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SUWANNA PRADITTARA : LOW PROFILE SWITCHED BEAM
ANTENNAS WITH CAPACITY OF NULL STEERING FOR WIRELESS
MESH NETWORKS. THESIS ADVISOR : ASST. PROF. MONTHIPPA

UTHANSAKUL, Ph.D., 144 PP.

WIRELESS MESH NETWORKS/NULL STEERING/BEAMFORMING

NETWORK

Wireless Local Area Networks (WLANs) are the link of two or more
computers or wireless devices, which enable the wireless communication between
those devices in a limited area such as in the building or the habitation. The
connection or communication between users and network is accomplished through
an access point in which access points communicate to each other using cables.
This causes an expense and somehow introduces difficulty in accessibility for some
areas. Therefore, the idea of exploiting radio signal instead of cables has been recently
proposed, so called Wireless Mesh Networks (WMNSs). Currently, there is a delay for
development of IEEE802.11 standard to be compatible with WMNs resulting
suspension of its implementation. However, one important problem of WMNs is
co-channel interference from neighbor routers. One reason of this impairment is that
the antennas at routers radiate omni-directionally. Therefore, this thesis proposes
a low profile switched beam antennas capable of null steering for WMNs. The antenna
array is employed at the router arranged in 2x2-lattice. The beamforming network and
null locator can be fabricated on printed-circuit board. This makes the system low of

cost and complexity. Moreover, the proposed beamformer can simultaneously produce



4 beam patterns. In addition, null steering network included in the beamformer is able

to produce 3 nulls in 3 given directions simultaneously.
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AF =1+e+j(kdc036+ﬂ) +e+j2(kdcos€+ﬁ) +.__+ej(N71)(kdcos€+ﬂ) (2.2)

N . )
AF = Zej(nfl)(kdwsﬁ) (23)
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FeansomeudngUnileladeaumsi (2.4)
N .
AF =Y S 4
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Taed190991nniiadevng Frank, B.G., Ph.D. (2005)

AF = AF,.AF,

a, e
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J( m=1)( kdy sinfcos ¢+ P )ib”ej( n=1)(kdy sin@sing+p )

I
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I
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A A A 1 o a U :‘ Y A
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manuarugyesago mauaazAuluuLILAY X UaL LAY y ANSIAD AIaun1T (2.6)

iag (2.7)

B, =—kd_ sin 6, cos ¢, (2.6)

B, =—kd, sin 6, cos ¢, (2.7)

y__

gt 2,11 defidaanand iy o w3e yuluuuIszu (azimuth plane)
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antenna 4 antenna 1

antenna 2 antenna 3

Phase (degree)

0 45 90 135 180 225 270 315 360
Steer Direction (degree)
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Liberti, J.J.C., and Rappaport, T.S. (1999)
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yout:yl+y2 (28)

o

1 4
sazmnua lidyanuidesmsuasdyaauminaeaannsznuaeoIMeLaa AUTA 1A

b

Yaa = Ay (2.9)
Yy = A (2.10)
v, = A’ @2.11)
v = Ae’l (2.12)
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Y2 = Vag + Yy =wy(A +A) (2.13)

VI =Da TV = Wl(Adejgd + Aiejgi ) (2.14)
unumauMsh (2.13) ua 2.14) adlugumsi 2.8) 114

Your = Ai(wy + Wlejgi )+ A, (w, + Wlejgd ) (2.15)

v
4 d v A o

Y v = A o
ideamsldnaives A4 Tuaumsh .15 fanduguiiufediuvesdyaraunsnaon
o s A o o o o @ 4
Idiaumnugudieiadygiauninaeasen 1) wazildwnives A, aumsi 2.15)

@

1 [ 4
Fufudwvesdygruidesmsiingga dniu

]

.

w2+wlej’ =0 (2.16)

iy _

w, +we ¢ =1 (2.17)
NAVNIITN (2.16) way (2.17) azi 1 laarduilszaninisaraiimiinuesaise1nia
NIADIAUAIT

1
w, Zﬂ (2.18)
e —e
_

A A = Yo v
UAZIUBDUNUAUNITN (2.18) 1AL (2.19) a\isluffllﬂ'ﬁcn (2.15) i]gulﬂ YYIUVIDDNINTNU

yout = Ad (220)
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S44 -14.28 S88 -14.35

