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ABSTRACT

This paper presents a ready-made formula to cal-
culate the number of node and network radius for
distributed beamforming networks. The calculation
is based on guarantee of received signal at destination
to be higher than received sensitivity. The proposed
calculation model already includes path loss and also
imperfection in node location estimation, which can
be applied for both indoor and outdoor scenarios.
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1. INTRODUCTION

As a rapid increase in data rate transmission in
wireless communication is needed, distributed beam-
forming networks are currently considered as one so-
lution for the next generation of wireless communica-
tion systems. The distributed beamforming is based
on a random antenna array theory in which all user
terminals in the network transmit their same signal
at same time to destination or base station [1]. Then,
the received signal at destination can be gained when
the phase of transmitted signal are aligned following
some phase synchronization techniques. According to
this concept, the received signal at destination can be
gained by 10logi19N, where N stands for the number
of collaborative user terminals in the networks. If all
user terminals transmit collaborative signal without
phase synchronization, the received signal at destina-
tion may be not gained as the received signal’s phases
are off-set. Therefore, phase synchronization is a rel-
atively significant key to obtain maximum beamform-
ing gain. Generally, phase synchronization can be di-
vided into two scenarios according to interaction be-
tween nodes and destination: closed-loop and open-
loop [2]. For the first concept, destination directly
controls the node’s phase adjustment by transmitting
feedback signal from destination to nodes in which
knowledge of distance relative to wavelength between
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each node and destination is required. According to
this, nodes in the networks are able to compensate
own phase off-set following the feedback reference sig-
nals. Some examples of the mentioned concept have
been shown in [3, 4], which are full-feedback closed-
loop and one-bit feedback closed-loop synchroniza-
tion, respectively. For the later concept, the informa-
tion of node location is required, which can be usu-
ally obtained from Global Position System (GPS).
Then, nodes in the networks are able to compensate
individual phase off-set according to node location
information. Some examples of open-loop phase syn-
chronization are master-slave and round-trip open-
loop synchronizations as shown in [5, 6]. Comparing
between these two scenarios, the open-loop synchro-
nization is more interesting as it does not require any
feedback from destination. Unfortunately, utilizing
synchronization technique such as one-bit feedback or
master-slave gives rise to system complexity at nodes
and destination. However, as mentioned before, we
can reduce this complexity by utilization of GPS at
individual nodes. Then the information of node loca-
tion can be obtained from GPS directly. Thus, nodes
in the networks compensate own phase off-set accord-
ing to node location information instead of employing
phase compensating message though the open-loop
concept [7]. However, from literatures, GPS perfor-
mance standards and specifications indicate an error
in location estimation at bound of 95% [8]. As a re-
sult, using reference signal from GPS is not a perfect
choice. The mentioned error in GPS may come from
several causes such as: satellite geometry, satellite or-
bit, multipath effect or atmospheric effects [9]. Our
previous work [10] has shown that the imperfection in
node location estimation in terms of radius degrades
the gain in the direction of main beam. Also, im-
perfection in terms of phase makes some changes in
main beam direction. However, phase synchronizing
error is not the only one factor that affects beam-
forming performance, but also the path-loss between
nodes and destination. The authors of the work pre-
sented in [11] have shown that path loss degrades the
transmitted signal strength in distributed networks.
They have also recommended that an increase in the
number of nodes is required to improve the system
performance. In addition, the work presented in [12]
has also revealed that signal path loss tremendously
affects the topology of the networks. Moreover, from
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our previous work [13], path loss extremely affects
beam pattern as it degrades the beamforming gain.
At this point, it can be said that phase synchroniza-
tion and path-loss extremely involve in evaluating the
performance of distributed beamforming networks.
According to the degradation mentioned above, some
researchers have proposed an increase in the num-
ber of collaborative nodes and radius of the networks
[14, 15]. The reason is that increasing number of col-
laborative nodes and network radius provides higher
beamforming gain. The results have indicated that
side lobe level can be reduced when increasing the
number of nodes and main beam width is reduced as
network radius increases. Unfortunately, an increase
in the number of nodes is relatively limited by com-
munication channel and also this introduces an in-
creased budget. Also, the concept of allowing longer
network radius may be limited by available space.
However, gaining transmitted power is an alterna-
tive choice. Still, increasing power in transmitter
is also relatively limited because of battery-lifetime
constraint. Therefore in this paper, we propose an
idea to choose an optimum number of collaborative
nodes and network radius for distributed beamform-
ing. The effect of phase synchronizing error and path
loos are included to the model. The outcome of study
is a ready-made formula to calculate the appropriate
number of node and network radius with respect to
received sensitivity.

