Distributed Beamforming with
Nodes Selection for Cognitive
Radio Networks

X.Lian, H. Nikookar and L.P. Ligthart

Faculty of Electrical Engineering, Mathematics and Computer Science,
Microwave Sensing, Systems and Signals (MS3) Group,

Delft University of Technology, Mekelweg 4, 2628CD Delft, The Netherlands
xiaohualiantud @ gmail.com, h.nikookar@tudelft.nl, L.P.Ligthart@tudelft.nl

Received September 2013; Accepted November 2013
Publication January 2014

Abstract

In order to collaboratively forward the Cognitive Radio (CR) signal to the
Distant CR (DCR) users, we have introduced the Distributed Beamforming
(DB) technique CR networks. However we face a practical difficulty of the
extreme narrow main beam in the pattern generated by the DB method, when
applying it to CR networks. To solve this problem, we propose a novel Nodes
Selection (NS) method based on studies of the differences in beam width of a
broadside array and an end-fire array. The proposed NS method selects those
CR nodes, which are able to form a full size end-fire array and a reduced
size broadside array. It chooses CR nodes located in the “belt” area along the
direction of the DCR user. Simulation results of the average beampattern of
our NS method show that the main beams are successfully directed towards
the DCR users and are enlarged for practical applications in CR networks.
What is more, for a CR network with a large physical size, our NS method
can widen the main beam while maintaining sufficiently low sidelobe levels
for CR transmission.
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1 Introduction

Cognitive Radio (CR) is a promising solution to solve the problem of intensive
usage of the natural radio resource, spectrum. It has been initially introduced
by Joseph Mitola [1], who described how CR could enhance the flexibility
of wireless services through a radio knowledge representation language. CR
provides various solutions to accommodate this spectrum to be used by
unlicensed wireless devices without disrupting the communications of the
Primary Users (PUs) of the spectrum [2]. CR capabilities can also be exploited
in Wireless Sensor Networks (WSN), which are traditionally assumed to
employ a fixed spectrum allocation and characterized by the communication
and processing resource constrains of low-end sensor nodes [3]. Depending
on the applications, WSN composed of sensor nodes equipped with CR may
benefit from its potential advantages, such as dynamic spectrum access and
adaptability for reducing power consumptions. A CR network is formed by
CR nodes that are geographically distributed in a certain area, which is shown
in Figure 1. Those nodes are possibly wireless terminals, subscriber users, or
sensors in the CR network. In this paper, we propose to employ Distributed
Beamforming at CR networks in order to form beams towards Distant CR
users so that the CR network is able to forward the signals to DCR users
cooperatively. Via adopting the DB method, the CR networks increase its
coverage range without causing harmful interferences to PUs.

DB is also referred to as collaborative beamforming, and is originally
employed as an energy-efficient scheme to solve long distance transmission
in WSN, in order to reduce the amount of required energy and consequently
to extend the utilization time of the sensors [4]. The basic idea of DB is that
a set of nodes in the wireless network acts as a virtual antenna array and
then forms a beam towards a certain direction to collaboratively transmit a
signal. DB has been proposed in [4] and it has been shown that by employing
K collaborative nodes, the collaborative beamforming can result in up to
K-fold gain in the received power at a distant access point. Recently a cross-
layer approach for DB in wireless ad-hoc networks has been discussed in
[5] applying two communication steps. In the first phase, nodes transmit
locally in a random access time-slotted fashion. In the second phase, a set
of collaborating nodes, acting as a distributed antenna system, forward the
received signal to one or more far away destinations. The improved beam
pattern and connectivity properties have been shown in [6], and a reasonable
beamforming performance affected by nodes synchronization errors has been
discussed in [7]. DB has also been introduced in relay communication systems.
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Figure 1 Coexistence of PUs and CR with DB techniques

Different types of relays have been considered, e.g. Amplify-and-Forward
(AF) relays, Filter and Forward (FF) relays, etc. The models discussing
relay networks in [8—12] have been proposed to have a source, a relay, and
a destination, where transmit DB is employed both at the source and at
the relay. The authors in [8—11] have developed several DB techniques for
relay networks with flat fading channels. In [12], frequency selective fading
has been considered.

