D aperture, and tapering weights. For
a single-polarized system, it is assumed that the feeds, probes,
and array elements only have vertical polarization. Accordingly,
the transmit-receive signal relationship is simplified to
(17)
According to (16), the channel capacity for the dual-polarized
VSM-DLA system can be computed as [2], [21]
(18)
where the expectation is over the statistics of
,
is the
transmit covariance matrix, and the transmit
SNR is the ratio of the total transmit power to the variance of
each noise component in . The computation of the optimum
can be found in [22]. Similarly, the channel capacity for the
single-polarized system in (17) is given by

(19)
where
matrix.

is the

transmit covariance

V. NUMERICAL RESULTS
A. Estimation of Tapering Weights
The tapering weights are estimated from the measured radiation patterns of the actual DLA to investigate their impact on
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channel capacity. In the measurement, a feed is placed on the
. The
focal arc at five physical angles
, are estimated
tapering weights, the diagonal elements of
from the measured data through a least-squares fit. The diagrepresent the nonuniform signal strength
onal elements of
across the aperture of the transmitting DLA. As an example,
both measured and estimated patterns, as well as the ideal pat.
tern without tapering, are plotted in Fig. 8(a) for
is averaged over different ’s and is furThe estimated
in (10). The
ther normalized according to
real part of the tapering weights is plotted in Fig. 8(b). All values
of the real part are greater than 0.7, while those of the imaginary part (not shown here) are all smaller than 0.1. Therefore,
the tapering weights are approximately real and positive, since
they are mainly due to the nonuniform antenna power pattern.
Furthermore, comparing the measured and ideal radiation pattern in Fig. 8(a), we note that the nonuniform tapering weights
yield a wider main lobe and higher side lobes and hence increase
the coupling between the beams, as expected. The impact of the
nonuniform tapering weights on channel capacity is investigated
in the next subsection.
B. Channel Capacity of the Dual-Polarized VSM-DLA System
whose
1) Simulation Setup: We consider
are randomly uniarrival and departure angles
formly distributed within a 2-D angular region in the virtual
,
domain:
represents the number of
where
transmit and receive virtual angles as in the measurement setup,
controls the path angular spread.
and
Moreover, the path-length-dependent phase
in (12) is assumed to be randomly uniformly distributed between 0 and :
. The variations of the channel parameters are
based on the local-movement assumption: the movement of the
transmit and receive arrays w.r.t. the scatterers is small enough
to only change the phase of each path, while the path angle
geometry remains the same. Therefore,
are randomly selected but fixed during the simulation, while
is randomly changed for different channel realizations. The
channel capacity is computed according to (18) by using 500
in (16), and the
realizations of the virtual channel matrix
computation is similar for single-polarized system in (19). The
transmit SNR is chosen to be 10 dB.
2) Capacity Improvement due to Dual-Polarization: The
capacity for 1-D DLA aperture with single and dual polarizations is plotted in Fig. 9(a) as a function of the angular spread
parameter for the no-rotation model in (13). As expected, the
capacity increases with , because larger angular spread creates more parallel channels [8], [12]. For all ’s, dual-polarized
) achieves
transmission with no polarization coupling (
substantial capacity improvement over the single-polarized
transmission. However, the relative improvement declines from
to 61.3% at
, though the absolute gap
74.6% at
is greater for larger .
Ideally, dual orthogonal polarizations should double the capacity at high SNR. On the other hand, dual-polarization implies
twice the number of antennas at each side. It is therefore instructive to examine the improvement when the number of antennas
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Fig. 9. Calculated channel capacity for single-polarization and dual-polarization systems using the no-rotation model at transmit SNR of  = 10 dB. (a) 1-D
DLA aperture. (b) 2-D DLA aperture.

Fig. 10. Impact of polarization coupling factor k on channel capacity using
the no-rotation model for a 1-D aperture at transmit SNR of f  = 10 dB.

remains constant. To do so, we introduce a single polarization
scheme with
antennas which is obtained by rotating the horizontal antennas in dual-polarized scheme for 90 .
The resultant configuration with overlapped vertical elements
is somewhat artificial but provides theoretic insights into the
, the corresponding received signal is
problem. In case of
equal to
where
repgiven by (16) with
resents 2 2 all-one matrix and denotes the Krönecker tensor
single polarization
product. Compared with the
case, the dual-polarized one has doubled the rank of
, but
is roughly a half, since
the channel power
and
are zero. As shown in Fig. 9(a), the dual-polarized scheme improves the capacity by 41% to 53% over the
single polarization scheme, and the performance
loss due to the reduced channel power is more than compensated
by the doubled rank. As we will see later, the improvement is
further enlarged for 2-D aperture. However, it should be noticed