The remainder of this paper is organized as fol-
lows. Following introduction, a brief discussion of dis-
tributed beamforming and path loss model are shown
in Section 2 and 3 respectively. Moreover, the effect of
phase synchronizing error in distributed beamforming
is discussed in Section 4. Afterwards, the proposed
concept for optimum selection of the number of nodes
and network radius is presented in Section 5. Finally,
Section 6 concludes the paper.

2. DISTRIBUTED BEAMFORMING WITH
PERFECT PHASE SYNCHRONIZATION

The distributed beamforming geometry is shown
in Fig. 1 which refers to the work presented in [7].
The N collaborative nodes are located in (z,y) plane
where k stands for node index (k = 1,,N). The
node location is uniformly distributed in a specified
region. Also, node location is denoted in polar co-
ordinate which is expressed by 7, = /2% +y7 and
Yy, = tan~'(yx/zr). Also, destination position is de-
noted in spherical coordinates by (A, ¢o, 0p). In this
work, destination (base station or access point) is as-
sumed at the same plane of other nodes, 6y = 7/2.
The node location vectors are rp, € [—m, 7|V and
Yy € [-m, 7N, We also assume that each node is
equipped with a single isotropic antenna. Also, the
mutual coupling effects between nodes are negligible
because they are sufficiently separated.

The initial phase of individual node in case of open-
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Fig.1:
tems.

Definition of distributed beamforming sys-

loop synchronization referred to x-axis is expressed
by

U, = 2{7'14 sin 6y cos (¢o — V) (1)

where )\ is the wavelength, r is distance between kyj,
node and network center. Also, 8y and ¢g are di-
rection angles of destination referred to x-axis and
z-axis respectively as seen in Fig. 1 while ¢y is direc-
tion angle of ki, node referred to x-axis. As consid-
ered in far-field region, we assume that each node is
located in polar coordinates. Thus, sensor node ge-
ometry looks like circular array but location of nodes
are random with parameters 7, and ;. Therefore,
the far-field array factor of distributed sensor or user
terminals can be written as

F(¢,00r,¢) =
N

i 6jo"rk[sin 00 cos(po—1)r)—sin O cos(p—1y )] (2)
N
k=1

where N is the number of nodes. As we can see in (2),
it is similar to circular array factor equation while the
node location (r, ) is random. We has previously
denoted that destination is located on the same plane
with nodes, § = 0y = n/2. Then, (2) can be mini-
mized to

(7) ) sm(wkfid)o;d))

Fglr) = v Zeﬂ*”
(3)

—¢ )rk 51n(1/)k)

7471' Y 51n

||
i Mz

where R is network radius, 7 = /R and ¢, =
i — ((¢o + ¢)/2). If network model is a symmetrical
circular respected to azimuth angle ¢, then its array
factor does not relate to ¢g. To ease the calculation,
we also assume that destination direction is at bore
sight direction, ¢g = 0°. Thus, the position of desti-
nation is A, ¢ = 0°,0y = 7/2, note that —7 < ¢ < 7.
Then the distributed beamforming array factor from
(3) can be minimized to

N

F(¢|2) _ %Ze—jmﬂ?sin(%)zk (4)

k=1
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Fig.2:  Average beampattern of distributed beam-
forming networks with various N and R.

where R = R/\ is a normalized network radius and
corresponding zj, is defined by

ZE = fk sin (12%) (5)
This 2z has the probability density function (pdf) as
follow:

fa (2) = -1<2<1 (6)

2
21— 22,
71'

We can estimate the radiation pattern by taking
magnitude of the array factor shown in (4). Then,
the far-field radiation pattern is characterized by

P(9]) 2 ]sz)f = F(0]2) " (9]2)

NQZZ j47TRSIH )(zk z1)

=1 1=1 (7)

N N2 Z ja(o)zk Z e—Ja(®)z

l;ﬁk

where a (¢) = 4rRsin ((¢o — ¢)/2) and ¢ is destina-
tion direction in azimuth, within —7 < ¢ < 7.

