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Abstract

This article considers the exploitation of parasitic antenna arrays in multi-user (MU) wireless communication
systems by using their adaptive beamforming capabilities in order to improve the average system throughput. The
use of parasitic arrays and especially the electrically steerable passive array radiator (ESPAR) antennas enables the
design of terminals with a single RF front-end and reduced antenna dimensions, i.e., lightweight and compact
mobile terminals. Although the beamforming capabilities of active element arrays at the receiver have been well
investigated in the past, this article highlights the potentials of pattern reconfigurable parasitic arrays based on the
beamspace representation of the ESPAR antenna. The advantages of using ESPAR at the receiving terminal are
examined both in opportunistic beamforming and in MIMO broadcast channel MU systems, optimizing
correspondingly the SNR or the SINR of the forward link.

1 Introduction
The use of multi-element antenna arrays has proven to
be an effective means of turning multipath propagation
to an advantage in wireless communication systems, by
exploiting the diverse propagation characteristics of
multipath components to increase the robustness of
communication through diversity techniques, or the
capacity of wireless links through spatial multiplexing of
multiple symbol-streams. Recently, Knopp and Humblet
[1] have used the same properties of multi-element
array systems in multi-user (MU) environments, focus-
ing on the reverse channel of cellular communication
systems, where a large number of users, each equipped
with a single antenna, access a single base station (BS)
through a time-varying wireless channel. In their study,
they prove that the average throughput of the system is
maximized when the BS grants access to the user with
the highest channel gain. The same results apply to the
forward link [2]. The main idea in opportunistic beam-
forming scenarios is the use of a different radiation pat-
tern at the BS at each TDMA time slot, in order to
induce a time-varying environment, even in the case of
slow fading conditions. This idea could be implemented
with the use of a multiple antenna array at the BS,

which would produce a random radiation pattern on
each TDMA time slot [3]. If the BS had full Channel
State Information (CSI) for all users at all times, then it
could optimize the radiation pattern in order to maxi-
mize the signal to noise ratio (SNR) at each user. How-
ever, since full CSI knowledge would require excessive
use of the channel resources for exchange of CSI infor-
mation through feedback from the users to the BS, in
practice the BS only requests for SNR level information
from the users, which is inadequate for optimal beam-
forming. With opportunistic beamforming, due to the
large number of users within a single cell, a random
radiation pattern created on each user time slot would
be close to the optimum radiation pattern for at least
one user, with high probability. That user with the high-
est SNR would therefore be granted access on that time
slot.
The use of pattern-reconfigurable antennas for

improved capacity is not a new idea and actual imple-
mentations have been presented in [4-6]. The idea in
these studies consists in enabling the dynamic reconfi-
guration of the antenna radiation patterns to provide
some level of dynamic control over the channel itself.
The antenna property, namely its instantaneous ‘state’,
is thus an additional degree of freedom that can be opti-
mized at each time slot by the algorithm implementing
the smart antenna capability. As a result, this concept
applies to both beamforming and MIMO schemes. It is
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also worth mentioning that here ‘pattern reconfigura-
tion’ refers to the control of both polarization and spa-
tial power spectrum of the radiated field since both
these parameters affect channel property. In [5], Du and
Gong present an operational antenna for 2 × 2 MIMO
but do not assess its impact on the capacity. In [6], the
mutual coupling between the two antenna elements for
2 × 2 MIMO is dynamically controlled, which in turn
affects their radiation patterns (indeed, it can be shown
that the coupling between antennas is directly related to
their radiation patterns). For SNR of 10 dB and 20 dB,
10% and 8% capacity improvements are obtained with
respect to a non reconfigurable system. In [4], the effect
of both antenna diversity and gain in 2 × 2 MIMO are
evaluated at SNR of 10 dB, 20 dB, and 30 dB, leading to
capacity improvements of 70%, 40%, and 26%, respec-
tively. However, the capacity gains achieved strongly
depend on the test scenario. The approach in these stu-
dies essentially consists of designing some reconfigur-
able antennas with a certain level of pattern diversity,
and subsequently evaluate the impact of this capability
on the capacity. As explained in detail in the remainder
of this article, here a more advanced strategy is pro-
posed by exploiting the particular nature of parasitic
array antennas, and in particular the decomposition of
their instantaneous reconfigurable patterns onto a basis
of orthogonal functions.
In [7-9], it was clearly shown that parasitic array

