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ABSTRACT

The goal of the energy-efficient data communication technique known as collaborative
beamforming (CB) is to extend the network's transmission range by radiating the power of a cluster
of sensor nodes in the direction of the desired base stations or access points (BSs/APs). The main lobe
of the (B sample beampattern is independent of the particular node positions; however, the (B
average pattern exhibits a deterministic characteristic. The sample beam pattern produced by the (B
for a cluster of finitely many collaborative nodes, on the other hand, exhibits sidelobes that are highly
dependent on the particular node positions. This paper demonstrates a simple sidelobe control or
interference suppression approach that is appropriate for (B in wireless sensor networks. This
approach aims to reduce interferences at unwanted BSs/APs while maintaining the main lobe
steering the desired BSs/APs. The proposed approach’s performance is evaluated in terms of
interference suppression ability and the average number of search trials required to select
collaborative nodes. Simulation results show that when node selection is employed with (B,
interferences can be significantly reduced, and they also agree closely with theoretical results.

Keywords: Wireless power transfer, collaborative beamforming, node selection, interference
suppression.

TOM TAT

Muc tiéu cta ky thuat truyén thong dif liéu tiét kiém nang lugng dugc goi la dinh dang bip séng
¢dng tac (CB: Collaborative Beamforming) la tang pham vi truyén dan trong mang béng céch biic xa
¢ong sudt tir mgt cum ndt cdm bién (ndt) theo hudng cla cac tram gdc hodc diém truy cdp mong
mudn (BS/APs: Base Stations/Access Points). Blp song chinh cla gian d6 btic xa mau (B ddc lap véi
Cac vi tri nit bién cu thé; tuy nhién, gidn do bic xa trung binh B thé hién mét déc tinh xac dinh. Mt
khac, gian do biic xa mau do (B tao ra cho mdt cum gém nhiéu nit cong tac thé hién cac bip song
phu ma ching phu thudc nhiéu vao cac vi tri niit cu thé. Bai béo nay trinh bay mét gidi phap diéu
khién bup séng phu hay triét nhiéu don gian ma phu hop véi (B trong mang cam bién khéng day.
Gidi phap nay nham muc dich gidm nhiéu tai cac BS/APs khdng mong mudn trong khi van duy tri bip
song chinh vé cac BS/APs mong mudn. Tinh hiéu qua cla gidi phap dé xudt dugc danh gid qua kha
nang triét nhiéu va so lan thi nghiém tim ki€m trung binh can thiét dé chon cac nit cong tac. Két qua
mo phong cho thdy rang khi gidi phap lua chon nit duoc st dung véi (B, nhiéu ¢ thé dugc giam
dang ké va gidi phap nay ciing phir hop chat ché véi cac két qua Iy thuyét.

Tirkhéa: Truyén ndng lugng khdng ddy, dinh dang bup séng cong tdc, lua chon niit, triét nhiéu.
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1. INTRODUCTION

Many wireless sensor network (WSN)
applications call for the deployment of
sensor nodes across a wide region in order
to collect environmental data and transmit

it to base stations or access points
(BSs/APs). In the context of WSNs,
collaborative beamforming (CB) is an

energy-efficient communication technique
that uses a number of sensor nodes to
increase the transmission range. In
particular, sensor nodes in one cluster work
together as a distributed antenna array and
modify the initial phases of their carriers to
ensure that the separate signals from
different sensor nodes combine well and
produce a beam that is specifically directed
in the direction of the desired BSs/APs. By
doing so, CB can extend the sensor nodes'
communication range, and in some
situations, it can be thought of as a
different communication method from
multi-hop relay transmission. However,
because WSNs are distributed, CB inherits
some difficulties. Specifically, the necessity
for distributed methods and the random
positioning of sensor nodes. Phase
synchronization and information sharing
between sensor nodes in a cluster of WSNs
are two crucial conditions that must be met
to implement CB. Other approaches
created in [1] and [2] are based on the time-
slotted round-trip carrier synchronization
approach, while a synchronization
algorithm published in [3] uses a
straightforward 1-bit feedback iteration. A
medium access control-physical (MAC-PHY)
cross-layer CB method, which is based on
medium random access, has been
presented in [4] to speed up the process of
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sharing data across all sensor nodes in a cluster from
multiple sources. Furthermore, even for the typical CB
beampattern, the multiple access strategy of [4] leads to
greater sidelobes. All of these factors may result in high
interference levels coming from unwanted BSs and APs.
Considering the inherently distributed nature of WSNs,
sidelobe control must be accomplished with the least
amount of data overhead and channel knowledge.
Unfortunately, due to their excessive complexity and need
for centralized processing, existing sidelobe control
methods created for classical array processing [5, 6] cannot
be used in the context of WSNs. To implement the
centralized beamforming weight calculation in the WSNs, a
node or BS/AP must collect the information on the channel
and position from each sensor node, significantly raising
the corresponding overhead in the network.