In this paper, nodes positions are assumed to have
uniformly random distribution. Thus, we investi-
gate the beamforming performance in terms of av-
erage beam- pattern. The average beampattern is
expressed by the expectation of far-field beam pat-
tern as follow:

Pav () = E- {P(¢]2)} (8)

where E.{.} is expectation operator. According to
(6) and (7), we obtain average beampattern as

o)

2

Pay (¢) = (9)
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Fig.3: Half-power beam width of distributed beam-
forming networks with various network radius R.

where Ji(.) is first-order Bessel function, N is the
number of nodes,R = R/) is normalized network
radius and ¢ is destination direction in azimuth.
The (9) informs the behavior of average beampat-
tern when the first term of this expression 1/N re-
lates to side lobe level. As we can see in Fig. 2, side
lobe level becomes lower as the number of nodes N
increases. This is because increasing N makes the
term of 1/N smaller. According to this, side lobe
level is only related to the number of nodes while
main beam width is related to network radius R in
which narrower beam width can be achieved when
increasing network radius. This is because main
beam width correlates with the second term of (9)
or (1—(1/N))|2Jy (a(¢))/a (¢)]>. When the num-
ber of node is very large thus the second term of (9)
can be minimized to [2.J; (o (6))/a (¢)|>. Therefore,

(¢1)im 12J1 (a (6)) /e (¢)|” = 0. Also in (7), a(¢) is
a(¢)—+oo
related to network radius . Thus, main beam width

can be decreased by increasing network radius R. In
conclusion, factors N and R appeared in (9) directly
relate to beamforming gain of distributed beamform-
ing.

Half-power beam width (HPBW) or 3-dB beam
width is the angular separation between the half-
power points (or 3-dB) on the antenna radiation pat-
tern, referred to the maximum value of main beam
gain. The HPBW of distributed beamforming relates
to network radius of collaborative node as discussed
before. The HPBW of average beampattern for dis-
tributed beamforming can be achieved by numerical
solving as shown in (10).

0.1286
3dB —1

g3 ( 2 )
wap  0.26

or D

(10)

when R>1
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Fig.4: Side lobe level of distributed beamforming

networks with various the numbers of nodes.

The (10) describes that main beam width inversely
depend on network radius. This means that its
HPBW can be decreased as network radius increases.
This behavior is shown in Fig. 3. On the other hand,
increasing network radius is involved side lobe level.
Fig. 4 shows simulation result regarding the effect of
changing network radius on side lobe level. As we can
see, side lobe level of beamforming pattern becomes
lower when increasing the number of nodes.

Another important parameter of beampattern is
directivity. The directivity informs radiated gain in
desired direction referred to single isotropic antenna.
The definition of directivity is as follow:

J P(0)ds
D=l == == (1)
" P@do [ P(@)do

when U is radiation intensity (W /unit solid angle),
Uy is radiation intensity of isotropic antenna (W /unit
solid angle) and P(¢) is radiation intensity in direc-
tion of ¢. A summary equation of directivity from
the work presented in [7] is adopted in this paper as
follow:

Dy >— v
= 110093325 (12)

Fig. 5 shows the directivity with respect to various
the number of nodes and network radius, N and R
respectively. As we can see in this figure, directivity
is gained as N and R increase. This is because in-
creasing N provides lower side lobe level and increas-
ing R makes its main beam narrower as described in
(9). The directivity of distributed beamforming is a
parameter to compensate the degradation caused by
path loss which will be discussed in next section.
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Fig.5: Directivity of distributed beamforming net-

works with various N and R.

3. PATH LOSS CHANNEL MODEL

Path loss between user terminals and destination
is one significant factor to indicate true performance
of the networks. In this paper, we consider path loss
for both outdoor and indoor conditions. For outdoor
scenario, we assume that transmission between user
terminals and destination has no any obstacle caus-
ing some scattering or reflecting to the signal. There-
fore, we adopt a simple Free-Space Path Loss (FSPL)
model presented in [16] which can be expressed by

ay (dB) = 201ogy, (di) + 201log,o (f) — 27.55 (13)

where d, is distance between k" node and destination
(meters) and f is operating frequency (megahertz).

We utilize Euclidean estimation for approximating
the distance between the k" node and destination,
which can be expressed by

di (¢,0) = \/A2 + 12 — 2r, Asind cos (¢ — ) (14)

where A is distance between network center and desti-
nation as shown in Fig. 1, r; is node location referred
to the network center while 6y and ¢ are direction
angles of destination referred to x-axis and z-axis re-
spectively and 1y is direction angle of k' node re-
ferred to x-axis as shown in Fig. 1.