antennas preserve the capability to also perform MIMO
transmission. Therefore, the design of single RF front-
end MIMO terminals is feasible, [10], and efficiently
addresses the long experienced limitations imposed by
the physical size of the terminals. The existence of a sin-
gle active port motivates the representation of the
MIMO functionality at the beamspace domain, where
diverse symbols are mapped to different basis patterns.
Indeed, the degrees of freedom (DoFs) of the electrically
steerable passive array radiator (ESPAR) antennas have
been explored by providing the expansion of the far
field pattern in a complete set of orthonormal basis
functions, or basis patterns. The operation was initially
described in [11] and then a generalized and analytic
methodology was presented in [12,13]. This alternative
analysis takes advantage of the beamforming capabilities
provided by the parasitic elements that are connected to
tunable loads, and determines the DoFs at the beam-
space domain. Thus, single port antennas with beam-
forming capabilities can be used to emulate MIMO
transmission. The significantly reduced antenna dimen-
sions, as well as the single RF chain required to support
diversity and multiplexing capabilities, are the enabling
characteristics of parasitic antennas for lightweight and
compact mobile terminals. The use of electronically
steerable parasitic antennas is not the only way to get

compact, lightweight and low cost MIMO transceivers.
Recently, a novel MIMO scheme based on analog com-
bining has been explored in depth [14-18]. This MIMO
architecture solves the implementation complexity by
shifting spatial signal processing from the baseband to
the radio-frequency (RF) front-end and is known as RF-
MIMO. The basic idea of the RF-MIMO transceiver is
to perform adaptive signal combining in the RF domain.
After combining, a single stream of data must be
acquired and processed, thereby reducing cost and
power consumption as compared to the conventional
MIMO scheme with multiple active streams. An experi-
mental evaluation of the RF-MIMO concept can be
found in [19]. Although this scheme has been shown to
provide full diversity and array gain, its multiplexing
gain is limited to one, as a result of processing a single
data stream. In contrast, ESPAR based MIMO provide
multiplexing gain thanks to the novel aerial modulation
technique. However, RF-MIMO architecture has been
shown to support OFDM schemes, while ESPAR based
MIMO support to the moment single carrier transmis-
sion. Other similarities and differences between RF-
MIMO and ESPAR based MIMO concern the beam-
forming process and are reviewed in [20].
The major contribution of this study is the use of

recent developments in reconfigurable parasitic arrays
and in the beamspace representation of their patterns,
in order to optimize the performance of the forward
link in opportunistic beamforming and MIMO broad-
cast channel MU systems. The presentation of our find-
ings is organized in the following sections. In Section 2,
we present a review of reconfigurable parasitic antenna
technologies with emphasis on their feasibility and adap-
tive capabilities, which enable the analysis of this article.
Section 3 presents the advantages of using parasitic
arrays on mobile terminals in opportunistic beamform-
ing multiuser scenarios, while Section 4 presents the
respective gains achieved in MIMO broadcast channel
MU scenarios. Section 5 concludes the results of this
research activity. One paragraph describing paper con-
tents and contribution. (Actually in opportunistic beam-
forming MU systems and in MU-MIMO broadcast
channels).

2 Reconfigurable parasitic antennas for
lightweight terminals
Multiple antenna arrays have been for long considered
for increasing the wireless link performance in applica-
tions where the size and cost of their implementation is
not restrictive. Indeed, multi-element arrays have been
widely used in BSs, but their implementation in mobile
terminals is restricted by the available real estate for the
antennas and the need for separate RF chain for each
antenna element (except if the array is used to achieve
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SISO beamforming only). Although the size issue can be
quite efficiently tackled by the use of ‘orthogonal reso-
nant modes’, see e.g., [21], the burden of the multiple
RF chains remains.
Recently, a novel parasitic array architecture has been