DB requires accurate synchronization; in other words, the nodes must
start transmitting at the same time, synchronize their carrier frequencies, and
control their carrier phases so that their signals can be combined constructively
at the destination. A synchronization technique based on time-slotted round-
trip carrier synchronization has been proposed for DB in[13], and a review
has been given in [14]. In this paper, we adopt the master-slave architecture
proposed in [7], where a designated master transmitter (one of CR nodes in
the networks) coordinates the synchronization of others (slave) transmitters
for DB. This method has also been proved in [7] that a large fraction of DB
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gains can still be realized even with imperfect synchronization corresponding
to phase errors with moderately large variance.

In [4], the authors demonstrate that the sidelobe level in the beampattern
generated by the DB method will approach % where K is the number of
cooperating nodes. Thus as long as PUs are not located in the same direction
as the beampattern for the DCR user, the transmit power arriving at PUs’
directions will always be K-1 times less than that towards the DCR users. As
a result, it is not necessary to direct specific nulls towards directions of PUs;
the DB method by its nature is capable of guaranteeing K-1 times less power
towards PUs compared with that towards DCR users. However, to apply the
DB technique in CR networks, a practical difficulty rather than nulls directing
rises due to the fact that the width of the main beam in the beampattern
generated by the DB method is relying on the working frequency of the CR
networks. As alsg shown in [4], the n}flin beam of the beampattern will become
narrower when R increases, where R £ R /A, R is the covering radius of the
network and A is the wavelength. If we consider a CR network with R=100m
and utilizing the spectrum of the Ultra High Frequency (UHF) band, which is,
for instance, 750MHz, we can obtain that R = 250. In [4], the authors have
shown that the width of the main beam can be approximated by %. Thus
in our example, the width of the main beam will become about 0.1°. Such a
narrow main beam implies that once the DOA estimation of the distant nodes
is not accurate enough, the main beam in the pattern may miss its direction.
Meanwhile, it also reveals that the width of the main beam in the beampattern
mostly relies on the center frequency at which the CR network is able to access.

To solve this problem of the extreme narrow main beam, we propose a
novel Nodes Selection (NS) method. The presented NS method is based on
the differences in beam width of a broadside array and an end-fire array. The
beampatterns of these two types of arrays allow us to find out how the main
beam of the end-fire array is much wider than that of the broadside array. We
thus conclude that the “broadside” size of the CR network should be small so
that a beampattern with a wider main beam can be maintained. As a result, we
suggest selecting CR nodes, which are able to form a full size end-fire array
and a reduced size broadside array. In other words, we choose those CR nodes
which are located in the “belt” area along the direction of the distant nodes.

The paper is arranged as follows. Section 2 introduces DB technique to CR
networks. A novel NS method to enlarge the main beam of the beampattern
generated by the DB technique is presented in section 3. Simulations will be
given afterwards in section 4, showing that our NS method is effective in
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generating a wider main beam in the beam pattern. Section 5 concludes the
whole chapter.

2 DB for CR Networks

The geometrical structure of the first model together with distant receiver
terminals including PUs and DCR users is illustrated in Figure 2. K CR nodes
are uniformly distributed over a disc centered at O with radius R. We denote the
polar coordinates of the kth CR node by (7, ¥ ). The number of DCR users
is Lpcor- These DCR users are considered as access points, and located in the
same plane at(APCF ¢PCR) i = 1,2, ..., Lpcr. Meanwhile the number
of PUs is L p7, and these users coexist with DCR users. Their locations are
(A;,9,), i=1,2,..., Lpy. The CR nodes in the CR network are requested to
form a virtual antenna array and collaboratively transmit a common message

s(t).

