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Abstract—We investigate a spectrum-sharing system with
non-severely faded mutual interference links, where both the
secondary-to-primary and primary-to-secondary channelshave
a Line-of-Sight (LoS) component. Based on a Rician model for
the LoS channels, we show, analytically and numerically, that LoS
interference hinders the achievable secondary user capacity. This
is caused by the poor dynamic range of the interference channels
fluctuations when a dominant LoS component exists. In order
to improve the capacity of such system, we propose the usage
of an Electronically Steerable Parasitic Array Radiator (ESPAR)
antenna at the secondary terminals. An ESPAR antenna requires
a single RF chain and has a reconfigurable radiation pattern that
is controlled by assigning arbitrary weights to M orthonormal
basis radiation patterns. By viewing these orthonormal patterns
as multiple virtual dumb antennas, we randomly vary their
weights over time creating artificial channel fluctuations that
can perfectly eliminate the undesired impact of LoS interference.
Because the proposed scheme uses a single RF chain, it is well
suited for compact and low cost mobile terminals.

I. I NTRODUCTION

Significant interest has recently been devoted to the capacity
analysis of spectrum-sharing systems in fading environments.
In a spectrum-sharing system, a Secondary User (SU) trans-
mits its data over the Primary User (PU) channel while keeping
the interference experienced by the PU below a predefined
level [1]. Previous works have shown that fading can be
exploited to improve the SU capacity when the Channel
State Information (CSI) is available at the SU transmitter [2].
This capacity improvement is attributed to the ability of the
SU to transmit with very high power when the interference
channel is severely faded. In [3], Musavianet al. derived the
ergodic, outage, and minimum-rate capacities under peak and
average interference constraints at the PU receiver. However,
the interference experienced by the SU receiver due to primary
transmission was not considered. Recently, the ergodic capac-
ity of spectrum-sharing taking both PU and SU interference
into consideration was calculated in [4]. However, the analysis
therein is limited to the case when all channels are severely
faded, and considers an average interference power constraint
only.

In a practical spectrum-sharing system, the SU capacity
generally depends on two interference channels, namely; the
primary-to-secondary and secondary-to-primary channels[4].
If these channels are subject to Non-Line-of-Sight (NLoS)
fading, then the interference channel gains perceived by the PU
and SU receivers fluctuate drastically over time [5]. Therefore,

the SU transmitter can exploit such fluctuations by oppor-
tunistically allocating higher power to time instants whenthe
Signal-to-Interference-and-Noise-Ratio (SINR) is large, and
lower power to time instants with poor SINR [2]-[4]. In this
paper, we study a spectrum-sharing environment with joint
peak and average interference power constraints where the
mutual interference channels have dominant LoS components.
We show that in this case, there are limited opportunities for
the SU to exploit due to the poor dynamic range of channels
fluctuations, thus causing a significant capacity degradation.

Traditional multiple antenna diversity techniques were em-
ployed in [6] to improve the SU capacity in spectrum sharing
systems. However, the usage of multiple antennas is inhibited
by the space limitations of mobile SU transceivers. This
is in addition to the need for multiple RF chains, which
increases the cost and complexity of the SU equipment. While
such overhead is bearable for a base station, it can not be
tolerated for modern mobile terminals. Moreover, emerging
spectrum-sharing technologies, such as underlayDevice-to-
Device Communicationsin cellular systems, involves a mobile
SU transmitter and a mobile SU receiver [7], which prevents
the deployment of multiple antennas at either terminals.

The main contribution of this paper is the usage of single
Electronically Steerable Parasitic Array Radiator (ESPAR)
antennas at the SU transmitter and receiver in order to
create artificial interference channels fluctuations, to restore
the transmission opportunities limited by the dominant LoS
components. This is achieved by a technique that we refer
to as Random Ariel Precoding(RAP), where random time-
varying complex weights are assigned to the orthonormal
basis radiation patterns of the ESPAR antenna. Inspired by the
seminal work of Viswanathet al [5], we term the orthonor-
mal radiation patterns provided by the ESPAR antenna as
dumb basis patterns, since they represent Degrees of Freedom
(DoFs) that are neither used to achieve diversity nor to realize
multiplexing. Analytical and numerical results show that the
proposed scheme can make the LoS interference transparent
to both the secondary and primary systems, thus achieving
the same capacity of the symmetric Rayleigh channel. The
proposed scheme has several advantages. First, it does not
entail extra hardware complexity as it uses a single RF
chain. Second, it requires only overall CSI. Finally, it canbe
incorporated into low cost mobile terminals with tight space
limitations.
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The rest of the paper is organized as follows: the system
model is presented in Section II. In Section III, the capacity
degradation in the LoS interference scenario is quantified.
Spectrum sharing based on the ESPAR antenna is then pro-
posed in Section IV. Numerical results are presented in Section
V and conclusions are drawn in Section VI.