developed [21-23], which can significantly decrease the
size and cost of arrays, thus making their integration in
handheld terminals feasible. These arrays consist of only
a single active element and a number of parasitic ele-
ments placed in close proximity. Due to strong mutual
couplings, the feeding of the active element is responsi-
ble for the currents induced to all parasitics. The
dynamic control of the parasitic array radiation patterns
is performed directly in baseband, through the dynamic
control of passive reactive loads connected directly to all
parasitics and thus altering mutual coupling and
antenna radiation characteristics [24]. Importantly for
practical designs, the complete description of the parasi-
tic array performance (return loss, efficiencies, patterns,
etc.,) in all possible dynamic states, can be computed
based on a single electromagnetic full-wave simulation
followed by simple post-processing [23]. It is of course
of prime importance to precisely implement the reactive
loads, as detailed in [10]. So far, their control has been
achieved using varactors or p-i-n diodes. However, as in
other applications the use of MicroElectroMechanical
Systems (MEMS) would result in better performance in
terms of insertion loss, linearity, while having virtually
zero DC power consumption. In this study, the simula-
tion results presented in the following sections we have
not assumed a specific implementation technique but
we have restricted our interest to the values of the loads
and the corresponding radiation characteristics of the
antenna.
Traditionally parasitic array implementations focused

on SISO beamforming, since the use of a single RF port
constrained them from being used in MIMO systems. In
this sense, they present a similar functionality as con-
ventional arrays achieving beamforming through analog
RF phase shifters. However, recently such parasitic array
systems have been effectively used in MIMO systems
simultaneously transmitting multiple bit streams over
the air, through the decomposition of their instanta-
neous reconfigurable patterns onto a basis of orthogonal
functions. As will be shown, the resulting radiation pat-
tern is the linear combination of the baseband symbols
and the basis patterns and can be viewed as creating
multiple symbol streams at the beamspace domain. To
emphasize its principle of operation, the resulting single
RF MIMO system is known as beamspace MIMO (BS-
MIMO). It should be noted that this MIMO approach
takes advantage of the coupling between the adjacent

ESPAR elements. Indeed, the strong coupling enables
the beamforming capability, which in turn is required to
emulate MIMO transmission over the air [12,13]. In fact
this idea has already been quite extensively exploited on
the transmitter side, from the initial concept presented
in [9] and the detailed design of the actual reconfigur-
able parasitic antenna and experimental demonstration
in [10]. These studies demonstrated the tremendous
advantages of using ESPAR antennas at the transceiver,
since it was shown both theoretically and experimentally
that a single ESPAR with a particular feeding scheme
allows to multiplex data while using a single antenna
and RF chain [9,10].
In this new contribution we evaluate the benefits of

using the beamforming capabilities of parasitic array
antennas at the receiver side, by exploiting the ortho-
normal expansion of the far field pattern of ESPAR
antenna in a complete set of basis functions. The meth-
odology is based on the well known Gram-Schmidt
orthonormalization procedure, which provides a 3D
orthogonal expansion of the beamspace domain of the
antenna. As explained in detail in [12,13], the radiation
pattern of an ESPAR antenna with one active and (M -
1) parasitic elements is given by

P(θ , ϕ) = iTa(θ , ϕ) =
M−1∑
m=0

imam(θ , ϕ) (1)

where a(θ , ϕ) =
[
a0(θ , ϕ) . . . aM−1(θ , ϕ)

]T is the

steering vector of the ESPAR at a direction (θ, �), and i
is the current vector given by i = vs (Y

-1 + X)-1u. The
admittance matrix Y, is an (M × M) matrix obtained by
using an antenna analysis software, and each entry yij
represents the mutual admittance between the ith and
jth element. The load matrix X = diag [50 jx1 ... jxM-1],
adjusts the radiation pattern, whereas u = [10...0]T is a
(M × 1) column selection vector and vS is the complex
feeding at the active element. To represent P(θ, �) at
the beamspace domain, the functions am (θ, �), m = 0,
..., M - 1 are expressed as a linear combination of ortho-
normal functions Fn (θ, �). For this purpose, the pro-
cess of Gram-Schmidt orthonormalization is used
providing:

P(θ , ϕ) =
M−1∑
n=0

iTqn�n(θ , ϕ) =
M−1∑
n=0

wn�n(θ , ϕ) (2)

where qn =
[
q0n . . . q(M−1)n

]T . contains the projections

of all functions am (θ, �) onto Fn (θ, �). From (2) the
nth basis pattern is weighted by the symbol wn = iTqn
and w = [w0 w1 ... wM-1]

T defines a coordinate vector at
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the beamspace domain which corresponds to a radiated
pattern. For a circular ESPAR with 5 elements, the basis
patterns that construct the beamspace domain are given
by [13]

�0(θ ,ϕ) = 1
k0

�1(θ ,ϕ) = 1
k1
sin(bsinθcosϕ)