When analysing its radiation pattern in far-field
region, we usually assume that distance between node
and destination is relatively long, A > 7. Then, (12)
can be minimized to

di, (6,0) = A — 1y sin 6 cos (¢ — ) (15)

When the network size is not large, we can estimate
that of dj (¢, 60) ~ A which is represented to all node’s
distance.

In case of indoor condition, we adopt indoor path
loss model presented in [17] which has been defined
by

Yk (dB) = 20logy (f) + 10nlogyo (di) + Ly (ny) —28 (16)
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Table 1: Path Loss Exponential, n.

Frequency Environment
[GHz] Resident | Office | Commercial
0.9 - 3.3 2.0
1.2-1.3 - 3.2 2.2
1.8-2.0 2.8 3.0 2.2
4.0 - 2.8 2.2
60.0 - 2.0 1.7

Table 2: Floor Penetration Factor, Ly (ny).

Frequency Environment
[GHz] Resident Office Commercial
0.9 - 9(1floor) -
- 19(2floor) -
- 24(3floor) -
1.8-2.8 4ny 15+4(ng-1) 6+3(ns-1)

where n is path loss exponent and Ly (ny) is floor
penetration factors. The n and Ly (ny) can be se-
lected from Tables 1 and Tables 2, respectively.

According to the path-loss model mentioned
above, the received signal at destination for outdoor
condition can be expressed by

RIZ].OlOg( + Gt 4+ Gr + P — ap, (17)

N

1+ 0.09332)
when the first term represents distributed beamform-
ing gain (dB), G, stands for transmitted antenna gain
(dB), G, is received antenna gain (dB), P, is radiated
power (dB) and «y is path loss in case of outdoor sce-
nario.

Also similar to (17), the received signal at destina-
tion for indoor scenario can be expressed by

Rzzlolog( >+Gt+GT+Pt7% (18)

14 0.09332
when v is path loss of indoor condition.

Fig. 6 shows degradation in signal strength in case
of outdoor and indoor when n = 3.3 and Ly (ny) = 9.
Please note that both transmitter and receiver are
located on same floor. The figure shows that path
loss in indoor scenario is more pronounced compar-
ing with the case of outdoor environment. This is
because there are many obstacles in indoor environ-
ment. This effect has an influence to the performance
of distributed beamforming networks. Therefore, the
received signal at destination is degraded as revealed
in Fig. 7. This figure shows various radiated power
levels adopted from [18] including outdoor path-loss
effect. As we can see in the figure, received signal
strength for all cases is extremely dropped with an
increase in distance between destination and nodes.
Also, at A = 1000 m, received signal strength is ap-
proximately -61.3 dBm, -51.3 dBm and -41.3 dBm
when radiated power is 0 dBm, 10 dBm and 20 dBm,
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Fig.6: FSPL (outdoor and indoor) vs. distance be-
tween transmitter and receiver.
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Fig.7: Received signal strength at destination in out-
door scenario vs. distance between transmitter and
receiver.

respectively. Next, we further investigate into the ef-
fect of path loss on the beamforming performance of
distributed beamforming networks.

For outdoor condition, we reveal the effect of
path loss on the beamforming performance of dis-
tributed beamforming for WSNs. Some utilized pa-
rameters appeared from Rochwell Science Center [18]
have been adopted. The authors of [18] have devel-
oped WSNs for area monitoring and integrated vehi-
cle health management which has several nodes dis-
tance. We utilize some parameters from this work as
shown in Table 3. Note that all nodes are individu-
ally equipped with a single isotropic antenna having
identical radiated power.

Fig. 8 shows average beampattern of distributed
beamforming networks for outdoor scenario when 40
sensor nodes are randomly located in the networks.
Please note that this number is referred to the number
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Fig.9: Simulated average beam pattern in outdoor
scenario with several radiated power when number of
collaborative nodes (N) is 40 nodes and A is 1000 m.

of communication channel. As we can see, the effect
of path loss is more pronounced when distance (A)
between the networks and destination increases. At
A = 1 km, the average beampattern is dropped to
-40 dBm. At longer distance, the beampattern gain
is dropped to -50 dBm, -57 dBm and -62 dBm when
A = 3 km, 5 km and 10 km respectively. This is
because that path loss effect is more pronounced when
distance between transmitter and receiver increases
according to (13) and (14).