II. SYSTEM MODEL

A. The ESPAR Antenna

As shown in Fig. 1, an ESPAR withM elements is
composed of a single active element (e.g., aλ

2 dipole) that
is surrounded byM − 1 identical parasitic elements. Unlike
multi-antenna systems, the parasitic elements are placed rel-
atively close to the active elements. Hence, mutual coupling
between different elements takes place and current is induced
in all parasitic elements. The radiation pattern of the ESPAR
is altered by tuning a set ofM − 1 reactive loads (varactors)
x = [jX1 . . . jXM−1] attached to the parasitic elements
[8]. The currents in the parasitic and active elements are
represented by anM × 1 vector i = vs(Y

−1 + X)−1u,
whereY is theM ×M admittance matrix withyij being the
mutual admittance between theith andjth elements. The load
matrix X = diag(50 x)1 controls the ESPAR beamforming,
u = [1 0 . . . 0]T is an M × 1 vector andvs is the complex
feeding at the active element [8]. The radiation pattern of
the ESPAR at an angleθ is thus given byP (θ) = iTa(θ),
wherea(θ) = [a0(θ) . . . aM−1(θ)]

T is the steering vector of
the ESPAR at an angleθ [8]-[10]. The beamspace domain is a
signal space where any radiation pattern can be representedas
a point in this space. To represent the radiation patternP (θ) in
the beamspace domain, the steering vectora(θ) is decomposed
into a linear combination of a set of orthonormal basis patterns
{Φi(θ)}N−1

i=0 using Gram-Schmidt orthonormalization, where
N ≤ M [10]. It can be shown that the orthonormal basis
patterns of the ESPAR (also known as the Ariel DoF [8]-
[11]) are equal to the number of parasitic elements (i.e.,
N = M ). Therefore, the ESPAR radiation pattern in terms
of the orthonormal basis patterns can be written as [8]

P (θ) =

M−1∑

n=0

wnΦn(θ), (1)

where wn = iTqn are the weights assigned to the basis
patterns andqn is anM × 1 vector of projections of all the
steering vectors onΦn(θ). Thus, the ESPAR radiation pattern
is formed by manipulating the reactive loads attached to the
parasitic elements.

B. Spectrum-Sharing Signal Model

Assume a spectrum sharing model where single-user pri-
mary and secondary systems coexist as shown in Fig. 2. The
received signals at thekth time instant are given by

At PU-Rx: rp(k) = hp(k)xp(k) + hsp(k)xs(k) + np(k),
At SU-Rx: rs(k) = hs(k)xs(k) + hps(k)xp(k) + ns(k),

(2)

1The opertaionY = diag(x) embeds a vectorx in the diagonal matrixY.

wherehp(k) (PU-to-PU),hps(k) (PU-to-SU),hsp(k) (SU-to-
PU) andhs(k) (SU-to-SU) are the respective complex-valued
overall channel gains (linear combination of channel gainsat
all basis patterns). The primary and secondary signalsxp(k)
andxs(k) are complex-valued symbols drawn from anL-ary
constellation, whilens(k) andnp(k) are AWGN samples with
power spectral densityNo. The PU terminals are assumed to
be equipped with single omnidirectional antennas while the
antennas provided at the SU terminals are assumed to have
M orthonormal basis patterns having a complex weight vector
w = iTq, where thenth weightwn has an arbitrary complex
value

√
αne

jθn . The weight value depends on the setting of the
parasitic elements reactive loads. This model can be reduced
to the conventional single antenna (with no parasitic elements)
by setting the weight vector tow = [1 0 . . . 0], in which case
one Ariel DoF is available, corresponding to the active antenna
element. We also assume perfect knowledge of these channels
at the SU transmitter and receiver. It is worth mentioning that
our analysis fits any design for reconfigurable antennas with
beamforming capabilities, and not only the ESPAR antenna2.

III. L OS MUTUAL INTERFERENCE: A HINDRANCE TO

SPECTRUM SHARING CAPACITY

We start with the conventional single antenna scheme with
all parties employing single omnidirectional antennas. Inthis
case, we set the weight vector for the model in Section II to
w = [1 0 . . . 0].

A. Ergodic Capacity Formulation

The ergodic capacity maximization problem is a general-
ization for the problems in [2], [3] and [4]. We adopt a joint
peak and average interference power constraints, in addition
to considering all the interference channels (only SU-to-PU
interference is considered in [2] and [3]). The problem can be
formulated as

C = max
Ps(Γ)

EΓ

{

log2

(

1 +
γsPs(Γ)

γpsγp +No

)}

,

subject to EΓ {γspPs(Γ)} ≤ Qav, (3)

and Ps(Γ)γsp ≤ Qp,

whereΓ = (γs, γsp, γps) = (|hs|2, |hsp|2, |hps|2), Qav and
Qp are the average and peak interference power constraints,
respectively,E{.} is the expectation operator, andPs(Γ) is
the SU transmit power allocation as a function of the CSI
vectorΓ. Without loss of generality, we set the noise spectral
densityNo = 1 W/Hz. Thus the SNR of any link is equal to
the transmit power of the PU/SU transmitter multiplied by the
channel power. The PU is assumed to transmit with a constant
power of γp. The optimization problem in (3) can be easily
solved using the Lagrangian method [3]. Eq. (8) in [3] provides
the optimal SU power allocation but without considering the
PU-to-SU interference. The solution of (3) can be obtained