The efficient use of CB in resource-constrained wireless
networks, like WSNs, typically bases on several factors, all of
which can, fortunately, be met by using workable
technologies. Therefore, they can be considered as rational
presumptions for using CB. For instance, the beam patterns
can be controlled by adjusting the highest excitation
currents. when the nodes in CB are supposed to use
individual omnidirectional antennas [9 - 12]. References
[13] and [14] assume that the BS and nodes are located on
the same outdoor plane and that the path losses are equal
with all nodes. Furthermore, it is required that the nodes for
CB be completely synced to ensure that there is no
frequency offset or phase jitter [13]. Nearly all of the earlier
research on CB is dependent on the traditional array factor
(AF) described in [9]. In addition, there are numerous power
consumption models for defining the sensor nodes' power
properties, but the WSNs most frequently employ the
straightforward distance-based model introduced in [4].

The sample beam pattern produced by the CB for a
cluster of finitely many collaborative nodes has sidelobes
that are dependent on specific node placements. High-
level sidelobes that point in the direction of unwanted BSs
or APs can provide intolerable interference. Therefore, by
enabling simultaneous multilink CB, sidelobe control in CB
can reduce interferences at unwanted BSs/APs. Traditional
sidelobe control methods are not appropriate for WSNs
and are supported for centralized antenna arrays. In fact, a
node or BS/AP must gather the position and information of
the channel from every sensor node in order to implement
the centralized beamforming weight calculation in the
WSNs, considerably increasing the corresponding overhead
in the network. This paper shows an interference
suppression approach that uses a node selection algorithm
to make use of the unpredictability of sensor node
locations. Nodes in this approach are equipped with a
single half-wave dipole antenna. In WSNs, this approach
can be used to create scalable and simple sidelobe control
methods appropriate for CB. Low-rate feedback node
selection algorithm is used for searching over different
node combinations. The typical number of search trials
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needed to choose the collaborating nodes, and
interference suppression ability is used to assess the
efficiency of the proposed approach. It has been
demonstrated that when node selection is used in
conjunction with CB, interferences may be greatly
decreased.

2.SYSTEM MODEL

Assume that a wireless sensor network has sensor
nodes randomly distributed on a plane as shown in Figure
1. The BSs/APs are designated as D = {d,,d,, ...,dp} and
located outside the coverage of individual nodes in the
direction Py Py) s P Therefore, the sensor nodes are
unable to send data straight to the BS, and sensor nodes
must employ CB for uplink transmission.

di

o Source node
x Collaborative node
e Idle node

O BS/AP

dp

Figure 1. WSN model with multiple BSs/APs [15]

Burst traffic on the uplink transmission, with nodes
transmitting suddenly while being idle the majority of the
time. In fact, the BSs/APs are often able to communicate
with one another almost immediately and with little to no
latency. Because the BSs/APs can use high-energy
transmission, the downlink can be configured more easily
and for direct transmission. A cluster of WSN nodes can
ignore the power to communicate among the nodes within
the network because the nodes are close together. Each
sensor node has a single half-wave dipole for both
transmission and reception. Each node in a cluster has a
unique identification number for identification.

At each time slot, only
K 4+ 1 = min{cardinality(S), cardinality(D)} source-
destination pairs are allowed to communicate with a set of
active source nodes S = {sg, sy, ..., Sg}. With source node
sy, the area of coverage is a circle whose amplitude is based
on the energy assigned for node transmission to other
nodes. Let M¥ be a set of nodes within the range of node
sk. The rth collaborative node indicated as c,,r € MX has
polar coordinates (p,., ). The range between the
collaborative node c;. and a point (4, ¢) in the same plane is
calculated by Euclidean distance [15]:
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dr(¢) 2 /AZ + p2 — 2p,Acos(d — )
~A-— prcos(d) - lIJr)

where A > 1y in the far-field area. The set of sensor
nodes MK have array factor in a plane can be described as
[15]:

AFK($) = Z JPreiFeion® 2
remk

where P, is the transfer energy of the rth node, 8X is
the initial phase of the rth sensor carrier frequency,
0.(d) = 2m/A)d.(d) is the phase shift due to spreading at
the point (4, ¢), and A is the wavelength of the carrier. Then
the far-field beam pattern correlating to a set of sensor
nodes MX can be calculated by [15]:

BFK() 2 |EFX x AFK(¢)|”

EFX x z JPre% 0@

remMk

(1)

2

3)

where | - |2 stands for a complex number’s magnitude
and EF is the element factor of the antenna. The main lobe
of the beampattern is formed toward the direction of dy
while using the information of the node location, the
collaborative node c.,r will synchronize with the initial
phase 65 (¢p) = —(2m/A)p,cos(d — Py).
3. THE PROPOSED APPROACH
3.1. Model of CB and corresponding signal

There are two steps including information sharing and
the actual CB steps [15] for the node selection process.
Information sharing aims to broadcast data to all nodes in
the coverage region of the source node. In the first step,
the source node sy sharing the symbol z, to every node
within its coverage area MX. During the second step, each
collaborative node in M¥ transmits the signal to dy:

t, = zk\/Frejelr(, r € M¥ 4)

All collaborative nodes in M¥ broadcast the signal at an
angle ¢ with value [15]:

g(d) = Z Zy Z \/Frarkejelr(e‘jer("’) +w (5)
k reMk
where o denoted as the additive white Gaussian noise
at the direction ¢. The signal received at the BS/AP d,+ can
be calculated as [15]:

gk £ 8(Qr) =z Z \/Frark*

reMk (6)

k#zk*  remK
x = R{e‘j(elr(*‘ell‘(} is real
{e‘j(elr(*‘elr(} is imaginary parts of the complex
number, and u € {xgk*'k),ygk*'k)} has m, = E{u} = 0 and
variance 02 = E{u?} = 0.5.

where

KK _
$0 =

parts,
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3.2. Node selection in sidelobe control

From the set of nodes MK choose a subset NX of
collaborative nodes in each source node’s coverage area in
order to obtain the appropriate sidelobes and beamform
data symbols to dy. Note that a set of collaborative nodes
NXc MK to each source-destination pair s, — dy. A cluster
of nodes can test the nodes to determine which ones to
include in this collaborative set. By sending only one
"approve/reject’ bit per cluster of nodes, the system's data
overhead will be reduced. The source node s+ has M nodes
in the coverage area, select N < M node to participate in
collaborative nodes, and the number of nodes that will be
examined in each trial be L. < N. The process to choose
nodes will follow two steps below [15]:

Step 1: Selection. Source node s, will share the select
message with all nodes in the coverage region M¥ and
selecta set LX randomly of L applicant nodes from MK

Step 2: Test. After assigning the set of subsets LK
collaborative nodes transmit a checking message
containing the desired BS/AP ID to the desired destination
dy+. At this step the received interference-to-noise ratio
(INR) n was measured at all unwanted destination dy
vk # k* which has different IDs of BSs/APs. If n >n,, , The
candidate set LX* will receive a reject messenger. If all
N < Mg, NO reject message sent back and after wait time,
the subset L is accepted and each node in LX save IDs of
the source node s;- and the destination d,:. This set L¥" do
not join in the next trials to avoid overlap.

This process is repeated until N/L candidate sets have
been accepted. The collected set of accepted collaborative
node NX" and source node s+ sent an end message. With
the obtained set, finally, the optimized pattern can be
obtained with nulls imposed in the direction of
interferences.

4. EXPERIMENTAL RESULTS

Figure 2. The 3D pattern of a half-wave dipole antenna

This section demonstrates the interference suppression
ability of the proposed approach and verifies the accuracy
of the analytical expressions that are derived. Unless
otherwise stated, the following setup is taken into account
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throughout this section. Assume that the sensor nodes are
distributed over a plane with radius R = 2A. The source
node's coverage region has M = 512 sensor nodes in it.
The candidates for collaborative nodes are N = 256. The
quantity of selection sensor nodes in a cluster L. = 32, the
value of threshold at the unwanted BSs/APs isn,, - = 10dB.
The direction of desired and unwanted BSs/APs will be set
in each scenario. Each node is equipped with a single half-
wave dipole antenna whose 3D pattern is shown in Figure
2. The effectiveness of the proposed approach is confirmed
by averaging the results of 100 independent simulations.

4.1. Interference Suppression Ability

This subsection considers the reference pattern as the
pattern computed by the analytical expressions in [15].
Three scenarios are evaluated to prove the efficiency of the
proposed approach.