�2(θ ,ϕ) = 1
k2
sin(bsinθsinϕ) �3(θ ,ϕ) = 1

k3

[
cos(bsinθcosϕ) − q30

k0

]
�4(θ ,ϕ) = 1

k4

[
cos(bsinθsinϕ) − q40

k0
− q43

k3
cos(bsinθcosϕ) + q43q30

k0k3

] (3)

where b = 2πd, and d is the normalized to the wave-
length distance of the parasitics from the active element.
Moreover,

kn =

√
2π∫
0

π∫
0

| an(θ ,ϕ) −
n−1∑
s=0

qns�s(θ ,ϕ) |
2

sin θdθdϕ , are

the normalization coefficients ensuring basis patterns
with unit power, and qmn are the projections given by

q30 = π
k0

2π∫
0

E1(b cos ϕ)dϕ q40 = π
k0

2π∫
0

E1(b sin ϕ)dϕ

q43 = π
k3

2π∫
0

E1
[
2b cos(π /4) cos ϕ

]
dϕ − q30q40

k3

(4)

and the function E1(z) denotes the Weber function of
the first order defined as [25]

Eν(z) =
1
π

π∫
0

sin(νθ − z sin θ)dθ (5)

Examples of radiation patterns can be found in
[12,13].
The MIMO functionality is presented at the beam-

space domain. At the transmitter, symbols are not dri-
ven to diverse active antenna elements as in
conventional case, but they modulate the orthogonal
radiation patterns of the basis. The presented decompo-
sition implies that the number of DoFs, i.e., the beam-
space dimensionality, is equal to the number of ESPAR
elements. However in [12,13] it was shown that the elec-
tromagnetic coupling between the ESPAR elements,
which is heavily dependent on the antenna dimensions,
strongly affects the subset of significant DoFs, Neff ≤ M,
called effective DoFs (EDoFs).

3 SNR optimization in opportunistic beamforming
systems
The idea of opportunistic beamforming has shown that
in MU environments, fading is actually a desired prop-
erty of the wireless channel. Opportunistic beamform-
ing will therefore improve the performance of wireless
channels having a strong line-of-sight (LoS) compo-
nent (i.e., Rician channels), by transforming them into
severely faded channels. In this section, we enhance

this idea by introducing the use of multi-element
arrays on the receiver side, in order to maximize the
received signal’s SNR. We consider two different cases
of static channels: Rayleigh and Rician. In the former
case, it has already been shown that opportunistic
beamforming has no enhancing effects of the average
system throughput. Therefore, for Rayleigh channels
we only consider the optimal beamforming scenario on
the receiver side. In the case of Rician channels we
examine the enhancement of average network through-
put when in addition to the opportunistic beamform-
ing at the BS, switching is performed at the receiver
among different radiation patterns having significant
antenna gains.

3.1 System model
The channel matrix of a link between a BS with MT

antenna elements and a handheld terminal equipped
with a parasitic array providing Neff,u DoFs is given by

H(u) = �H
u H

(u)
g �T (6)

where H(u)
g is a diagonal matrix with the channel

complex gains of Q multipath components, Fu is a (Q ×
Neff, u) sized matrix, with the ith column having the
array response vector of the ith basis radiation pattern
towards the directions of the scatterers. Similarly, FT

describes the array response vectors of the BS. At the
beginning of each time frame, the BS executes an
opportunistic beamforming algorithm for defining the
random radiation pattern with weight vector wT, of
dimensions (MT × 1). The complex gain of the uth user
channel is equal to

h(u) = wH
u �H

u H
(u)
g �TwT = wH

u h̃
(u)

=
Neff ,u∑
i=1

wu,ih̃
(u)
i (7)

where h̃(u)i
is the ith element of the vector

h̃
(u)

= �H
u H

(u)
g �TwT with dimensions (Neff,u × 1) and

wu =
[
w∗
u,1w

∗
u,2 . . .w∗

u,Neff ,u

]
is a complex weight vector

describing the receiving instantaneous/effective pattern
as a function of the basis functions (See Section 2). The
received signal may then be written as:

y(u) = h(u)s(u) + n(u) = wH
u �H

u H
(u)
g �TwTs

(u) + n(u) = wH
u h̃

(u)
s(u) + n(u) (8)

where s(u) and n(u) are the transmitted signal and the
Gaussian noise for user u, respectively.