ManugaEsnnmsien Tname,

TRERIVELH LoUNYA (dB) TRERIVEEH LoUNYA (dB)
S21 -6.57 S65 -6.479
S31 -16.86 S75 -17.32
S41 -14.44 $85 -14.20

MAnwugaEsnnmIIFoude

W3 nes 1eNYA (dB) W3 1ne5 (oA (dB)
s51 -14.36 S71 -10.22
$52 -14.49 S72 -14.13
$53 -8.30 S73 -22.50
S54 -8.90 S74 -8.42
Se61 -23.56 S81 -8.23
S62 -8.32 $82 -8.81
S63 -10.21 S83 -14.41
S64 -14.44 S84 -14.32

{ J J o o v A
MTNN 3.2 ﬂTﬁiJﬂi%ﬁVl‘ﬁﬂﬁﬂ’Nﬂﬁ’iuﬂW’Jﬂllﬁgll"’ll’fNTC’HfJ?J1ﬂ1?fllﬂ?ﬁWlUL°]Ni$l!1ll 2X2

noin CRLCRLNG

V1991 2 3 1 4
5 -39.45 -84.31 -94.44 -152.25
6 -84.71 -137.84 7.58 -95.07
7 -94.42 3.14 -136.86 -85.17
8 -152.93 -96.23 -86.07 -42.10
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Relative Amplitude (dB)

""" Without null locating
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Abstract

This paper presents a design of null steering network for 2x2 switched beam antennas. This
network can locate nulls to given directions simultaneously. The prototype is constructed and tested
to validate the performance of proposed null steering network.

1. Introduction

Wireless Local Area Networks (WLANs) are the link of two or more computers or wireless
devices, which enable the wireless communication between those devices in a limited area [1].
Recently WLANs have become an infrastructure in every building. In WLANS, access points
communicate to each other using cables. This causes an expense and somehow introduces difficulty
in accessibility for some areas. To tackle these impairments, the idea of exploiting radio signal
instead of cables has been recently proposed, so called Wireless Mesh Networks (WMNs) [2].
These networks are constituted by radio nodes organized in a mesh topology. Recently, a draft
extension of the IEEE 802.11 standard for WLANs is under development [3]. As radio signal is
utilized in WMNSs, co-channel interference remains a limiting factor which the system designers
have to concern. To deal with this impairment, lot of attention in area of WMNs has been paid to
smart antenna technologies. This relies on beamforming algorithm to provide maximum gain at a
desired direction and steer nulls or sidelobes to undesired directions. Taking a concept of smart
antenna technologies into account in WMNs still leaves a trace of shortcomings. First of all,
switched-beam antennas have the limitation of interference suppression as it cannot control nulls’
directions. Although, this problem can be avoided when utilizing fully adaptive smart antennas, its
complexity makes the concept impractical. Moreover, Medium Access Control (MAC) protocols
must be modified to be compatible with utilized smart antenna systems. This may result in the delay
for a draft extension of the IEEE 802.11 standard for WMNs. Therefore, this paper proposes a low
profile beamformer for 2x2 antenna array which is suitable for WMNs. This beamformer can
simultaneously produce 4 beam patterns. In addition, null steering network included in the
beamformer is able to produce 3 nulls in 3 given directions at the same time. With this concept,

MAC protocols do not need any modification from IEEE 802.11 standard currently used in WL ANS.

This paper is organized as follows. In Section 2, beamforming concept is described. Then,
null steering algorithm is shown in Section 3. In this section, the prototype of null steering network
is constructed and tested to validate the proposed method. Finally, Section 4 concludes the paper.

2. Beamforming Concept

Fig. 1 show configuration of beamformer consisting of 2 x 2 antenna array spaced A/4 in
two orthogonal directions. This 2x2 is a minimum number of antenna elements which is able to take
responsibility for signals coming from 0°to 360° around the array. The modified Butler matrix
presented in [4] is utilized to be beamforming network for this compact beamformer. The
beamforming network is constituted by four 64°- hybrid couplers and one crossover. The four
outputs, form four beams, are conveyed to null steering network. The methodology of null steering
network is shown in next section.
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3. Null Steering Network

From literatures, there are many works proposing null steering methods e.g.,[5],[6].
However, they employ high level of computation which can be handled by expensive signal
processor. Therefore, this paper presents a straightforward null steering network which requires
only multiplying some suitable coefficients at the output signals from beamforming network
described in previous section. The mentioned coefficients can be calculated as follows. The end of
this section shows one example of prototype for null steering network to validate its peroformance.