2.1 Necessary assumptions

Without loss of generality, we adopt the following assumptions:

DCR1 (AI[J(’R,¢IDL'R)

CR1 PU1(A4,.4,)

DCR2
(Af)('R’¢;DL'R)

(1)

PU2 (4,,4,)

CRk

(U9 99
CR nodes
o ¢ ru
DCR users

Figure 2 CR networks with DCR users and PUs
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1) The number of CR nodes are larger than that of DCR users, i.e.,
K > Lpcg.- This is required to solve the multi beam generating problem
which has been discussed in [15].

2) All DCR users and PUs are located in the farfield of the CR network, such
that APY® >> R i=1,2,...Lpcrand A; >> R,i=1,2,....Lpy

3) The bandwidth of s(¢) is narrow, so that s(t) is considered to be constant
during the time interval R/c, where c is the speed of light. However, it has
been discussed in [16] that the OFDM scheme is the first recommended
candidate for use in the CR network. Since the OFDM signal can
be regarded as a combination of narrow band modulated signals, the
proposed method in this paper can also be implemented in wide band CR
OFDM systems.

2.2 DB for CR networks
Let xy(t) denote the transmitted signal from the kth node,

zp(t) = s(t)ed >t (1

where f is the carrier frequency. The received signal at an arbitrary point
(A, ¢) in the far field due to the kth node transmission is [17]

dg di\ iomfp _i2x
ri(t) = Bran(t — ) = Prs(t - ?)eﬂ Fte=i X dr 2)
where dy, is the distance between the kth node and the access point (A, ¢), and
Br = (dk)_TA/ is the signal path loss with + donating the path loss exponent.
Making use of assumption 2 in the previous paragraph [17], Ox and dj are
approximated by

di = \/A2 + 12— 2Ar;cos(¢p — Ug) ~ A —rcos(p — Uy)  (3)

yri cos(¢p — \I/k)>

ﬁkZ(dk)?%[A—TkCOSW—‘I’k)];%5<1+ 9 A
) “)
where 3 = A2 . Itis also ensured that % << 1. Thus 3}, can then
be approximated by 3. Substituting equation (3) and (4) into equation (2), it
follows that [17],

T’k(t) ~ /36*1'27"148(75 _ é)ej%rftej%“rk cos(dp—Ty) (5)
C
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We assume there is only one DCR, i.e., Lpcr = 1, and simplify
(APCE ¢DCRYhy (Ag, ¢). The case with more than one DCR users has
been discussed in [15]. As proposed in [4], we adopt for the initial phase of

each node
2T

YE = _Trk cos(pg — Yi) (6)

The received signal 1 () at (A, ¢) becomes

( ) /66 ]27rA ( A)ej27rft€]7rk cos(p—Uy) 7j277rrk cos(po—Vyg) (7
c
The array factor F'( ¢| ry, ¥y) yields:

K
F(¢|rr, V) ~ %Ze] X Tklcos(¢—Wy)—cos(do— )] (8)
k=1

. btg—2T
E :6—] L7y, sing ¢ 2¢0)s1n(¢ ¢02 k'
K

We assume there are many CR nodes and the locations of CR nodes follow
auniform distribution over a disk of radius R, leading to the probability density
functions (pdf)

ka(r)ZQ—Z, 0<r<R ©)
Jo,(Up) =5-, —m< VU<

By definingz;, = % sin (\I/k — W), the compound random variable
zi has a pdf [4]

2
falzk) = =y/1—22, —1<z<1 (10)
T

The array factor in equation (8) can now be written as

F(|z) = KZeXp <—j47rfasin <¢_2¢0>zk> (11)

where R 2 R /A is the radius of the disk normalized by the wavelength. The
far field beampattern is defined by

P(¢|z) 2 |F(¢|2)I? (12)
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and the average array beam pattern of the CR networks becomes [4]

Pu(@) 2EPGI)] = o+ (1- )it a3)

where
we) = E[F(¢)] = ‘W‘ (14)
a(¢) £ A Rsin <¢_2¢0> (15)

Jn(+) stands for the nth order Bessel function of the first kind, and E'[-] stands
for the statistical expectation. Above equations learn us that if each CR node
adopts the initial phase as given in equation (6), the average pattern generated
by the whole CR network can be obtained from equation (13).