3.2 Receiver beamforming in Rayleigh channels
In order to define its optimal radiation pattern, each
user needs to have full knowledge of the channel matrix
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H(u). In conventional array systems with multiple active
elements, this is achieved by the transmission of a single
training sequence per transmit antenna or transmit
radiation pattern. However, in the cases considered in
this article, where switched parasitic arrays are used at
the receiver side, for each radiation pattern used at the
transmitter side, the user has to receive Neff,u training
sequences, for estimating the complex response of every
basis pattern of the receive antenna, thus forming the
matrix H(u). The problem of maximizing the SNR at the
receiver corresponds to the problem of maximizing the
received signal strength at each user, described as,

gu = max
wu

| wH
u h̃

(u) |2 = max
wu

(wH
u Duwu) (9)

where Du = h̃
(u)(

h̃
(u))H

. The autocorrelation matrix

Du is of rank one, with only one non-zero eigenvalue ξ,
the optimal weight vector of user u is given by [26],

wu,opt =

√
1
ξ
h̃
(u)

(10)

This equation is similar to the maximal ratio com-
bining (MRC) technique in receive diversity applica-
tions [27,28], using a single antenna at the transmitter
and conventional arrays with multiple active elements
at the receiver. Therefore, using parasitic arrays on
handheld terminals can achieve comparable results to
the use of multiple active elements, with the difference
that in the former case the algorithm is performed on
the beam-space domain, instead of the traditional
antenna domain. In Figure 1, we show the effect of
this technique on the average network throughput for
parasitic arrays capable of producing 3 or 5 orthogonal
basis patterns, compared to using conventional multi-

element receive antennas and implementing MRC
algorithms on mobile terminals. The average through-
put has been computed by means of the following
equation:

Cth = E
[
log

(
1 + γ

(
max
u=1...U

{
| h(u) | 2

}))]
(11)

Equation 11 holds when on each time slot, and for
time invariant channels within this slot, the user with
the highest channel gain is selected. Therefore, using
ESPAR antennas on mobile terminals would result in
the same performance characteristics as in the case of
having conventional multi-element arrays, while preser-
ving the low-cost and small size characteristics of hand-
held devices. As shown in Figure 2, these lower
complexity algorithms come at the cost of lower perfor-
mance characteristics. It is also evident that random pat-
tern selection at the receiver would have the same
performance in Rayleigh channels, regardless of the
number of effective DoFs, as expected by the analysis in
[2,3]. Although the use of optimal beamforming algo-
rithms with ESPAR antennas at the receiver can theore-
tically give performance gains equal to the use of
traditional smart antennas, there is a key difference
between the two systems that has to be considered. As
mentioned above, in the case of ESPAR antennas, due
to the fact that only one RF chain is used, in order for
the receiver to acquire full channel knowledge, the train-
ing duration must be extended Neff,u times, so that
ESPAR receivers have the time to switch among the Neff,

u different basis patterns. The extension of the training
period has to be accounted for the analysis of the pro-
posed solution, as described in the following. Assume
that the downlink channel is time invariant (and we
therefore need only a single training sequence) for Ttot
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periods. Then the average channel goodput can be
expressed as:

Cth,act =
(
1 − Ttrain

Ttot

)
Cth (12)

where Ttrain is the number of required training periods
per user. For a single BS radiation pattern, in conven-
tional smart antenna systems we would have Ttrain = 1,
while ESPAR antenna terminals would need Ttrain = Neff,

u, for acquiring the same channel information. Figure 3
shows that for relatively slow fading channels (Ttot >
100), the difference between the two approaches is neg-
ligible, as expected. However, when the time variance of
the channel increases, the effect of the increased training
overhead is evident in the system performance.

