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Abstract
The performance of printed dipole arrays in the MIMO channel is investigated using
a channel model based on the Method of
Moments solution of the electric-field integral equation. Comparisons with freestanding
dipoles are given in terms of channel
capacity. Effects of the electrical properties (such as the dielectric thickness and
permittivity) on the MIMO capacity are
explored. Various dielectric-substrate configurations yielding high-capacity MIMO
arrays are presented.
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1. Introduction

M

ultiple- input multiple-output (MIMO0) wireless communication systems can increase the data rate in rich scattering
environments by using multi-element antenna (MEA) arrays at
both the transmitter and the receiver [1, 2]. The choice of the type
of multi-element antenna array may significantly affect the wireless
channel behavior. Transmitter and receiver antennas must therefore
be incorporated into the wireless channel model by including as
many electromagnetic effects as possible, in order to have a better
system design.
Freestanding linear arrays of uniform
dipole antennas are frequently investigated by incorporating the antenna-coupling
effects
into the MIMO0 channel [3-7]. However, the performance of
printed dipole arrays in MIN40 applications has not been studied as
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much as the performance of freestanding dipoles, although they
have advantages over other antenna types for their low cost, light
weight, and ability to conform to the mounting surface.
In this paper, we examine the MIM40 channel capacity of
printed dipole arrays. Antenna and electromagnetic effects, such as
interactions among the dipoles through space and surface waves
and radiated fields, are accurately incorporated into the wireless
channel by using the Method-of-Moments (MoM) solution of the
electric-field integral equation (EFIE), and by calculating the
radiation integrals.
In this work, the channel model used is first benchmarked by
both the simulations and measurements of [8] for adaptive freestanding dipole arrays. Ensuring the accuracy of the channel model,
the MIMO capacity of printed dipole arrays is explored, and comparisons with freestanding dipole arrays are given. Furthermore, we
IEEE Antennas and Propagation Magazine, Vol. 50, No. 5, October 2008

investigate the effects of the geometrical and electrical properties
of printed arrays (e.g., the dielectric thickness and permittivity, surface waves) on the performance in the MIMO channel. Appropriate
dielectric-slab configurations, yielding high-capacity printed dipole
arrays, are presented. An e'o time convention is used and suppressed from the expressions, where wvis the angular frequency.

2. Channel Model with Electric Fields
(MEF)
The scattering environment is considered to be a threedimensional (3D)), single-bounce geometric model, as shown in
Figure 1. It assumes a transmitting (TX) and a receiving (RX)
array, and S uniformly distributed scatterers. Note that the use of
any other geometrical-scatterer scenario, including multi-bounce
geometries, is possible, but avoided here for simplicity. Assuming
flat fading, the received signal vector, V'~, can be written in terms
of the transmitted signal, PE, and the additive white Gaussian
noise vector, Wi,with zero mean independent identically distributed (IID) elements with unit variance, as
V-h =

H IF",

(1)

+ 1T

In Equation (I), H denotes the R x T channel matrix, where R and
T are the numbers of antenna elements in the receiving and transmitting arrays, respectively. Assuming channel knowledge only at
the receiver side, and assuming a diagonal transmission covariance
matrix Q =E [ Va (PX)

Figure la. The scatterer scenario with the transmitting and
receiving arrays.
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where I is the identity matrix, 1.1is the matrix determinant, and
PT= E[(PE)h

q=An

Ft] is the total transmitted signal-to-noise ratio

(SNR), with (.)h and E[.] denoting the conjugate transpose and

Figure lb. The circuit model for the transmitting array.

expectation operations, respectively. Note that the informationtheoretic capacity of this channel under total power constraint PT
is

Z~rm
C=max {E(log, 2 I+HQHA1)},

QŽto

(3)

Tr(Q)!gp-

+

which is very challenging to compute when H is not from an independent identically distributed circularly symmetric Gaussian distribution. Tr(.) is the trace operator. As a result, in the rest of the
paper, with a slight abuse of the terminology, we will refer to the
achievable data rate in Equation (2) as the capacity of the system.
Figure lb shows the circuit model for the nth antenna element of the transmitting array. The MoM impedance matrix of the
transmitting array, Z', relates the currents on the array elements,
P', with the source voltages, V"X, via

EXz5 +ZS[)TIX (Z"

FtX.