Assuming directions of incoming signals from azimuth directions, weighting coefficients at
(mn,n)™ antenna element corresponding to desired and undesired signals can be express as

im0 Gooses ot Zoms )|

f tre Zeost, Joomt] Fings, ) |

w,(m,n)=e
whq(m,n):e

where ¢, and @, are direction of arrival for desire signal and g™ interfere signals, respectively. The

signal vector including desired and interference signals can be expressed as
2
Yiowi = Va + DKo Vi
g=1
:sd.(wd+k1wi)1+...+kahQ) 2

2
+ st.(wd +hW, o+ ..+kaLQ)
g=1

where y, and y;, present desired and interference signals. The parameter k,stands for interference
suppressing coefficient which can be calculated as follows. With the concept of interference
rejection, the 2™ term of (2) must be vanished as following expression.

isi:q‘(wd+k1wi11+...+kai,Q):O 3

o=

Solving (3), the interference suppressing coefticients can be obtained as shown in (4).
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The simplicity of null locating method for this paper is indicated in (4). With simplx
multiplying &, at output signal from g™ beam produced from beamforming network, the ¢
interference signal can be simply eliminated from the systems. In practice, these coefficients can be
found when the direction of desired and interference signals are known. These directions can be
derived from many direction finding algorithms available in literatures.

To confirm the performance of null steering method presented in (4), the prototype of null
steering network is constructed and tested. The directions of interest are given at 45°, 135°, 225°,
315° If one direction is chosen to be desired direction, the rest directions become interference
directions. Fig. 2 shows a prototype of null steering network which has to be connected to the
beamformer presented in Section 2. The width and length of strip shown in Fig. 2 represent
amplitude and phase for interference suppressing coefficients calculated in (4). Table 1 shows the
measured outputs from the constructed prototype of null steering network shown in Fig. 2.

Next, the performance of constructed prototype is shown in Figs. 3 to 5 whereas dash line
represents radiation pattern of the array without null steering and solid line indicates the one when
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null steering in (4) is taken place. As we can see, we can steer nulls to the given directions for all
four cases. Note that Figs. 3 to 5 are occurred at the same time in real circumstances. However, the
exception is occurred in two cases; i2 in Fig. 3 and i3 in Fig. 4. This is because manufacturing error
in phase shifting for null steering network. However, the constructed prototype can confirm the
concept of null steering method presented in this paper.

4. Conclusion

This paper has proposed a simple beamformer capable of producing main beam and nulls at
given direction simultaneously. This beamformer is constituted by 2x2 antenna array, beamforming
network and null steering network. The prototype has been constructed and tested to confirm its
interference suppressing capability. The measured results have revealed that the beamformer
succeed in null locating while maintaining the maximum gain at the desired direction. This
beamformer is considerably suitable for WMNs as the locations of mesh routers are fixed and MAC
protocols do not need any modification.
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are coming from 45°, 135° and 225°.

Table 1. Interference suppressing coefficients measured from prototype shown in Fig. 2.

Coefficient(k,)
k; k, ks
Main beam
45° -0.0941-0.3628; -0.240540.0414 -0.0938-0.3518
135¢ -0.1456+0.3625] -0.1165-0.2275 0.2334+0.0085 j
225° -0.0820-0.2210; -0.17314+0.3328 j -0.1355+0.3912
315° -0.1536+0.35415 0.1821+0.0356 0.1157-0.2515f
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ABSTRACT — A low cost beamformer capable of main
beam and null steering is proposed in this paper. This
beamformer is suitable for WMNs as positions of mesh router
are fised. The beamformer consists of 2x2 rectangular array
spaced by 3/4 accompanied with a simple beamforming network
presented from the previous work. With multiplying constant
values to output signals from beamforming network, null
steering can be accomplished. Its beamforming capability is
tested through computer simulation.