2A comprehensive framework for single-radio reconfigurableantenna de-
sign and analysis can be found in [11].



directly by adding the PU-to-SU interference termγpsγp to
the noise variance in [4, Eq. (8)] as follows

Ps(Γ) =







Qp

γsp
,

γsp

γs
≤ (1+γpsγp)

1
λ log(2)

−Qp

1
λγsp log(2) −

γpsγp+1

γs
,

(1+γpsγp)
1

λ log(2)
−Qp

≤ γsp

γs
≤ λ log(2)(1 + γpsγp)

0,
γsp

γs
≥ λ log(2)(1 + γpsγp)

(4)
whereλ is the Lagrange multiplier and is obtained numerically
to satisfy the constraints in (3). Note that the peak interference
constraintQp must be greater than the average interference
constraintQav. Thus, the peak constraint has an impact on SU
capacity only ifQp > 1

λ log(2) . If the average constraint is very
large (i.e.,λ is very small), then defining a peak interference
constraint is meaningless. Based on (4), the ergodic capacity
is given in (5), wherez = γs

γsp
, fz(z) is the probability density

function (pdf) ofz, and{x}+ = max{x, 0}. In the following
subsections, we investigate several channel combinationsfor
SU-to-SU and PU-to-SU/SU-to-PU links, highlighting the
negative impact of LoS interference on SU capacity. We denote
the X − Y scenario as the scenario where the SU-to-SU
channel is subject to a fading distributionY and the mutual
interference channels are subject to fading distributionX .

B. The Rician-Rician Scenario

In this scenario, all the channels have LoS components. In
other words, both the SU-to-SU and the mutual interference
channels are not severely faded. We adopt a Rician model for
the secondary and interference channels as follows:

hi(k) =
√

γi

(√

Ki

Ki + 1
ejφi + vi(k)

)

(6)

where hi(k) ∈ {hs(k), hsp(k), hps(k)}, Ki ∈
{Ks,Ksp,Kps}, vi(k) ∈ {vs(k), vsp(k), vps(k)}, and
φi ∈ {φs, φsp, φps}. The parametersKs, Ksp, and Kps

are the K-factors (specular components) of thehs, hsp,
and hps channels, respectively. The componentsvs(k),
vsp(k), and vps(k) are the diffused components where

(vs(k), vsp(k), vps(k)) ∼ CN
(

0,
(

1
Ks+1 ,

1
Ksp+1 ,

1
Kps+1

))

,
while φs, φsp, φps are the constant phases of the LoS
components. Non-identical Rician channels with average
channel powers of(γs, γps, γsp) are assumed for the channels
(hs, hps, hsp). The pdf of the channel powerγi = |hi|2 when
|hi| follows a Rician distribution is given by [12]

fγi
(γi) =

1 +Ki

γi

e
−Ki− (1+Ki)

γi
γiIo

(

2

√

Ki(1 +Ki)

γi

γi

)

(7)
whereIo(.) is the modified Bessel function of the first kind.
In the Rician-Rician scenario, bothγsp and γps follow the
distribution in (7). The dynamic range of the interference chan-
nels (|hsp|,|hps|) fluctuations can be expressed by the variance
(σ2

sp,ps) of the Rician distributionσ2
sp,ps = 2

γsp,ps

Ksp,ps+1 +
Ksp,ps

Ksp,ps+1 −
πγsp,ps

2(Ksp,ps+1)L
2
1/2

(
−Ksp,ps

2γsp,ps

)

[12], whereL2
1/2(.) is

the square of the Laguerre polynomial. An interesting scenario
is when theK-factor tends to∞. Given that the limit of
the Laguerre polynomial islimx→−∞ Lv(x) =

|x|v
Γ(v+1) , where

Γ(.) is the gamma function [12], it can be easily shown that the
variance of the interference channelsσ2

sp,ps tends to 0 when
Ksp,ps → ∞. Thus, a dominant LoS interference signal makes
the interference channel almost deterministic. Therefore, for
the Rician-Rician scenario withKs,sp,ps → ∞, the pdfs of
z and γps tend to fz(z) → δ(z − γs

γsp
) and fγps

(γps) →
δ(γps − γps). The ergodic capacity is obtained by plugging
fz(z) andfγps

(γps) in (5), leading to the same capacity of the
AWGN interference channel under receive power constraint.
Therefore, the capacity gain resulting from severely faded
interference channels is hindered by LoS interference.

C. The Rician-Rayleigh Scenario

In this scenario, the SU-to-SU channel is characterized
by a large dynamic range (large variance) and follows a
Rayleigh distribution, while the interference channels have a
LoS component and follow a Rician distribution. The random
variablez = γs

γsp
is the ratio between the squares of a Rayleigh

and a Rician random variable. In order to obtain the capacity,
we first rewrite the pdf ofγsp in (7) in terms of the Meijer-G
functionGm,n

p,q

(a1,...,ap

b1,...,bq

∣
∣z
)

[13, Sec. 7.8] as

fγsp
(γsp) =

1 +Ksp

γsp

e
−Ksp− (1+Ksp)γsp

γsp G
1,0
0,2

(

−
0,0

∣
∣
∣
∣

Ksp(1 +Ksp)γsp
γsp

)

.