Figure 3 shows the average beampattern of the DB method for different
K (K = 8,16) and R(R = 2,4, 8). We assume that the direction of DCR
is ¢g = 0°. It can be seen that when the beam angle moves away from the
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Figure 3 Average beampattern of the DB method
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direction of DCR, the sidelobe approaches%, i.e., 10log;, (%) ~ —9dB and
101ogyg (1—16) ~ —12dB, respectively. This leads to the logical conclusions

that the sidelobe level decreases when K increases, and that the larger R
becomes, the narrower the main beam will be, and consequently the better
directivity in the beampattern will be achieved. Figure 3 is only for demon-
stration purposes, because the value of the parameters that we considered
(K =8,16; R = 2,4, 8) are not realistic in the real application. In practical
applications, R should be large enough so that CR networks can have enough
CR nodes.

3 NS for CR Networks with Enlarged Main Beam

In this section we propose a new NS method for CR networks to select proper
nodes to achieve wider main beam in order to solve the problem of R
increasing rapidly considering the higher operating frequency of the CR
networks. We first consider two extreme cases of the CR network, which are
two types of array antennas: broadside array and end-fire array by projecting
the location of each CR node along an X and Y axis, and study the properties
of these two array antennas. Next we propose the NS method.

We assume one DCR user is located along the X axis (¢g = 0°). We
then consider the location of a CR node by projecting it into the Cartesian
coordinate system (X and Y directions) as shown in Figure 4. In this way we
create two virtual arrays: broadside array and end-fire array. We now discuss
the performance of the two separate arrays (broadside array and end-fire array)
instead of the full CR network.

The average beampatterns of these two arrays are summarized in the
following equations

Fbroadside(¢) = % + (1 - [1{) MIQ; (d)) (16)
where 271 (o (&)
B 1 (O
oy (@) = 27 R (sin ¢ — sin ¢q) (18)
and

?end—fire((ﬁ) = % + (1 - ]1{> Mg (¢) (19)
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Figure 4 Converting locations of CR nodes into broadside and end-fire arrays

where 271 (0 (6)
_ 1 (e
M8(¢) - ‘ Qe (d)) ‘ (20)
e (¢) = 2R (cos ¢ — cos ¢p) (21)

Proofs of equations (16) to (21) can be found in Appendix A.

The results of equation (16) and (21) are shown in Figure 5. We assume
there are 32 nodes in the CR network and the normalized radius is 35,
ie., K = 32 and R = 35. We also assume there is only one DCR user,
and its DOA is ¢9 = 0°. We can conclude from Figure 5 that the broadside
array has the same average beampattern as the previous CR network. This is
due to the result shown in equation (16). The oy (¢) in equation (18) can be
approximated to a(¢) defined in equation (15), when ¢ is close to ¢g. As a
result in the angle area close to ¢g = 0°, the performances of the beampattern
of the broadside array and the DB method are very similar to each other. In
addition, to the same conclusion that has also been drawn in [18], we have
discovered that the width of the main beam is in a reverse relationship with
the size of the broadside array. Thus we are inspired by these two facts that if
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Figure 5 Beampattern of CR network, broadside array and end-fire array