Index Terms— Beamforming, WMNs, antenna array, null
steering.

1. INTRODUCTION

Wireless Local Area Networks (WLANs) are the link of
two or more computers or wireless devices, which enable the
wireless communication between those devices in a limited
area [1]. Recently WLANS have become an infrastructure in
every building. This is because usgers need mobility to move
around while maintaining the connection to the network. The
connection or communication between users and network is
accomplished through an access point. In WLANS, access
points communicate to each other using cables. This causes
an expense and somehow introduces difficulty in accessibility
for some areas. To tackle these impairments, the idea of
exploiting radio signal instead of cables has been recently
proposed, so called Wireless Mesh Networks (WMNSs) [2].
These networks are constituted by radio nodes organized in a
mesh topology. Apart from benefits in environment that lack
communication infrastructures, they also offer redundancy.
Once one node can no longer operate, the rest can
communicate to each other directly or through one or more
intermediate nodes. To this end, a draft extension of the [EEE
802.11 standard for WMNS is under development [3].

As radio signal is utilized in WMNs, co-channel
interference remains a limiting factor in which the system
designers have to concern. To deal with this impairment, lot
of attention in the area of WMNs has been paid to smart
antenna technologies. These techniques rely on beamforming
algorithm to provide maximum gain at a desired direction and
steer nulls or sidelobes to undesired directions. The key
success of smart antennas is an antenna array and a suitable
signal processing unit. Fully adaptive smart antennas are able
to perform the electrical beam and null steering [4]. These
capabilities come with a high level of computational for
signal processing unit, resulting in high expense and
complexity. On the other hand, switched-beam antennas

978-1-4244-2802-1/09/$25.00 ©2009 IEEE

being one typical type of smart antennas do not need
additional cost and complications. In these systems [5], a
number of predefined beams are formed in different
directions by antenna array. The suitable beam having
maximum signal strength is chosen using low profile signal
processors. However, their null steering capability is limited,
resulting in low signal quality compared with fully adaptive
smart antennas. These differences introduce a tradeoff
between cost and performance.

Taking a concept of smart antenna technologies into
account for WMNs still leaves a trace of shortcomings.
First of all, switched-beam antennas have the limitation of
interference suppression as it cannot control nulls’ directions.
Although, this problem can be avoided when utilizing fully
adaptive smart antennas, its complexity makes the concept
impractical. Moreover, Medium Access Control (MAC)
protocols must be modified to be compatible with utilized
smart antenna systems. This may result in the delay for a
draft extension of the IEEE 802.11 standard for WMNs.

Therefore, this paper proposes a low profile beamformer
for WMNSs. This beamformer provides multi-beam patterns
around the router of interest. With this outcome, MAC
protocols do not require any modification from IEEE 802.11
standard currently employed for WLANs. Moreover,
interference signals can be cancelled with a straightforward
null-steering method deseribed in this paper. Conclusively,
we obtain a cheap beamformer for WMNs and it can be
directly applied to existing WLANs systems without any
meodification, which are the contribution of this paper.

This paper is organized as follows. After brief introduction,
problem formulation in term of air interface between mesh
routers is discussed in Section IL In Section IIT, a low profile
beamformer employing 2x2 rectangular antenna array and its
beamforming network is detailed. To tackle the problem of
interference  signals from  neighboring routers, a
straightforward null steering algorithm is presented in Section
IV. Section V shows simulation results to confirm the
proposed concept. Finally, Section VI concludes the paper.

II. BEAMFORMING CONCEPT IN WMNS

Fig. 1 presents WMNs in different scenarios in term of air
interface. Note that this paper focuses on the network for
mesh routers, not mesh clients. This is because positions of
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Fig. 1. Configuration of WMNs employing different antenna systems
(a) omnidirectional antenna (b) directional antennas (c) proposed antermas
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Fig. 2. Configuration of beamforming networks

mesh routers are relatively stable and evenly distributed
within the network.