Scenario 1: Assume D = 4 unwanted BSs/APs located in
the direction 9, = —50°, 0, = —-20°, P, = 20°, 0, = 50°,
and the desired BSs/APs at the direction ¢, = 0°. Figure 3
shows the comparison among the reference pattern, the
optimized pattern with node selection (the proposed
approach), and the pattern without node selection. It
determines that at the directions of unwanted BSs/APs, the
optimized pattern with node selection has the lowest
sidelobes, otherwise, without node selection, the pattern's
sidelobes are uncontrollable. Besides, Figure 4 shows the
beampatterns of the multilink collaborative with node
selection. The results indicate that each beampattern
suppressed power radiated in the directions of unwanted
BSs/APs (interferences). Both figures show that the main
lobe is maintained and steered toward the desired
directions while controlling the sidelobe levels.

— -Reference pattern
40 4 —— Pattern without node selection

—o— Optimized pattern with node selection
x__Unwanted BS/APs

Power/c?, [dB]

Azimuth Angle (¢°)

Figure 3. Beampatterns with four unwanted BSs/APs

Power/c?, [dB]

-180 120 -60 0 60 120 180
Azimuth Angle (¢°)

Figure 4. Multilink beampatterns with BSs/APs at different directions
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Scenario 2: This scenario assumes interferences
emerging in the range ¢ € [100° 150°]. The optimized
pattern with node selection and the reference pattern are
shown in Figure 5. In this case, the optimized beam pattern
is able to achieve low sidelobes in the range of
interferences while maintaining the main lobe.

qu — <Reference pattern
40 I —O—Optimized pattern with node selection
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Figure 5. Beampatterns with interference in the range ¢ < [100° 150°]

Scenario 3: In addition to being constrained to a fixed
direction as in the aforementioned scenarios, the main lobe
of the proposed approach can also be steered. Assume 4
unwanted BSs/APs are located closely on two sides of the
largest peak and the main lobe is steered toward
¢, = —20°. Figure 6 shows that beam pattern with node
selection can suppress interference levels at unwanted
BSs/APs directions while preserving the main lobe and
sidelobes in the other directions.

T

- Qq { 1\ "‘ \ °
AR N A v,
R
. I

T T
-180 -120 -60 0 60 120 180
Azimuth Angle (¢°)

— -Reference pattern
—O— Optimized pattern with node selection

40

w
o
1

n
o
1

Power/c?, [dB]

o
1

Figure 6. Beampatterns with the main lobe steered toward ¢ ) = —20°

4.2. Average Number of Iterations

This subsection demonstrates the effect of INR threshold
parameter changes in the scope n, . = [0;30] dB and the
different sizes of candidate nodes L e {16,32,64,128}.
This demonstration is shown in Figure 7 which indicates
that the average value of iterations is inversely proportional
to both thresholds and the number of candidate nodes.
The curves for the average number of iterations obtained
using the analytical expression in [15] are in good
agreement with the simulation findings, as seen in the
figure. The value of iterations for unchanged N can be
modified by L, which means that the number of iterations
decreases when L increases.
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10*

Analytical Expression
% Simulation

Average Number of Iterations

0 5 10 15 20 25 30
Ny, [dB]

Figure 7. The average number of iterations versus n,,, for different values of
subsets |

Next, the impact of the quantity of unwanted BSs/APs
D € {1, 2, 3} on the performance of the proposed approach
is considered. Figure 8 shows the relative of the average
number of iterations and the threshold when changing
values of D. If D increases the number of iterations
increases dramatically at the low threshold n,, . At a high
threshold, however, the number of iterations does not
change too much when changing the number of unwanted
BSs/APs. Finally, it is clear that there is good agreement
between the results of the simulation and the analysis.

Analytical Expression
% Simulation

10°4

10*

10° 4

1024

Average Number of Interations

104

0 5 10 15 20 25 30
Nne [dB]

Figure 8. The average value of iterations and 1y, _ for different numbers of
BSs/APs

5. CONCLUSION

In the context of WSNs, this paper presented a method
for multilink CB sidelobe control. The analytical and
simulation results indicate that the proposed approach or
the multilink CB with node selection is superior to the
multilink CB without node selection in terms of interference
suppression capabilities. At the unwanted BSs/APs,
optimized patterns can achieve low sidelobes.
Experimental results also show the relative between the
average number of iterations and the threshold value n, .
when changing the number of nodes to be tested in each
experiment or changing the number of unwanted BSs/APs.
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