we want to enlarge the width of the main beam, we have to decrease the length
(size) of the broadside array and we can adopt the end-fire array instead.
Based on this idea, we propose a NS method and select those nodes, which
are able to form a full size end-fire array and a reduced size broadside array.
Thus we choose the nodes in a relatively narrower belt along the Direction of
Arrival (DOA) of the DCR user, as shown in Figure 6. In Figure 6, the CR nodes
are selected in a way that the size of the “broadside” is limited to D, where
% < R. When we consider the case with more than one DCR user coexisting
with the CR network, e.g. two DCR users, the NS method is demonstrated
in Figure 7. We choose those CR nodes which are in the two “belt” areas as
shown in Figure 7. In addition, for those double selected CR nodes, which are
in the cross area, we adopt the method which let them randomly choose one of
the two DCR users to serve, which has been proposed and discussed in [15].
When we consider more than two DCR users, the NS method is slightly
different than the case of two DCR users. Figure 8 demonstrates the idea
of how to select CR nodes utilizing our proposed NS method, when there are
three present DCR users. As we can see from Figure 8, there are three different
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types of CR nodes in the CR network. They are nodes which are only selected
once in the belt area along one DCR user, and are requested to generate main
beams towards this DCR user. They are also nodes which are double selected
and triple selected. For the double selected nodes, they can choose between
two DCR users, and we let them randomly choose towards which DCR user
they want to direct their main beam in the pattern. For the triple selected CR
nodes, they have three options of different DCR users to choose and again we
let them choose among these three. It is worth noticing that double and triple
selected nodes have different sets of DCR users to choose from.

4 Simulation Results of the NS Method

Figure 9 and 10 demonstrate the selected nodes in the CR networks with
different values of D by adopting the proposed NS method. Considering the
fact that the number of selected nodes varies from each simulation, we do
averaging in order to show a general result of the beampattern. As a result, the
beampattern of the NS method shown in Figure 11 is the average beampattern.
In Figures 9-10, we assume there is only one DCR user and its DOA1is ¢g = 0°.
We choose the nodes within the width of the belt D = 15\ and D = 35,
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as shown in Figure 9 and 10, respectively. We assume there are 60 nodes in
the network and the normalized radius of the network is 50, i.e., K = 60, and
R = 50. The result of the beampattern shown in Figure 11 is the average of
1000 runs.

Figure 9and 10 show that those CR nodes, which are located in the belt
area, as defined in Figure 6, are successfully selected for transmission. We
can also see from these two figures that when D is smaller, less number of CR
nodes will be selected for transmission.

Figure 11 shows that after adopting the proposed NS method, the main
beam in the beampattern of the DB method is enlarged. Employing the NS
method with defined D = 10\, D = 15\ and D = 35, the main beam is
about six times, four times and two times wider than that without adopting
the NS method, respectively. However, with smaller D, less CR nodes will
be selected, as shown in Figure 6. Therefore, the beampattern has a higher
sidelobe level than that with a larger D, since the asymptotic sidelobe level of
the beampattern is proportional to the reverse of the number of nodes of the
CR network, as explained in Figure 3. With smaller D, which selects fewer CR
nodes for transmission, the width of the main beam is the largest. This shows
that NS is a trade-off between the width of the main beam and the sidelobe
level in the beampattern.
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Figure 8 Demonstration of NS method with three DCR users

Figure 12 and 13 consider the case with two DCR users, which are located
at 1 = 0°and ¢o = 15° when D = 15\. Figure12 shows the selected nodes
in the CR networks to participate in CR transmission towards two DCR users.
We can see in Figure 12 that there are a few CR nodes which are double
selected for participating in transmission towards both DCR users.

Figure 13 shows the average beampattern of the NS method for two DCR
users. As can be seen fromthis figure, the two main beams in the beampattern
are directed towards ¢; = 0° and ¢o = 15°, respectively. The main beams
are both widened via adopting our NS method. When we employ NS method
with D = 15\, we can see from Figure 13 that both two main beam are
broadened to 3°.

Figure 14 and 15 consider the case with three DCR users, which are
located at 1 = 0°, ¢po = 15°and ¢35 = —20°when D = 15\, and show the
selected nodes in the CR networks to participate in CR transmission towards
these three DCR users. It shows three types of CR nodes as demonstrated in
Figure 8.Figure 15 shows the average beampattern of the NS method for three
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Figure 15 Average beampattern of the selected CR nodes for two DCR users

DCR users. It shows that three main beams in the beampattern are directed
towards ¢1 = 0°, ¢o = 15° and ¢3 = —20°, respectively. All three main
beams which are displayed in the pattern towards DCR users are all widened.