(8)
Noting that γs follows an exponential distribution with
fγs

(γs) = 1
γs
e
− γs

γs and that the pdf ofZ = X
Y is given

by fZ(z) =
∫ +∞
−∞ |y|px,y(zy, y)dy [12], one can obtain

the expression in (9) for the pdf ofz. Using the property
zGm,n

p,q

(a1,...,ap

b1,...,bq

∣
∣z
)
= Gm,n

p,q

(
a1+1,...,ap+1
b1+1,...,bq+1

∣
∣
∣z
)

, the integral can
be evaluated as the standard laplace transform of a Meijer-G

function [13] yielding the result in (10). We notice that when
theK-factors→ ∞, the pdfs of interest tend to

lim
Ksp→∞

fz(z) =
γsp

γs

e
−γspz

γs , lim
Kps→∞

fγps
(γps) = δ(γps−γps).

Thus, the ergodic capacity of the SU is obtained by plugging
the pdfsfz(z) andfγps

(γps) in (5). Unlike the Rician-Rician
scenario, the variablez is not deterministic at large values of
Ksp. Instead,z is exponentially distributed, which means that
fz(z) has an exponentially-bounded tail. Because a pdf with an
exponentially-decaying tail gives small weight to large values
of z, the capacity of the SU is still limited as it depends on the
integral

∫∞
z=0

log(z)fz(z)dz. This can be physically interpreted
by the fact that LoS interference channel fluctuations has a
small dynamic range and thus offers limited opportunities for
SU power allocation.

D. The Rayleigh-Rayleigh Scenario

In this scenario, all channels are severely faded with drastic
fluctuations over time. Becausehsp does not have a LoS



C = Eγps







∫ (1+γpsγp)

{ 1
λ log(2)

−Qp}+

z=λ log(2)(1+γpsγp)

log2

(
z

λ log(2)(γpsγp + 1)

)

fz(z)dz +

∫ ∞

z=
(1+γpsγp)

{ 1
λ log(2)

−Qp}+

log2

(

1 +
Qp z

(γpsγp + 1)

)

fz(z)dz







.

(5)

fz(z) =
1 +Ksp

γspγs

e−Ksp

∫ ∞

0

γspe
−
(

(1+Ksp)

γsp
+ z

γs

)

γsp
G

1,0
0,2

(

−
0,0

∣
∣
∣
∣

Ksp(1 +Ksp)γsp
γsp

)

dγsp (9)

=
γsp

γs

(1 +Ksp)
3 + z(1 +Ksp)

γsp

γs
(

(1 +Ksp) + z
γsp

γs

)3 exp




−Kspz

γsp

γs

(1 +Ksp) + z
γsp

γs



 . (10)

component, the pdf ofz can be obtained by settingKsp

to 0 in (10) yielding fz(z) =
γsp

γs

(

1+z
γsp
γs

)2 , which is the

log-logistic distribution. It can be shown that the log-logistic
distribution is afat-tailed distributionby showing thatP [Z >

z] ∼ z−α as z → ∞, whereα > 0 and∼ is the asymptotic
equivalence. Thus, the pdf of the variablez has a heavier
right-tail in the Rayleigh-Rayleigh scenario compared to the
Rician-Rician and Rician-Rayleigh scenarios, which means
that

∫∞
z=0

log(z)fz(z) in (5) will be larger in the Rayleigh-
Rayleigh scenario asfz(z) is slowly decaying and will give
significantly larger weights to larger values oflog(z) (note
that log(z) is a monotonically increasing function ofz). On
the other hand,γps still has an exponentially bounded tail.
Again, this contributes to the SU capacity enhancement asC

depends on−
∫∞
γps=0

log(γps+v)fγps
(γps) in (5), wherev is a

constant. Thus, severely faded interference channels offer SU
capacity gain even if the SU-to-SU channel is severely faded
as well. The SU opportunistic behavior can be quantified by
the pdf tails forz andγps. The heavier the tail offz(z) and
the faster the pdf ofγps decays, the larger is the SU capacity.

IV. OPPORTUNISTICSPECTRUM SHARING USING DUMB

BASIS PATTERNS

Motivated by the analysis in the previous section, we pro-
pose a technique that can eliminate the impact of LoS interfer-
ence by improving the dynamic range of interference channels
fluctuations. This is achieved byRandom Ariel Precoding
(RAP), which intentionally induces artificial fluctuationsin
these channels by randomizing the complex weights assigned
to the basis patterns of an ESPAR antenna. Throughout this
section, we adopt the system model presented in Section
II, with an ESPAR antenna weight vector ofw = iTq =
[ √

α1e
jθ1 . . .