Fig. 9 shows the average beampattern of dis-
tributed beamforming networks when radiated power
is given as: 20 dBm, 30 dBm and 40 dBm. The
beamforming gain is also degraded with respect to the
change of radiated power. As we can see in the figure,
beamforming gain is of -43 dBm, -33 dBm and -23
dBm when radiated power is 20 dBm, 30 dBm and 40
dBm, respectively. These results have revealed that
path loss effect can be eased by increasing radiated
power at transmitter. However, this compensation is
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Fig.10: Beamforming gain vs. the number of col-
laborative nodes, N.

not practical when transmitter is far away from re-
ceiver. Moreover, this is considerably not practical
as the battery-lifetime of sensor nodes is very lim-
ited. Nevertheless, some researchers have proposed
the idea of increasing the number of nodes to tackle
the mentioned problem [12, 14]. Fig. 10 presents
that beamforming gain or directivity can be increased
when utilizing the higher number of nodes. This is
because the beamforming gain or directivity is related
to nodes density N/R as shown in (12). However, the
obtained directivity is stable when using a large num-
ber of nodes. Referring to (12), directivity depends
on only R at a large number of nodes, which has
been constantly given at the beginning. Also, as seen
in Fig. 10, the higher R/\ is given then the higher
directivity can be obtained. The reason is that di-
rectivity reverses to the network radius as shown in
(12).

For indoor condition, we adopt simulation model
and some parameters from the work presented in [19]
which are shown in Table 4. The author of [19]
have developed WSNs for home entertainment, which
is able to send a large data with high speed trans-
mission. The authors have provided a new multi-
threaded embedded operating system which is inte-
grated with a general purpose single-board hardware
platform to enable flexible and rapid prototyping of
WSNGs.

The results in case of indoor condition look simi-
lar to the ones from outdoor condition. As we can
see in Fig. 11, the beamforming gain is also ex-
tremely dropped by path loss effect especially when
distance between WSNs and destination is very far.
The beampattern gain is dropped to -47 dBm, -57
dBm and -67 dBm when A = 100 m, 200 m and
300 m respectively. In Fig. 12, radiated power is
gained from 30 dBm to 40 dBm and 50 dBm. How-
ever, beam pattern gain is still degraded to -32 dBm
and -22 dBm, respectively. This seems that gain-
ing transmitted power in indoor cannot overcome the
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degradation caused by path loss.

From all obtained simulation results, we can con-
clude that path loss extremely affects the beamform-
ing performance of distributed beamforming systems.
There are several remedies such as increasing of net-
work radius or the number of utilized nodes. How-
ever, these are considerably not practical. Utiliz-
ing more collaborative nodes introduces an increased
budget. Also, adding more nodes is not possible for
some cases. For example, the work presented in [1§]
has utilized only 40 nodes operating at the same time
as the limitation of available channels. Moreover, an
increase in network radius may be limited by the size
of available space or environment. However, the path
loss is not the only one factor that affects beamform-
ing performance, but also the phase synchronization
error or imperfections in node location estimation de-
grades the beamforming performance. Therefore we
step on to discuss an effect of imperfection in node lo-
cation estimation on distributed beamforming in next
section.

4. DISTRIBUTED BEAMFORMING MODEL

WITH IMPERFECT PHASE SYNCHRO-
NIZATION

In this work, we focus on open-loop synchroniza-
tion as it avoids any feedback (or reference) signal
from destination. For open-loop scenario, imperfect
synchronization due to an error in node-location es-
timation affects the initial phase presented in (2) as
follows:

W)= 2T (e + 6re) cos (60 — (s + 4)

= 2 rcos (60 — (0 + 604) (19

+ 2%57% cos (¢o — (VYx + 6Yx))

-40

$ Radiated power is 30 dBm
45 —— Radiated poweris 40 dBm [
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o 5 o
‘«L

-8
-980 -150 120 90 60 -30 O 30 60 90
Angle(degrees)

120 150 180

Fig.12: Average beampattern for indoor scenario
with several radiated power when the number of col-
laborative nodes (N) is 30 nodes and A is 300 m.

where dr; and v are estimation error of node lo-
cation in terms of network radius and angle, respec-
tively. The éry and §y are corresponding error ran-
dom variables where both dr; and dv are assumed
to be independent and identically distributed as well
as 7, and vy described in (1). Similar to (7), the
beampattern can be expressed by

2

P (8]z,v,00) = | P (4]2)
K

1 1
:7+ﬁkzz

— = 20
=] (20)