(4)
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Figure Ic. The circuit model for the receiving array.
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where ZS and Z", are diagonal matrices, the nonzero entries of
which are the source and matching impedances, respectively, for
each transmitting element. The incident electric field on the pth
scatterer in the far zone of the transmitting array due to the nth
transmitter antenna is given by

where am is the unit normal vector denoting the polarization direction of the element [9]. Making use of the circuit model of the mth
receiver element depicted in Figure 1c, the received signal vector,
F'~, is obtained from the system of linear equations given by
jVrx = ZL

-9p=j '""o

f.7

(-,,) G (7r.)dr,

In Equation (5), uo is the permeability of free space, j,, is the cur-

4,and

rent density on the nth transmitting element due to
is the surface integration over the element. In addition,

J(.)dr'

GF,,)represents the Green's function of the environment,
where Tpand Y,, are the position vectors pointing the pth scatterer
and the nth transmitting antenna, respectively. The total incident
field on the pth scatterer from the transmitting array is obtained as
'ip=

~Ef

=-P0"

n=1

p

0+ý PEPO

(Zr+Z+ZL)V

(12)

(5)

(6)

are the unit normal vectors due to the elevation
whre9 and
and azimuth angles of the pth scatterer in the spherical coordinate
system the origin of which coincides with the center of the transmitting array, as illustrated in Figure la. Each scatterer is assumed
to have a 2 x 2 scattering-coefficient matrix, AP, the entries of
which are taken, without loss of generality, as being independent
identically distributed Gaussian random variables with zero mean
and unit variance. AP is given by

where Z'~is the mutual interactions matrix of the receiving array
obtained via MoM; ZL and Z' are the load and matching impedance matrices, respectively (which are diagonal); and V is the
excitation vector of the MoM matrix equation obtained from the
total received fields on the receiving elements. The entries of F
are evaluated by
Vm

JEm
f
(n) w.m(r;) drm,

(13)

S.'

where Wm is the weighting function over the mth receiver element
and is taken as the current distribution on the element (i.e., ,nth
testing function) for employing a Galerkin's MoM solution. In
order to find the entries of mutual coupling included in H, the following procedure is utilized:
1. Evaluate Zt' and Z'~.
2. Start with n =I.
3. Activate the nth TX element (V,"

=

lV, Vkft

=

0).

4. Calculate the current vector utilizing Equation (4).

Faý

5. Evaluate Equations (5)-(13); the entries of the MIMO channel
matrix can then be simply evaluated as

aý

Assuming each scatterer to be an isotropic radiator, the crosspolarized field scattered from the pth scatterer impinging on the
mth receiving antenna, Epm can be expressed as follows:

V~f
nk..

0

Vp0=ap0 Ep,, + aft~(8
P,
VP

6. Increase n, and go to Step 3.
(9)

ýp V0) -jkrp
=
'4PV00+
'EP

where kdenotes the free-space propagation constant, and rp is the
distance between the mth receiving element and the pth scatterer.
Note that in Equation (10), the unit normal vectors (102p,~ are
chosen for a different spherical coordinate system, the origin of
which coincides with the center of the receiving array, as shown in
Figure Ia. The total field received by the mth receiving element is
given by
S
Em.

4am.Epm,
P=I
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(14)

(

It should be mentioned that the efficiency of the algorithm is
governed by the evaluation of the self and mutual interactions (i.e.,
the matrix filling time). When the transmitter array is a freestanding linear dipole array, the free-space Green's function and piecewise sinusoidal currents on the dipole elements [9] are used to
solve the electric-field integral equation and to generate the impedance-matrix entries by applying a Galerkin's MoM solution. The
electric field of a single freestanding dipole element is evaluated
simply by the closed-form integration of Equation (5).
In the case of printed arrays, different Green's function representations are used in a computationally optimized manner, based
on the distance between array elements [10- 14]. The investigation
of printed dipole arrays is done utilizing the more-general twodimensional finite arrays of printed dipoles [10, 11], using a hybrid
MoM/Green's function technique. Assuming an ideal delta-gap
generator at the terminals of each center-fed dipole and using
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Figure 5. The capacity as a function of the inter-element spacing for three-element freestanding (FS) and printed (PR)
dipole arrays with side-by-side (I x 3) and collinear (3 x 1)
arrangements.
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Galerkin's MoM solution, entries of the mutual-interactions matrices, Z"')
are obtained as in [10-13]. The reader may refer to
[10-12] for the grounded dielectric slab's Green's function and the
electric field of a single printed element in a transmitting array to
implement Equation (5).