√
αMejθM

]
.

A. Random Ariel Precoding (RAP)

By viewing the Ariel DoF provided by orthonormal basis
patterns asvirtual dumb antennasor dumb basis antennas, we
adjust the reactive loads of the parasitic antenna elementssuch
that the weights assigned to the basis patterns are randomly
varied over time. The implementation of RAP in the SU

receiver is different from its implementation at the transmitter
as explained hereunder.

1) RAP at the SU transmitter:The goal of applying RAP
at the SU transmitter is to induce artificial fluctuations in
γsp. For the SU transmitter to send a symbolxs(k) to
the SU receiver at time instantk, it selects a weight vec-
tor w =

[

xs(k)
√

α1(k)e
jθ1(k) . . . xs(k)

√

αM (k)ejθM (k)
]

.

Without loss of generality, we setαi(k) = 1
M , ∀i and vary

the phasesθi(k) every time instantk randomly based on
a uniform distribution θi(k) ∼ Unif(0, 2π) (independent
phases are selected for all basis patterns). Hence, at each
time instantk, the SU transmitter adjusts the reactive loads
such thatw =

[
xs(k)e

jθ1(k)

√
M

. . .
xs(k)e

jθM (k)

√
M

]

. We consider

P(θ) = [P (θ1), P (θ2) . . . , P (θG)]
T to be a set ofG spa-

tial samples of the ESPAR radiation pattern andΦ(θ) =
[Φm(θ1), Φm(θ2) . . . ,Φm(θG)]

T to be a set ofG spatial
samples of themth basis pattern, where thegth element is
the spatial element at a departure angle ofθg. Assuming that
hsp,g(k) is the channel gain at an angleθg and time instantk,
the received SU signalrsp(k) at the PU receiver will be given
by [14]

rsp(k) = xs(k)

M−1∑

m=0

ejθm(k)

√
M

(
G−1∑

g=0

h∗
sp,g(k)Φm(θg)

)

︸ ︷︷ ︸

hm
sp(k)

, (11)

wherehm
sp(k) is the channel gain from themth basis pattern to

the PU receiver. Assuming that the specular components from
all basis patterns to the PU have the sameK-factor ofKsp, one

can obtainhm
sp(k) =

√
γsp

(√
Ksp

Ksp+1e
jφsp,m + vmsp(k)

)

. The

scattered component is a complex gaussian variablevmsp(k) ∼
CN (0, 1

Ksp+1 ). On the other hand, the specular component
√

Ksp

Ksp+1e
jφsp,m from themth basis pattern has a deterministic

time-invariant phase shift ofejφsp,m . The equivalent channel
h̄sp(k) obtained by weighting the orthonormal basis patterns



will thus be given by

h̄sp(k) =
√
γsp









M−1∑

m=0

ejθm(k)+jφsp,m

√
M

√

Ksp

Ksp + 1
︸ ︷︷ ︸

l̄sp(k)

+v̄sp(k)









,

where v̄sp(k) =
∑M−1

m=0
ejθm(k)
√
M

vmsp(k) is the equivalent scat-
tered components after applying the ESPAR weights, which
were shown in [5] to have the same statistics ofvmsp(k),

i.e., v̄sp(k) ∼ CN
(

0, 1
Ksp+1

)

. Recall that the main goal
of RAP is to induce time varying fluctuations in the LoS
component. Therefore, we are interested in evaluating the
pdf of the equivalent channel̄lsp(k) resulting from LoS
propagation. This channel is formed by adding the deter-
ministic specular components perceived by theM basis pat-
terns with random phase shifts that vary with time. Using

Euler identity, l̄sp(k) =
√

Ksp

M(Ksp+1)

∑M−1
m=0 cos(θm(k) +

φsp,m) + j sin(θm(k) + φsp,m). Let Y R = Re{l̄sp(k)} =
√

Ksp

M(Ksp+1)

∑M−1
m=0 ym where ym = cos(θm(k) + φsp,m).

It can be easily shown that whenθm(k) ∼ Unif(0, 2π),
then (θm(k) + φsp,m)mod2π ∼ Unif(0, 2π) as φsp,m is
constant. Using random variable transformation, the pdf of
ym is given by fym

(ym) = 1

π
√

1−y2
m

,−1 ≤ ym ≤ 1,

with E{ym} = 0, and E{(ym − E{ym})2} = 1
2 . Applying

the CLT, we get
∑M−1

m=0 ym ∼ N (0, M
2 ), which implies

that Y R ∼ N
(

0,
Ksp

2(Ksp+1)

)

. It can be shown thatY I =

Im{l̄sp(k)} has the same distribution ofY R, which means that

l̄sp(k) ∼ CN
(

0,
Ksp

Ksp+1

)

. Since l̄sp(k) ∼ CN
(

0,
Ksp

Ksp+1

)

,

and v̄sp(k) ∼ CN
(

0, 1
Ksp+1

)

, then the equivalent channel

after applying RAP will bēhsp(k) =
√
γsp(v̄sp(k)+l̄sp(k)) ∼

CN (0, γsp). One can therefore claim that using RAP at the
SU transmitter can perfectly eliminate the impact of SU-to-
PU LoS interference by employing the Ariel DoF as virtual
scatterers, which converts the Rician interference channel into
a Rayleigh fading one.