single polarizathat the capacity of the compared
tion scheme would be greater if the antennas are uniformly distributed across the aperture. In this case, the improvement due
to orthogonal polarizations might be smaller. A more thorough
comparison will be included in our future work.
As described in Section III-B, the measured polarization couwhich means the received
pling factor is about
power of the cross-polarization is about 14 dB lower than that
or
polarization is
of the co-polarization when a single
transmitted. To study its impact, we compute the capacity for
dual-polarization case from (16). As shown in Fig. 9(a), the
nonzero results in lower capacity, but the reduction is less than
2.1% for all ’s. To illustrate, we fix
and plot the capacity as a function of for dual polarizations in Fig. 10. The
capacity corresponding to single polarization is also plotted for
comparison. The capacity of dual polarizations monotonically
decreases for larger and is close to that of single polarization
. This is due to the fact that a larger will increase
when
in (16). At the exthe correlation between the coefficients of
, the dual-polarized system does not increase
treme case of
the number of parallel channels (rank of
) compared to a
single-polarized system. The slight improvement by dual polaris due to the additional power captured by the
izations at
second port. In addition, it should be noted that the cross-polarand
in (16) may
ization signals
have phase shifts which are usually difficult to measure. To investigate their impacts, we add a constant phase shift to both
and
and recompute the capacity
for dual polarizations. It is found that for various phase shifts,
the corresponding capacity is almost identical to that without
and exhibits small difference after
phase shift when
that. The results for phase shift equal to 30 and 60 are shown
in Fig. 10. Therefore, we conclude that the impact of phase shift
is not significant, especially when is small.
3) Impact of Nonuniform Tapering Weights on Capacity: To
numerically assess the impact of nonuniform tapering weights
and
with diagonal elements
on channel capacity,
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as the estimated weights in Fig. 8(b) are inserted into the
capacity expression. The weights are normalized according to
in (10). The results in Fig. 9(a) indicate
that the weights always reduce the capacity, but the reduction is less than 10% in all cases. The following analysis for
single polarization provides some insights. After substituting
in (15) into (19) and using
as the shortening
of
, we expand the capacity expression as in (20),
is the optimum
shown at the bottom of the page, where
for 1-D aperture;
covariance maximizing (19) and
[2], the
With the identity
rightmost term
is shifted to the left and after noticing
and applying the Minkowski’s inequality
[23], (20) results. The tightness of this capacity lower bound
is a positive real diagonal mais verified in [24]. Since
trix with
, it has to be
to maximize
and hence the lower bound. Similarly, the lower
.
bound can be shown to reach the maximum when
These results indicate that the optimum weights maximizing
the capacity lower bound should be uniform. Intuitively, the
nonuniform weights induce a wider main lobe and higher side
lobes to the beampattern as shown in Fig. 8(a). The increased
coupling between the beams yields higher correlation between
the virtual channel coefficients.
4) Capacity Improvement due to 2-D DLA Aperture: As shown in Fig. 3(b) and discussed in Section IV-A, the DLA in the measurement has a 2-D
aperture whose effect is characterized by the matrix
.
into the capacity expression,
After substituting
we recompute the capacity and plot it in Fig. 9(b) where
the other simulation conditions remain the same as those
in plot (a). Comparing both plots, one can observe a two to
four fold improvement for each case. For example, for single
polarization, the improvement due to the 2-D aperture is 191%
and 304% at
. As shown in plot (b), the
at
capacity improvement by dual polarizations is about 88% at all
’s and is 13% greater than the largest improvement of 74.6%
for 1-D aperture. Furthermore, compared with the
single polarization case, dual-polarization achieves a 70%
capacity improvement which again demonstrates the high
efficiency of orthogonal polarizations in increasing the channel
capacity. The capacity reduction for dual polarizations due to
is always less than 0.7%,
the coupling factor of
and the reduction due to the tapering weights is bound by 7.8%
in all cases. Similar to that in Fig. 10, the capacity for dual
polarizations with 2-D aperture is also reduced by larger (not
reported here).
5) Impact of Polarization Rotation on Capacity: In the previous results, it is assumed that the polarizations are not changed
by the channel. However, the polarization vector of a linearly
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Fig. 11. Comparison of channel capacity based on the no-rotation model and
the random-rotation model for a 1-D aperture at transmit SNR of  = 10 dB.

polarized wave is randomly rotated after experiencing a large
number of reflections, i.e., [25] and [26]. To account for the rotation, we recompute the capacity based on the random-rotation
model in (13) and other conditions remain the same as before.
In case of 1-D aperture, we compare the capacity for both no-rofor
tation and random-rotation models in Fig. 11 where
dual polarizations. The capacity for the dual-polarized system
is almost insensitive to the rotation, but it reduces the capacity
and 24.1%
for a single-polarized system by 13.3% at
. A similar trend can be found from the results for
at
the 2-D aperture, for which the capacity of the dual-polarized
system is almost invariant to the polarization rotation, while the
single-polarized system suffers a capacity reduction up to 12%.
VI. CONCLUSION
This work presents an integrated VSM-DLA design for
optimal multiantenna wireless communications, in which the
Fourier transform in VSMs is efficiently accomplished by the
analog front end of a DLA. The DLA presented in this paper
has the following distinct features: the compact multilayer microstrip patch element increases the bandwidth while avoiding
grating lobes; the antenna elements support dual-polarized
transmission; the octagonal lens aperture reduces both the
element offsets and the side lobes of the beampattern.
The major focus of this work is to investigate the effects
of realistic hardware on channel capacity. In specific, for the
2-D DLA presented here, these effects can be summarized as
follows:
• the capacity is substantially improved by the dual-polarized DLA, and the capacity is improved by 88% for 2-D
dual-polarized DLA;

(20)
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•
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for a measured polarization coupling factor of
the capacity reduction is around 0.7%. It
is furthermore demonstrated that the capacity monotonically decreases for larger values of ;
the capacity loss due to the measured tapering weights
across the DLA aperture is no more than 10%;
in the presence of polarization rotation due to scattering,
the capacity of the dual-polarized system is almost
invariant, while the single-polarized system suffers a
capacity loss of up to 12%.

This hardware implementation is not only flexible in terms of
choosing beams at transmitter and receiver, but the beams can
be reconfigured dynamically by varying the relative amplitudes
(powers). For example, higher power can be allocated to a beam
with higher channel gain to accomplish larger channel capacity.
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