3.3 Receiver beamforming in Rician channels
In order to evaluate the potential gains of using ESPAR
antennas on mobile terminals in multiuser Rician chan-
nels we consider that both the BS and the mobile term-
inals perform opportunistic beamforming. This is
performed by randomly selecting a pattern among those
with the highest directivity that their antennas can pro-
duce. In this case, the channel between the BS and a
mobile user can be expressed as,

hu =

√
1

1 + K
pH
u,RH

(u)
g pT︸ ︷︷ ︸

multipath fading

+

√
K

1 + K
pH
u,R(i)pT(j) e

jφu︸ ︷︷ ︸
artificial fading

(13)

where pT = �Twopt =
Neff ,T∑
i=1

wT,i,optϕT,i is the vector of

the azimuth samples of the transmit radiation pattern,
while the column vectors �T ,i of matrix

�T =
[
ϕT,0ϕT,1, . . . ,ϕT,Neff −1

]
contain the samples of

the basis pattern. Similarly, we define vector pu,R for the
receive radiation patterns. The LoS component has a
phase shift ju caused by propagation over the path con-
necting the jth angle of departure and ith angle of arri-
val. The amplitude of this component is naturally
affected by the complex gains of the transmit and
receive radiation patterns towards the same directions.
In our approach, ju is considered as a uniformly distrib-
uted random variable in the range of [0, 2π).
Figure 4 shows the average throughput in opportunis-

tic beamforming scenarios over Rician channels with
factor K = 10, in the case of using ESPAR antennas at
the mobile receiver compared to the case of having con-
ventional mobile terminals with a single antenna ele-
ment. We identify two different cases, for Neff, u = Neff,T

= 3 and 5. As expected, the performance is enhanced
when we use random directional patterns both at the BS
and at the user terminals. Although we show only the
case of K = 10, it is evident from equation 13 that the
artificial fading effects caused by random pattern switch-
ing will become more significant for higher Rician K-
factors. This result is in agreement to the findings in the
seminal paper of Tse [2] where the concept of opportu-
nistic beamforming was introduced. In Figure 5, we
show the effects of the Rician factor on the average
throughput for the case of 32 users, normalized to the
case where BS and users have a single antenna element
and no beamforming capabilities.

4 SINR optimization in MIMO broadcast channels
In this section, we consider the case where the BS is
capable of granting access to U users simultaneously, by
means of MU-MIMO broadcast channel. In this case,
we are interested in the maximization of the signal to
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interference plus noise ratio at the user terminals, as
considered also in [29,30]. The former publication is a
generalization of the opportunistic beamforming techni-
que, where a set of orthogonal radiation patterns is con-
sidered at the BS, each being assigned to a user with the
maximum SINR. The orthogonal patterns are randomly
assigned in each time slot, using an orthonormal pre-
coding matrix, whose columns can be regarded as
weighting vectors corresponding to orthogonal radiation
patterns in the beam-space domain. The latter publica-
tion expands this concept by designing the orthogonal
patterns according to the previous knowledge of the
channels, rather than randomly. In this section, we pro-
pose an interference cancelation technique based on the
use of parasitic arrays on the user terminals, exploiting
the Neff, u DoFs of such antennas.

4.1 An interference cancellation technique on user
terminals
We consider a broadcast channel of a multiuser envir-
onment where the BS and the mobile terminals are
equipped with parasitic antennas of Neff,T and Neff, u

DoFs, respectively, where in the general case, Neff,T ≠
Neff, u. The BS transmits simultaneously to U ≤ Neff,T.
users on each time slot, and each user is assigned to a
different basis transmit radiation pattern. Therefore, the
BS functions as a MIMO transmitter with parasitic
arrays as described for example in [9]. The users pro-
duce a linear combination of the Neff, u orthogonal pat-
terns of their antenna in order to create the optimal
receive pattern. This cancels out the interference caused
by the (U - 1) simultaneous transmissions of the BS to
the rest of the users, and at the same time maximizes
the desired signal power. The ability of fulfilling these

requirements depends on the number of DoFs Neff,T and
Neff, u, available on the BS and the user, respectively, as
well as on the number of simultaneous users, U ≤ Neff,T.
In the following, we assume that during the training

period, each user u acquires full knowledge of the H(u)

channel, with dimensions (Neff,u × U). The elements h(u)i,j

of the channel matrix are the complex channel gains
between the jth transmit basis pattern and the ith
receive basis pattern. With this channel information
each user may identify the transmit basis pattern that
maximizes the SINR. Assume that the user has identi-
fied the nth transmit radiation pattern as such. The sys-
tem model for this pattern will be,

y(u) = wH
u H

(u)s + n(u) = wH
u h

(u,n)s(u)︸ ︷︷ ︸
use full signal

+
U∑

i=1,i�=u
wH

u h
(u,i)s(i) + n(u)

︸ ︷︷ ︸
interference

(14)

where H(u) =
[
h(u,1)h(u, 2) . . .h(u,U)