2) RAP at the SU receiver:In order to induce fluctuations
in the PU-to-SU interference channelhps, RAP must be
employed by the SU receiver. To obtain the equivalent interfer-
ence channel, one can use the same analysis presented in the
previous case to show that the Rician interference channel can
be transformed into a Rayleigh one. The only difference is that
the SU receiver does not transmit symbols. Therefore, it uses
an ESPAR weight vector ofw =

[
ejθ1(k)
√
M

. . . ejθM (k)
√
M

]

, where

the set of phase shiftsθm(k) are independent and uniformly
distributed.

B. Smart basis patterns: Maintaining the Secondary Channel
Reliability using Artificial Diversity

It is important to note that the application of RAP will
induce fluctuations not only in the interference channels, but in
the SU-to-SU channel as well. Consequently, if the secondary

channel is originally Rayleigh-faded, RAP will not alter its
statistics. However, if the secondary channel is Rician (reliable
LoS channel), RAP will turn it into a severely-faded one.
Therefore, the techniques explained in the previous subsection
are applicable for the Rician-Rayleigh scenario, but not for
the Rician-Rician scenario. If the secondary channel is a
reliable LoS channel, we aim at maintaining its reliability
while inducing fluctuations in the interference channels. This
can be achieved by a technique that we refer to asartificial
receive diversity. First, let φij

s be the phase of the specular
component of the secondary channel from theith transmit
basis pattern to thejth receive basis pattern. These phases
are assumed to be deterministic, constant and known at the
SU receiver as they depend only on the antenna structure.
Now, based on the analysis in the previous subsection, the
equivalent secondary channel for a transmit ESPAR weight

vectorwT =

[

xs(k)
ejθ

T
1 (k)

√
M

. . . xs(k)
ejθ

T
M (k)

√
M

]

will be given

by h̄s(k) = l̄s(k) + v̄s(k), wherev̄s(k) ∼ CN
(

0, 1
Ks+1

)

is
the scattering components (not affected by RAP), and

l̄s(k) =
√

γs

M−1∑

u=0

(
M−1∑

m=0

ejθ
T
m(k)+jφmu

s

√
M

√
Ks

Ks + 1

)

︸ ︷︷ ︸

l̄s,u(k)

wR
u ,

wherewR
u is the uth element of the receive ESPAR weight

vector. The specular component at theuth receive basis
l̄s,u(k) pattern is perceived as an artificial Rayleigh channel
due to the application of RAP at the SU transmitter. In
order to improve the reliability of the secondary channel, we
apply conventional Maximum Ratio Combining (MRC) to the

set of artificial Rayleigh channels and setwR
u =

l̄∗s,u(k)

||̄ls(k)|| ,

where ||̄ls(k)|| =
√

|l̄s,1(k)|2 + |l̄s,2(k)|2 + ...+ |l̄s,M (k)|2.
Therefore, the contributions of the specular component in
all receive basis patterns can be averaged to suppress the
fluctuations induced by RAP at the transmitter. Using the law
of large numbers, when the number of receive basis patterns
is large, the factor̄ls(k) tends to be deterministic (and equal
to the K-factor), which means that the Rician channel will
be reconstructed at the receiver. In this sense, the receive
basis patterns are viewed assmart antennasor smart basis
patternsas they are used to achieve diversity. Note that the
MRC weightswR

u are deterministic as they depend on theK-
factor and the ESPAR transmit weights. Consequently, there
will be no need to carry out channel estimation for each receive
basis pattern. The overall channelh̄s(k) = l̄s(k) + v̄s(k) is
the sum of a Chi-distributed random variablel̄s(k) and the
complex gaussian scattered componentv̄s(k). Thus, channel
estimation is done for the overall channelh̄s(k) only, and
the SU receiver multiplies the received signal by a weight of
h̄∗

s(k)

|h̄s(k)| . It is worth mentioning that, although the receive basis
patterns act as smart antennas for the SU-to-SU link, they still
act as dumb antennas for the PU-to-SU link, as the ESPAR
weights at the SU receiver are not selected based on the PU-
to-SU CSI and fluctuations are still induced in the interference



channel.

V. NUMERICAL RESULTS

This section provides numerical results for the techniques
presented throughout the paper. Monte-Carlo simulations are
carried out and results are averaged over 100,000 runs. We
assume the following parameter settings:No = 1 W/Hz,γsp =
γps = γs = 0 dB, andγp = 1 dB. For all Rician channels, we
assume aK-factor of 10 dB. Fig. 3 depicts the ergodic capacity
of the SU as a function of the average interference power
constraintQav. We define the factorρ =

Qp

Qav
and plot the

ergodic capacity forρ = ∞ (no peak interference constraint)
and ρ = 1.2. As expected, the SU capacity is a monotonic
function of Qav increases, as the SU is allowed to transmit
with higher power when the interference constraint is relaxed.
We can also observe that when a joint peak and average
interference constraint is imposed, the capacity decreases, and
the amount of degradation is more significant for smaller
values ofQav.