AR sin (ATI0 ) gy i (27t )Y

ejz%(vk-*vl)
where
)
2 2

vy, = 07y cos (Yr, + 0P — ¢o) (22)

We assume that estimation error in network ra-
dius ory is uniformly distributed over range of
[—Tmazs "maz]- In addition, estimation error in
phase vy is uniformly distributed over range of
[—Ymazs Ymaz] in constraint between 0 to 2w. The
pdf of v can be expressed by

1 2
fop = In|14+4/1-— (L) —In [v]
TTmax Tmax Tmax (23)

for |v| < Tmax

Finally, the average beampattern can be written as

P @)=+ (17 &) e @F 14T (20
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where

A, = Evk {ejZT”vk}

1

2 2 D1 1+\/1—t2dt

= — [ cos { Frmaxt | In ———— (25)
0

1 Tmax 2
a 1F2 (2’1’2’ ( A ) )
A ¢ = jdm Rzy, sin Potovy =
w( ) Ezk,thk {63 & ( L )}

J1 (47TR sin %)

27 Rsin ¢>7§ Y

(26)

= E(W)k

According to this, estimated phase error ¢ is uni-
form and distributed over range of [—t¥maz, Ymaz] and
sin ((¢ + 0vx)/2) =~ (¢ + 0v1) /2. Then, we obtain

Ay (¢) = % (1 - ,ijax)

(3532 (1R (0= b)) +

1 ¢
5 (1 * '(/)max>

155 (;, ; 2;— (WR (¢ + wmax>)2)

(27)

where ., F), () is hypergeometric function. Since the
1y (%, 3 - (1)2) = 1 when x=0 and as the function

has its symmetrical peak around phase error of ¢ =
+%max. Then, the function at main beam center can

be defined by
RQ/)IIIB.X 2
(<))

From our previous work, we has shown that the
imperfection in network radius estimation degrades
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Fig.14: Average beampattern with imperfection in
phase estimation, Vg .

the gain of main beam while the imperfection in
phase estimation deviates the main beam direction
[9]. Some examples of imperfection in network ra-
dius estimation affecting the gain of main beam are
shown in Fig. 13. For this case, the system is as-
sumed to have an error free in phase estimation while
estimation error in network radius 7, is assumed as
Tmaz/A = 0.1, Tpmaz/A = 0.5 and rpe./A = 1.0,
The obtained results show that the main beam’s gain
is extremely degraded when error in radius estima-
tion is occurred. The main beam’s gain is degraded
by 6%, 81% and 98% when estimation error in net-
work radius is Tmax/A = 0.1, Tpee/A = 0.5 and
Tmaz /A = 1.0, respectively. This is how to calcu-
late the percentage degradation. For example in case
of having rmqe./A = 0.5, the ratio of main beam is
approximately 0.19 or 19%. Thus, the degradation of
main beam’s gain is 100-19 = 81% or 0.8.

Furthermore, some examples showing an effect of
estimation error in phase are shown in Fig. 14. For
this case, estimation of nodes location in terms of ra-
dius 7 is assumed to be perfect. Also, estimation
error in phase ¥y are assumed as Ripa./A = 0.1,
Rpmaz/X = 0.5 and Rippmas/N = 1.0. The ob-
tained results show that the directions of obtained
main beam deviate from the direction of destination
(¢o = 0°). The deviated main beams are approxi-
mately at 3°, 15° and 30°. Thus, the main beam’s
gain is degraded by 2%, 48% and 96% respectively
when comparing to the optimum beamforming. Max-
imum power ratio of main beam is denoted as 1.0 or
100%. For the case of Ripar/A = 0.5, the ratio
of main beam in direction of destination is approxi-
mately 0.52 or 52%. Thus, the degradation of main
beam’s gain is 100-52 = 48% or 0.48. Regarding this
simulation results, we can conclude that the imper-
fection in network radius estimation degrades main
beam’s gain while the imperfection of phase estima-
tion deviates the direction of main beam.

From running a number of simulations, we have
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Fig.15: Average beam pattern with various network
radiuses and imperfection of estimated phase, y,.

found that network radius R is significant parameter
for the systems. If utilizing a large network radius
is allowed, a small amount of phase error can really
affect the system performance as the main beam can-
not be pointed to the destination. Some examples are
shown in Fig. 15, the number of nodes is set as 16 and
direction of destination is given at 0°. Note that in
this figure we set an error free to the network radius.
The figure shows that, when R = 1 and ¥4, = 0.26,
gain at desired direction (0°) drops to -2 dB. In ad-
dition, this error is even more pronounced at -12 dB
when network radius is wider.