3. Numerical Results
In this section, numerical results on the MIN40 capacity of
printed and freestanding dipole antennas are given. The threedimensional scattering environment was considered to be formed
by 20 uniformly distributed point scatterers, located in a common
office room of dimensions 8 mn in length, 3 mn in width, and with a
height as in [8]. The capacity results were obtained by averaging
the MIMO channel capacity over 1000 different channel realizations.
Freestanding dipole arrays in this work were considered to be
formed by thin-wire elements of A/2 in length and 2/200 in
radius, whereas printed elements were of Ae /2 in length and
A/100 in width, and were placed on top of a dielectric substrate
with a dielectric constant of vr and a thickness of d above a
ground plane. Note that A is the wavelength in free space, and
X,

=

2/[0.5(er ± l)]1/2

is the effective wavelength due to the

dielectric material.

measurements of [8]. Under these conditions, the experiment performed in [8] was simulated. The results of the channel model in
conjunction with PSO are depicted in Figure 2 (represented by
"MEF with PS0 (FS)"), along with the measurement and genetic
algorithm simulation results of [8]. They were all in very good
agreement, which illustrates the validity and accuracy of the
MIMO0 channel model used. Figure 2 also shows that for a small
number of cost-function evaluations, PS0 could reach higher
capacity values than did the genetic algorithm. However, after 80
evaluations, the two optimization algorithms led to approximately
the same results.

3.2 Printed Dipoles in the MIMO Channel
For all numerical results presented from this point forward,
the following receiver array configuration was used: R - 2 x 2-=4
freestanding dipoles were located in a plane broadside to the
transmitter array. Here, 2 x 2 stands for a configuration in the
square matrix notation, such that two side-by-side pairs of two collinear antennas formed the R - 4 element receiving array, as illustrated in Figure 1. Both the horizontal and vertical spacings
between the phase centers of dipoles were set to be 0.75A. The
distance between the parallel transmitting and receiving planes was
taken to be 7.5 mn. Furthermore, for all the following numerical
results, the termination impedances were considered to be 50 0
(i.e., Zs,, ZLm,, 50 Q), and conjugate matching was assumed
(i.e., Z.

3.1 Validation of the Channel Model
In order to check the accuracy of the channel model used, we
utilized experimental measurements done in [8] under realistic test
conditions. In [8], Migliore et al. devised an adaptive MIN40
(AdaM) system of identical transmitting and receiving arrays of
freestanding (FS) dipoles with two active elements surrounded by
six parasitic elements. The geometry of the adaptive MIN40 system
used was rather simple. Thin-wire dipole antennas were placed in a
rectangular lattice of 2 x4 square grids with an edge length of
A/4. Active elements were placed in the middle of the lattice, and
were 2/2 apart from each other. On the other hand, the parasitic
elements were placed so as to surround the lattice. Every antenna
element was placed at a height of one meter from the floor. The
details of the geometry and the experiment are available in [8]. The
termination impedances of the parasitic elements (connected to
micro-electromechanical system (MEMS) switches at both the
transmitter and receiver) were altered to determine the optimal
channel capacity using genetic algorithms (GA). For each configuration obtained from the genetic-algorithm evaluations of channel
simulations, the channel matrix. H, was measured by employing a
vector network analyzer. The transmitted SNR was selected so as
to achieve a channel capacity of 4 bits/s/Hz solely with active
antennas, and the performance of the adaptive MIMO system was
evaluated with this transmitted SNR throughout the simulations
and measurements.
Here, the full-wave channel model was utilized to simulate
the aforementioned measurement environment, and Particle Swarm
Optimization (PS0) [ 15] was employed to find the optimal channel
capacity. When modeling the office room in which measurements
were made, parameters were set to be the same as those of the
194

Sý. = 5 0 9

and Z." + Zrx,,= ý.= 0
Also, the transmitted SNR was fixed such that the single-input
multiple-output (SIMO) capacity for a single freestanding dipole at
the transmitter was 4 b/s/Hz.
M',n