It is notable that for all fading scenarios, the SU capacity
is larger than the AWGN capacity, which agrees with the
results in [2]. The AWGN capacity is a special case of the
Rician-Rician scenario whenKsp = Kps = Ks = ∞.
Thus, the AWGN channel is an extreme case of the LoS
interference scenario tackled in Section III. Note that the
Rayleigh-Rician scenario offers the best SU capacity because
it enjoys a reliable SU-to-SU link, and severely-faded interfer-
ence channels. LoS interference can significantly degrade the
SU capacity, as a capacity gap of 1.05 bps/Hz is observed be-
tween the Rayleigh-Rician and Rician-Rician scenarios. Also,
the Rayleigh-Rayleigh scenario offers a capacity increaseof
about 0.75 bps/Hz more than the Rician-Rician scenario,
which means that the degradation caused by severely faded
SU-to-SU link is less harmful than LoS interference. The
Rician-Rayleigh scenario performs worse than the Rician-
Rician scenario as it suffers from both severely faded SU-to-
SU channel and LoS interference. It can be also observed that
all fading scenarios that include a Rayleigh faded SU-to-SU
channel are more sensitive to the peak interference constraint,
because the large dynamic range of the SU-to-SU channel
implies that the allocated SU transmit power will “hit the peak
constraint” more frequently.

To eliminate the impact of LoS interference, the concept
of opportunistic spectrum sharing using dumb basis patterns
was proposed. Fig. 4 shows the pdf of the interference channel
amplitude (|hsp| or |hps|) before and after applying RAP for
various numbers of basis patterns. It is obvious from Fig.
4 that as the number of basis patterns increases, the pdf of
the equivalent channel spreads, indicating a larger dynamic
range of fluctuations. It is shown that 5 basis patterns (5
parasitic elements) are enough to convert a Rician channel to
a Rayleigh one. Any further increase in the number of basis
patterns will not result in an increase in the dynamic range
of the channel. Fig. 5 depicts the amplitude of an interference
channel (|hsp| or |hps|) versus time before and after applying
RAP. It is clear that after applying RAP, the resultant channel

will have a larger dynamic range and more occurences of
deep fades (marked with circles) than the LoS channel. In
Fig. 6, we investigate the impact of the number of basis
patterns on the achieved capacity gain. For the Rician-Rayleigh
scenario, only one parasitic element is enough to achieve a
significant capacity gain relative to the Rician-Rician scenario.
Any further increase in the number of parasitic elements will
make the capacity of the Rician-Rayleigh scenario converge
to that of the Rayleigh-Rayleigh scenario. The same behavior
is shown for the Rician-Rician scenario, where we apply the
artificial diversity scheme to regain the reliability of theSU-
to-SU channel.

VI. CONCLUSIONS

In this paper, we presented a comprehensive analysis for
the impact of LoS mutual interference on the SU capacity
in a spectrum sharing system. It was shown that when the
dynamic range of the interference channel is small, the SU
capacity is significantly decreased. Stemming from this point,
we introduced a novel technique to induce channel fluctuations
in the interference channel using thedumb basis patterns
of an ESPAR antenna. If the secondary channel contains
a LoS component, we adopt anartificial diversity scheme
to maintain its reliability while inducing fluctuations in the
interference channels. Numerical and analytical results show
that the proposed scheme can eliminate the impact of LoS
interference on the SU capacity. The proposed scheme requires
a single RF chain, and can fit within tight space limitations.
Thus, it is adequate for low cost mobile transceivers.

REFERENCES

[1] Q. Zhao and B. .M. Sadler, “A survey of dynamic spectrum access: signal
processing, networking, and regulation policy,”IEEE Signal Processing
Magazine, vol. 24, no. 3, pp. 79-89, May 2007.

[2] A. Ghasemi and E.S. Sousa, “Fundamental limits of spectrum-sharing in
fading environments,”IEEE Transactions on Wireless Communications,
vol. 6, no. 2, pp. 649 - 658, Feb. 2007.

[3] L. Musavian and S. Aissa,“Ergodic and Outage Capacitiesof Spectrum-
Sharing Systems in Fading Channels,”IEEE Global Telecommunications
Conference, (GLOBECOM ’07), Washington, DC, US,pp. 3327-3331,
Nov. 2007.

[4] G. Noh, S. Lim, and D. Hong,“Exact Capacity Analysis of Spectrum
Sharing Systems: Average Received-Power Constraint,”IEEE Communi-
cations Letters, vol. 17, pp. 884 - 887, May 2013.

[5] P. Viswanath, D. N. C. Tse, and R. Laroia,“Opportunisticbeamforming
using dumb antennas,”IEEE Transactions on Information Theory,vol.
48, no. 6, pp. 1277 - 1294, Aug. 2002.