]
, and the h(u ,n)

vector expresses the complex gain between the nth
transmit basis pattern and the set of receive basis pat-
terns. Similarly, vectors h(u,i), i ≠ u express interference.
Vector s includes the transmission vectors to all users,
and wu is the weighting vector to produce the receive
pattern in each user. The effective channel of user u is

hu = wH
u h

(u,n) . The SINR at the user terminal is given

by:

ζu,n =
| wH

u h
(u,n) | 2

1
γ
+

U∑
i=1,i�=n

| wH
u h

(u,n) | 2

=
(wH

u h
(u,n))(wH

u h
(u,n))H

1
γ
+

U∑
i=1,k �=n

(wH
u h

(u,i))(wH
u h

(u,i))H

=
wH

u Du,nwu
1
γ
+wH

u DIwu
=

wH
u Du,nwu

1
γ
+wH

u HIHH
I wu

(15)

where Du,n = h(u,n)
(
h(u,n)

)H
and

DI =
U∑

i=1,i�=n
h(u,i)

(
h(u,i)

)H
=

U∑
i=1,i�=n

Du,i = HIHH
I have

dimensions (Neff, u × Neff, u), with rank one and U - 1
respectively. The scalar term g corresponds to the aver-
age SNR at each user. Hl is formed by the h(u,i), i ≠ u
column vectors of the interference channels of user u.
Note that rank (DI) = U - 1, i.e., is equal to the number
of interfering signals.
The vector that will cancel interference is the one that

belongs to the null space of matrix Hl, since

wH
u h

(u,i) = 0,∀i �= n . The orthonormal vectors of the

null space can be derived either by applying the spectral
theorem on the correlation matrix DI in order to keep
the vectors corresponding to zero eigenvalues, or by
directly applying an eigenvalue decomposition to HI,
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keeping the vectors of the left orthonormal matrix that
correspond to zero eigenvalues. With the former approach
we will have DI = UI�IUH

I , where Λ is a (Neff, u × Neff, u)

diagonal matrix of the following form:

�I = diag
(
�̃I0

)
(16)

where �̃ is a (U - 1 × U - 1) matrix, while the null
matrix 0 is a (Neff, u - U + 1 × Neff, u - U + 1) matrix.
The vectors of the required null space are the right
eigenvectors of Ul which correspond to the zero
eigenvalues.
User u can cancel out interfering signals when there

exists at least one zero eigenvalue, or equivalently when
there exists at least one null row in matrix ΛI. This is
the case when Neff, u ≥ U, meaning that the user may
cancel out interference whenever the DoFs of the receiv-
ing antenna are greater than or equal to the total num-
ber of users. We identify the following two cases:
• When Neff, u = U, the null space has a single eigen-

vector (the first column of U1 from the right), which
can be used for interference cancelation.
• When Neff, u >U the null space has Neff, u - U + 1

eigenvectors.
In the latter case, any linear combination of the eigen-

vectors will also belong to the null space, therefore
being able to cancel interference. We choose that linear
combination, which will maximize the desired signal
power, given by:

wu =
Neff ,u−U+1∑

i=1

cu,iuI,i (17)

where uI,i are the (Neff, u - U + 1) eigenvectors defin-
ing the null space. The nominator of equation (15) will
therefore become, due to (17):

wH
u Du,nwu =

⎛
⎝Neff ,u−U+1∑

i=1

cu,iuI,1

⎞
⎠H

Du,n

Neff ,u−U+1∑
i=1

cu,iuI,1

=

⎛
⎝Neff ,u−U+1∑

i=1

c∗u,iu
H
I,1

⎞
⎠h(u,n)(h(u,n))H

⎛
⎝Neff ,u−U+1∑

i=1

cu,iuI,1

⎞
⎠

=

⎛
⎝Neff ,u−U+1∑

i=1

c∗u,iu
H
I,1h

(u,n)

⎞
⎠

⎛
⎝Neff ,u−U+1∑

i=1

cu,i(h
(u,n))

H
uI,1

⎞
⎠

= |
Neff ,u−U+1∑

i=1

cu,i(h
(u,n))

H
uI,1 |2 =| cHr | 2

(18)

where c =
[
c∗u,1, c

∗
u,2, . . .