In Figures 3-6, the MIMO performance of the printed dipole
arrays is compared with that of the freestanding dipoles. For this
purpose, the dielectric slab parameters were first selected as er 3
and d - 0.1, yielding approximately the same SIMO capacity of
the freestanding dipole (see Figures 3 and 5). The MIMO capacities of the transmitting arrays of printed (PR) and freestanding (FS)
dipoles with both side-by-side (Ilx T) and collinear (T x 1) arrangements were then plotted as functions of the inter-element spacing,
for T = 2 in Figure 3 and for T = 3 in Figure 5, along with the
SIMO capacities.
Inspecting Figures 3 and 5, it can be said that the capacity of
freestanding dipoles showed a fluctuating behavior as a function of
inter-element spacing, whereas printed dipoles were more stable in
that sense. Furthermore, as the number of antenna elements
increased, the variation in the capacity rose, particularly for the
freestanding dipoles. For both types of dipoles, it was observed that
after certain inter-element spacing values, the capacities of side-byside or collinear arrangements did not significantly differ.
Although not shown here, the inter-element spacing required
to exceed the SIMO0 capacity for printed dipoles, Aexceed,
depended on the dielectric parameters (more on d than on --,.). For
example, for a substrate of c,=3, Axceed=-0.192 when
d=0.12, whereas it became 0.05A when d=0.17A. Thus,
printed arrays with closely spaced elements that have a relatively
high capacity can be designed by using appropriate dielectric slabs.
However, if the dielectric substrate is not carefully chosen, then
Aceed for printed dipoles can be larger than that of the freestandIEEE Antennas and Propagation Magazine, Vol. 50, No. 5, October 2008
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Figure 8. The capacity as a function of the dielectric thickness.
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ing dipoles, as seen in Figure 3, resulting in the SIMO0 capacity
being better than the MIN40 capacity. This is obviously an undesired situation for designers. Besides, a high MIMO capacity for
arrays with elements closely placed can also be obtained by properly adjusting the termination impedances. This was shown in [3,
4] for the freestanding-dipole cases.
The effect of mutual coupling is investigated in Figures 4 and
6 by plotting Cnomc Cm., C,,omc is the capacity obtained ignoring
mutual coupling, by setting the off-diagonal elements of the
mutual-interactions matrix to zero. CmC is the capacity in the regular (coupled) case. It was observed that printed dipole arrays were
less sensitive to mutual coupling than the freestanding dipole
arrays, and that coupling can be safely ignored for element separations larger than 0.5A. For the collinear arrangement of printed
dipoles, the coupling was mainly due to the surface waves. It
should be noted that coupling through surface waves has no significant effect on the MIM40 channel capacity. The fluctuations for
freestanding dipoles were observed for the mutual-coupling effect
as well, whereas the curves for printed dipoles were smoother.
However, for higher e, values, the Cfl,,. -~C,, results for printed
arrays may oscillate slightly, due to increased surface waves.
In order to examine the effect of dielectric constant (er.) on
the MM10 performance, the capacity was plotted against varying
cr for four different separation values (i.e., A =0.452, 0.52,
0.55A, 0.62) in Figure 7. The thickness of the material was kept
at d = 0. 1A. It was seen that increasing c,, slightly raised the channel capacity, due to increased beamwidth in the azimuth pattern of
the printed dipoles [10, 16].
The effect of the dielectric thickness (d) on the capacity is
explored in Figure 8. The capacity was plotted as a function of
varying d for the same element separations as in Figure 7, while the
dielectric constant was kept constant at er = 3. Exceeding certain d
values, the capacity curves were observed to be bent. For small d
values, the images due the ground plane tended to cancel the
effects of dipoles, and hence the capacity was low. Up to certain
thickness values, the capacity increased drastically due to increased
radiation intensity in both the azimuth and elevation planes. It then
started to decay, because of the increased number of surface-wave
modes [17].

In Figure 9, the capacity is plotted against varying er and d,
while the element separation was kept constant at A= 0.52. The
maxima where the capacity curves are bent could be explicitly
seen. Note that all the capacity values at these maxima were larger
than the largest capacity of the freestanding array. Figure 10 illustrates the (er, d) configurations yielding the maximum capacity
values. A curve with the relation dg,12=ccudbeitdt h
configuration data, where c is a constant around 0.26. Note that the
fitting-curve relation with c;t 0.26 was found to be valid for other
A values, as well.

4. Conclusions
The MIMO performance of printed dipole arrays was analyzed using a full-wave channel model, based on the Method of
Moments solution of the electric-field integral equation. The model
was benchmarked by both the simulations and measurements of
[8]. Capacity comparisons of printed dipole arrays with freestanding (FS) arrays were then given. It was observed that printed
dipoles are less sensitive to the mutual coupling than freestanding
dipoles in terms of MIMO capacity. Furthermore, the coupling
between printed dipoles through surface waves was shown to have
no significant effect on the channel capacity.
Effects of the electrical properties of printed dipoles on the
MIMO capacity were explored in terms of the relative permittivity
and thickness of the dielectric material.
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