According to simulation results shown in Section 3,
path loss and node location estimation error tremen-
dously degrade the beamforming gain of distributed
beamforming networks. However, some simulations
have revealed that increasing the number of nodes
helps improving the beamforming gain. Neverthe-
less, this is hardly practical because increasing the
number of nodes has impact to the system budget.
Moreover, utilizing more number of nodes is limited
according to available communication channels of the
systems. Also an increase in network radius for im-
proving the beamforming gain may be limited by the
size of implemented area or environment. The sim-
ulation results in Section 4 show that the imperfec-
tion in network radius estimation degrades the gain
of main beam while the imperfection in phase estima-
tion deviates the direction of main beam. According
to those degradation and limitation, we propose an
idea to choose the optimum number of collaborative
nodes and network radius for distributed beamform-
ing networks in next section.

5. OPTIMUM NUMBER OF NODES AND
NETWORK RADIUS

As the limitation of the number of node and accu-
racy of node location estimation discussed above, we
propose the solution to select the optimum number

(6]
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Fig.16: Normalized received signal strength at des-
tination with various N when R = 5.

of nodes N and network radius R for the distributed
beamforming. In this section, we separate the pro-
posed concept into two cases: Perfect Phase Synchro-
nization and Imperfect Phase Synchronization as fol-
lows.

5.1 Perfect Phase Synchronization

For this case, synchronization between collaborate
nodes and destination is assumed to be perfect. How-
ever, beamforming calibration has to be taken place
before destination moves out from the main beam for
the case of having mobility at destination. When syn-
chronization between nodes and destination is per-
fect, only path loss between them as mentioned in
Section 3 affects beamforming performance. From
the (12), (13) and (16), the proposed algorithm for
calculating the optimum number of nodes and net-
work radius in case of perfect synchronization is as
follow:

N
10log (——~— )+ G+ G+ P —PL—-S>0 (29
Og<1+0.09332)Jr e Gt B 20 (29)
when

N = Number of collaborative nodes.

R=R/\

G = Transmitted gain (dBm)

G, = Received gain (dBm)

P, = Sensitivity of destination (dBm)
S = Sensitivity of destination (dBm)
PL = Path loss

f = Operation frequency (MHz)

The objective of proposed formula shown in (29)
is to make the received-signal at destination higher
than receiver sensitivity at destination. The first term
shown in (29) is a distributed beamforming gain or
directivity. We herein define the left-side term of (29)
as “normalized received signal”’. As a result, we
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Fig.17: Numerical and estimated results of main
beam deviation vs. estimated phase error, ¥maz.

can select the number of collaborative nods N and
network radius R which corresponds to having nor-
malized received signal higher than zero.

Fig. 16 shows some examples to select the proper
number of N when R = 5. For this case, distance
between collaborative networks and destination is as-
sumed as 500 m, path loss in case of outdoor and in-
door are -86 dB and -127 dB respectively. The path
loss exponent, n is 3.3 and floor penetration factors,
Ly(ng)is 9. Also f is assumed at 916 MHz, P, is 10
dBm, G, is 2.5 dBm, G, is 5 dBm and sensitivity of
base station S is -100 dBm. As we can see in this
figure, in case of indoor, we should select a number of
collaborative nodes N higher than 10 nodes so that
destination can receive the transmitted signal having
its signal strength higher than receiver sensitivity.

5.2 Imperfect Phase Synchronization

An existent synchronization in distributed beam-
forming system is often imperfect due to hardware
error such as an estimation error in node location
employing GPS or phase adjustment error. In this
case calculation of the optimum number of N and R
is more critical than having perfect phase synchro-
nization as discussed in Section 5.1. Because imper-
fect estimation in network radius degrades pattern
gain while the imperfection in phase estimation de-
viates main beam direction. Therefore, we separate
the proposed algorithm into two steps as follows. For
the first step, we carefully select the optimum R in
order to maintain its main beam gain not lower than
HPBW or -3 dB. Some examples for this case are
shown in Fig. 15, when estimated phase error is 0.26
and R is 5, the main beam gain is approximately -12
dB.