Figure 16 shows the result of the average beampattern of our proposed
NS method when applied to large CR networks (R = 100, 200, 400). We
consider that the distribution density of the CR nodes remains the same with
that of the Figure 9-10 (KX = 60, R = 50), and only the size of the networks
are increased. Consequently the number of CR nodes of the considered CR
networks in Figure 9 and 10is K = % =240, K = 960 and K = 3840.
We adopt D = 15 for all the three CR networks. It can be seen from this
Figure that the main beams are much wider than those of the DB method
without NS method which are approximated by %. When the size of the
CR network is enlarged, more nodes will be selected to participate in CR
transmission. As a result sufficiently lower sidelobes can be achieved. For the
case of R = 400, far sidelobe levels become approximately —15d B, where
near sidelobes are higher.



Distributed Beamforming with Nodes Selection for Cognitive Radio Networks 41

5

— NS with R/A=100
----- NS with R/2=200
T NS with R/2.=400

Average Beampattern /(dB)

-25
-10 -5 0 5 10

0 /()

Figure 16 Average beampattern of the selected CR nodes with R= 100, 200, 400

5 Conclusions

We have introduced the DB technique to the CR network, which is constituted
of distributed CR nodes. The goal of the DB method is to forward the CR
signal to the DCR user, while causing no harmful interferences to coexisting
PUs by limiting its transmission power towards directions of PUs.

It is unavoidable that introducing the DB method to CR networks will
lead to R an extremely narrow main beam of the beampattern. To find a new
network structure which has less impact of the working frequency, we have
proposed a NS method. The NS method chooses those CR nodes, which are
closely located to an end-fire array considering the direction of the DCR user.
Our NS method can also be applied to cases with more than one DR users. The
average beampattern of the proposed NS method show that the main beams
are successfully directed towards the DCR users and are sufficiently enlarged
for practical applications in CR networks. What is more, for a CR network
with a large physical size, our NS method can widen the main beam while
maintaining adequate low sidelobe levels for CR transmission.
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Appendix A

Proofs of Equations (16)—(21)
We assume the Cartesian Coordinates of the kth CR node to be (7, ., 7k, y ).
where
Tkay = Tk cos Yy A-1)

Ty = Tk sin Wy, (A-2)

Using equation (6), we can further separate the initial phase of the kth CR
node into two parts, which are dedicated to the broadside array ¢y, , and to the
end-fire array ¢y, .. It means

Ok = Pkb t Pke (A-3)
where
2r .
O b = _Trk sin ¢g sin Uy, (A-4)
27
Pk,e = ——Tk COS Pg cos Wy, (A-5)

A
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The array factor for the broadside array can be written as

K
Fyroadside (9) = 72 > exp (j & re sin Uy, sin ¢ + @)
k=1

K
+ > exp [ Zry (sin U sin ¢ — sin ¢ sin Uy,)] (A-6)
k=1
K ~
+ > exp [j27rR(sin¢ — sin ¢p) 7 sin \Ilk}
k=1
Using the pdf of z; in equation (10), and the results in equations (10)—(13),
we can derive in a similar way that

Prosatsad®) = E[[FOF] = 1+ (1= )@ 4=

K K
where 271 (o (&)
. 1 (O _
(o) = |2l 0] (a-3)
o (¢) = 2R (sin ¢ — sin ¢p) (A-9)

Similarly we can also obtain the average beampattern for the end-fire array,
which can be written as

Fend—fire(gb) = % + (1 - [1() :U’g (¢) (A' 10)
where 21 (o (6))
J— 1 ae -
fe(9) = ‘ o (@) ‘ (A-11)
e (¢) = 2R (cos ¢ — cos ¢g) (A-12)

The above equations (A-7)—(A-12) show the result of equations (16)—(21).
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