]T and

r =
[
(h(u,n))

H
uI,1, (h

(u,n))HuI,2, . . .
]T

. It is therefore evi-

dent that the power of the desired signal is maximized
when c = r/k, where k = ||r||F. The use of the Frobenius

norm to normalize r is required in order to ensure that
‖ c ‖2F= 1 .
According to (18), the optimal linear combination

comes from the projection of the desired user channel
on the null space vectors. From (17) and (18) it turns
out that the optimal vector for canceling out interfer-
ence while maximizing the desired signal strength is the
following:

wu =
1
k

Neff ,u−U+1∑
i=1

[
(h(u,n))

T
u∗
I,i

]
uI,i, U ≤ Neff ,T (19)

We note that when Neff, u = U ≤ Neff,T, (19) shows that
the user can cancel out interference, but it is not able to
maximize the desired signal strength, since the null space
has a single eigenvector. Furthermore, if Neff, u < U, then
(19) does not hold, meaning that not all interfering signals
can be canceled out. However, the user can still null out
(Neff, u - 1) stronger interfering signals, maximizing the
SINR value for the available antenna capabilities.

4.2 Evaluation of the proposed Scheme
In the case of the MU-MIMO broadcast channel system
under consideration, the average throughput of the sys-
tem is given by [29]:

Cth ≈ E

{
U∑
n=1

log2
(
1 + max

u
ζu,n

)}
, U ≤ Neff ,T (20)

The equation above gives approximate results, since the
probability that a user will have the optimal channel for
more than one transmit radiation pattern, is not taken into
consideration. However, we do include the cases for which
Neff ,u < U , where the user will be able to null out only the
(Neff, u - 1) most significant interferences. In the results
that follow, we consider parasitic arrays with Neff, u = 3 or
5 DoFs, while at the BS Neff, T = U.
In Figure 6, we present the average throughput of the

system, comparing the cases where the users are either
equipped with parasitic arrays of Neff, u = 3 or with a
conventional receiver having a single antenna element,
as a function of the total number of users. It is evident
that the proposed scheme performs significantly better
than the current state of the art. It is noted that in the
case where U = 2, each user’s null space consists of two
orthonormal vectors, and it is therefore possible that
each user may acquire the optimal radiation pattern that
nulls out interference, while at the same time it maxi-
mizes the desired signal strength. The effect of this
multi variable optimization is evident when comparing
the cases where the users perform the full algorithm
with the cases where only interference cancelation (“IC
only” cases) is used. In the latter case, we remind the
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reader that wu is just one of the orthonormal vectors uI,i
of the null space.
As opposed to the case of U = 2, where users may

simultaneously cancel interference and maximize the
desired signal’s SNR, when U = 3 the null space has a
single eigenvector, which is used for interference cance-
lation, without any further optimization capabilities.
This explains why the average throughput for U = 3 and
for (U = 3 “IC only” case) is the same. In Figure 7, we
show the cumulative distribution function of the chan-
nel power. For U = 2 the power of the channel is signifi-
cantly higher due to the optimization capabilities of the
antenna with Neff, u = 3. Finally, Figure 8 shows similar
results for Neff, u = Neff,T = 3 while Figure 9 shows the
corresponding cdfs.

5 Conclusions
Conventional MU systems use either opportunistic
beamforming or MU-MIMO in the broad-cast channel

and assume single antennas at the mobile station. We
propose to take advantage of the developments in
reconfigurable parasitic arrays in order to increase the
performance of forward channels. The main idea is to
integrate such antenna systems into mobile terminals,
expand their beamspace domain into a basis of ortho-
normal radiation patterns and use this basis in the ana-
lysis for optimal beamforming and SINR optimization.
The results show that in the case of opportunistic beam-
forming scenarios in Rayleigh channels only beamform-
ing gains are achieved, as expected. In Rician channel
environments the performance gains are significant and
directly related to the K-factor of the channel. In MU-
MIMO scenarios, the use of reconfigurable parasitic
arrays at the receiver side significantly increases SINR
and consequently the performance of the forward chan-
nel. Depending on the effective DoFs of the parasitic
arrays and the total number of users, the receiver can
cancel out all interfering signals, maximize channel
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gains, or cancel out the most significant interferers. We
therefore conclude that the use of parasitic arrays in
multiuser scenarios shows considerable advantages, even
in the case where the number of DoFs is limited due to
implementation constraints of mobile terminals.
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