Step 1: from (10) and the numerical information
shown in Fig. 17, we can find the deviation of main
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o

Fig.18: optimum R wvs.

wmaw .

estimated phase error,

beam comparing to the phase error, ¥,,q4,. The nu-
merical results can be obtained from (24) and (28)
while the estimated formula of main beam deviation
can be taken from this figure as 57.3¢4, — 0.033.
Therefore, the optimum solution is as follows.

Main beam deviation < Half Power Beamuwidth

0.26
57.3¢11)ax —0.033 < ( R ) (30)

_ 0.26
R« ———
57.3%max — 0.033

The optimum R is selected according to (30) and
also Fig.18 informs the optimum value of R when
estimated phase error is occurred. For example, if
the network has phase error, ¥z of 0.1, then the
network radius R must be not, higher than 2.5. Note
that 4, is united in radian therefore we multiply
(30) with 180/ for having its unit in degree.

Step 2: Since we get the optimum R from the pre-
vious step. Then we consider an imperfect estimation
in network radius which degrades the gain of main
beam. Therefore we select the optimum N in order
to allow the received signal at destination higher than
receiver’s sensitivity at destination when R is given
from Step 1. Finally, the proposed algorithm is as
follows.

N
0log(—— VL. +G +G.+P,—PL-S>0 (31
o8 <1+0.09332> TGOt Gt B 20 (31

when L, is loss factor of main beam degradation
by imperfect estimation in radius (ratio) that we de-
scribe in Fig. 13. The L, can be obtained by the
information shown in Fig. 13 which shows the main
beam degradation caused by imperfect estimation in
network radius when 7,4,/ is given in (25). For ex-
ample, in case of having r,q. /A = 0.5, the ratio of
main beam gain is approximately 0.19 or 19% com-
pared to optimum normalized power of 1 or 100%.
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Thus, main beam degradation is 100-19 = 81% or
loss factor in main beam degradation caused by im-
perfect estimation in network radius. Therefore, we
obtain L, is 0.81.

Fig. 19 shows the numerical and estimated results
of main beam degradation L, vs. estimated radius
error Tpaq- According to this figure, the estimated
values of main beam degradation, L, is defined as

Ly = — 39063 (rmax) " + 9792 (Fmax)® — 730 (rmax)’

+5(Tmaz) + 1
(32)

when 700 < 0.1

Ly = 0.084 (rmax) "% = 0.025 (33)
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Fig.21: Average beampattern utilized optimum N —
38 and R = 2.6 for ¥pmar = 0.1 and rpq, = 0.05.

when 0.1 > 7,4, < 0.45

Ly =0.00091 (rmax)” + 0.004262 (rmax )

(34)
—0.00671 (rmax) + 0.066227
when 7,4, > 0.45

Finally we obtain the optimum N and R utilizing
(30), (31) and (32) to (34) in Steps 1 and Steps 2.
For example, we assume the distance between net-
work and destination of 500 m. In addition, f is 916
MHz, P; is 10 dBm, Gy is 2.5 dBm, G, is 5 dBm,
sensitivity is -100 dBm, path loss exponent, n is 3.3
and floor penetration factors, L¢(nys) is 9. Moreover
phase and radius error are assumed as Ymas = 0.1
and Tmaz = 0.02 respectively. Firstly, according to
(30) or Fig. 18 utilized in Steps 1, the optimum R
for ¥mar = 0.1 is not larger than 2.6. Secondly, as
the radius error, 7. is 0.02, then (32) in Steps 2
is used to estimate the main beam degradation, thus
we obtain L, = 0.85. Finally we obtain the optimum
number of nodes, N by using (31). Fig. 20 shows
the normalized received signal calculated by (31) in
Steps 2. As we can see in this figure, we should select
N more than 38 nodes for indoor scenario. Therefore,
we achieve the average beampattern employing opti-
mum N = 38 and R = 2.6 as shown in Fig. 21. As we
can see in this figure, we obtain the optimum average
beam pattern that maintains its main beam gain not
lower than HPBW or -3 dB. Moreover, the received
signal at destination is also higher than sensitivity of
receiver.

6. CONCLUSION

In the existent circumstances, the distributed
beamforming performance is degraded by the phase
synchronization error and path loss. However, in-
creasing the number of nodes and network radius
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in order to obtain higher beamforming gain is con-
strained. Therefore, this work has proposed the se-
lection for an optimum number of nodes and network
radius in order to receive higher signal over receiver’s
sensitivity at destination. The proposed idea pro-
vides ready-made formulas that are helpful for the
distributed beamforming designers.
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