[6] V. Blagojevic and P. Ivanis.“Ergodic Capacity for TAS/MRC Spectrum
Sharing Cognitive Radio,”IEEE Communications Letters, vol. 16, pp.
321 - 323, March 2012.

[7] B. Kaufman, J. Lilleberg, and B. Aazhang,“Spectrum sharing scheme
between cellular users and ad-hoc device-to-device users,” IEEE Trans-
actions on Wireless Communications,vol. 12, no. 3, pp. 1038 - 1049,
March. 2013.

[8] V. I. Barousis, A. G. Kanatas, and A. Kalis, “Beamspace-domain analysis
of single-RF front-end MIMO systems,”IEEE Transactions on Vehicular
Technology,vol. 60, no. 3, pp. 1195 - 1199, March 2011.

[9] P. N. Vasileiou, E. D. Thomatos, K. Maliatsos, and A. G. Kanatas,
“Adaptive Basis Patterns Computation for Electronically Steerable Passive
Array Radiator Antennas,”IEEE 77th Vehicular Technology Conference
(VTC Spring), Dresden, Germany,pp. 1 - 5, Jun. 2013.

[10] D. Wilcox, E. Tsakalaki, A. Kortun, T. Ratnarajah, C. B.Papadias,
and M. Sellathurai,“On Spatial Domain Cognitive Radio Using Single-
Radio Parasitic Antenna Arrays,”IEEE Journal on Selected Areas in
Communications,vol. 31, no. 3, pp. 571 - 580, March. 2013.



2 4 6 8 10 12 14 16 18 20 22
0

0.5

1

1.5

2

2.5

Qav

E
rg

o
d
ic

C
a
p
a
ci

ty
o
f
S
U

(b
p
s/

H
z)

AWGN Capacity

Rician-Rayleigh Scenario

Rayleigh-Rician Scenario

ρ =∞, and 1.2

Rayleigh-Rayleigh Scenario

Rician-Rician Scenario

Fig. 1. Illustration for the impact of LoS interference on SUcapacity.

0 0.5 1 1.5 2 2.5 3
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Channel Amplitude

P
ro

b
a
b
il
it
y

D
en

si
ty

F
u
n
ct

io
n

 

 
Rician Fading with conventional antenna

Rician Fading with 2 dumb basis patterns

Rician Fading with 3 dumb basis patterns

Rician Fading with 5 dumb basis patterns

Rayleigh Fading

Fig. 2. Equivalent channel pdf after applying RAP.

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

2

2.5

3

Time index (k)

In
te

rf
er

en
ce

ch
a
n
n
el

a
m

p
li
tu

d
e

 

 
Equivalent channel with 5 dumb basis patterns

Rician channel with conventional antenna

Power
allocation
opportunities

Fig. 3. Channel gain before and after applying RAP.

2 4 6 8 10 12 14 16 18 20 22
0

0.5

1

1.5

2

2.5

3

Qav

E
rg

o
d
ic

S
U

C
a
p
a
ci

ty
(b

p
s/

H
z)

Dumb basis patterns
M = 2,3,4,5,6

Rician-Rician Scenario with artificial
diversity at SU receiver

Rician-Rayleigh scenario

Rayleigh-Rayleigh scenario

Rayleigh-Rician scenario

Rician-Rician scenario

Rician-Rayleigh scenario

AWGN capacity

Fig. 4. Illustration for the impact RAP on SU capacity enhancement.

[11] M. Yousefbeiki, O. N. Alrabadi, and J. P.-Carrier,“Efficient MIMO
Transmission of PSK Signals with a Single-Radio Reconfigurable An-
tenna,” IEEE Transactions on Communications,vol. 62, no. 2, pp. 567 -
577, Feb. 2014.

[12] M. K. Simon, M.-S. Alouini, “Digital Communication over Fading
Channels”Wiley-IEEE Press, 2005.

[13] A. Jeffrey and D. Zwillinger, “Table of Integrals, Series, and Products”
Academic Press, 2000.

[14] O. N. Alrabadi, A. Kalis, C. B. Papadias and A. G. Kanatas,“Spatial
Multiplexing by Decomposing the Far-Field of a Compact ESPAR
Antenna,” IEEE 19th International Symposium on Personal, Indoor and
Mobile Radio Communications (PIMRC), Cannes, France,pp. 1-5, Sept.
2008.


	I Introduction
	II System Model
	II-A The ESPAR Antenna
	II-B Spectrum-Sharing Signal Model

	III LoS mutual interference: A hindrance to spectrum sharing capacity
	III-A Ergodic Capacity Formulation
	III-B The Rician-Rician Scenario
	III-C The Rician-Rayleigh Scenario
	III-D The Rayleigh-Rayleigh Scenario

	IV Opportunistic Spectrum Sharing using Dumb Basis Patterns
	IV-A Random Ariel Precoding (RAP)
	IV-A1 RAP at the SU transmitter
	IV-A2 RAP at the SU receiver

	IV-B Smart basis patterns: Maintaining the Secondary Channel Reliability using Artificial Diversity

	V Numerical results
	VI Conclusions
	References