The concept of WMNs has been initialized with omni-
directional radiation, as shown in Fig. la. As we can see,
interference signals from neighboring routers become
interferers, as strong as signal strength from the router of
interest. This introduces an increase in blocking probability.
According to this, the works presented in [2] and [6] have
proposed to adopt the concept of using switched-beam
systems and directional antenna, respectively, for WMNs. As
shown in Fig. 1b, an antenna array is utilized at mesh routers
to provide directive gain in the desired direction. The energy
saving can be achieved with this concept. However,
interference signals remains in the system and their amount is
relatively large for the array having high sidelobe levels. This
can be decreased by utilizing a large number of antenna
elements, resulting in high expense. So, controllable null
location is attractive when employing a small number of
antenna elements in order to meet the requirement of low
profile systems. Fig. lc demonstrates the concept of air
interface proposing in this paper. As we can see, multiple

Fig. 3. Simulated radiation pattems of beamformer in [7] at 2.4
GHz.

beam patterns are designable and simultaneously produced in
any given directions with a low compact size array in
cooperating with a suitable beamforming network. In each
beam pattern, nulls” locations can be produced in directions
of undesired signals. Ones can notice that, with this concept,
MAC protocols being utilized for cwrent [EEE 802.11
standard does not need any modification. The detail of each
part is described as follows.

III. Low PROFILE BEAMFORMER FOR WMNS

The beamformer consists of 2x2 amray antennas and
beamforming network as shown in Fig. 2. The choice of 2x2
array configuration is due to the requirement of a minimum
number of antenna elements which is able to take
responsibility for signals coming from 0 to 360° around the
array. The array is spaced by A/4 as shown in the figure. The
received signals are delivered to beamforming network in
order to accomplish beam formation in predefined directions,
simultaneously. The beamforming network presented in [7]
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is adopted as its simplicity. It is constituted by four 64°-
hybrid couplers and a crossover. Note that the mentioned
beamforming network provides main beam directions at 45°,
135°, 225° and 315° simultaneously. However, its
configuration can be simply changed when signals are
coming from somewhere else. Fig. 3 shows the simulated
radiation patterns for those 4 beam patterns. As we can see,
its main beamn can be successfully steered to the predefined
directions. Afterwards, the four outputs, from four beams, are
conveyed to null locator as shown in Fig. 3, which is detailed
in next section.

IV. NULL LOCATING METHOD

Nowadays, lots of effective null steering algorithms e.g.,
[8]-[9] can be found in literatures. Unfortunately, those
methods require high level of computation which can be
handled by expensive signal processor. This is not attractive
for WMNs application. Therefore, this paper presents a
straightforward null steering method which requires only
multiplying some suitable coefficients at the output signals
from beamforming network. The mentioned coefficients can
be calculated as follows.

Assuming directions of incoming signals from azimuth
directions, weighting coefficients at (m,n)" antenna element
corresponding to desired and undesired signals can be express
as

f{(m—l)[%cam}(n—l)[gsuwdﬂ

»H)[%ms @yq]+(nf1)[%smm H

w{mn)=e

o

(
vl

where @, and ¢, , are direction of arrival for desire signal

and ¢ interfere signals, respectively. The output signals in
term of desired (y;) and interference signals (y;,) from
beamforming network shown in Fig. 2 can be written as

Ya = WS

Yog =W S

@

where 8, stands for signal vector which includes desired
and interference signals. According to (2), the total output
signal can be given by
Q
Vo =Y+ 2K,V
g=1

:sd.(wd +hw,, +“'+kang) &)

0
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where k, is here in defined as a interference suppressing
coefficients which can be calculated as follows. With the
concept of interference rejection, the 2" term of (3) must be
vanished as following expression.

isx,q‘(wd +k1w1)1 +m+kal’Q)=0 @)

g1

Solving (4), the interference suppressing coefficients can be
obtained as shown in (5).
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The simplicity of null locating method for this paper is
indicated in (5). With simply multiplying %, at output signal
from g™ beam produced from beamforming network, the ¢™
interference signal can be simply eliminated from the systems.
In practice, we can find interference suppressing coefficient
kg when we know directions of desired and interference
signals, then we can follow the procedure from (1) to (5). In
the circumstance of WMNS, the directions of those signals
coming from mesh routers are fixed. However, the directions
of signals in other wireless systems can be easily found using
some straightforward algorithms available in literatures.

Next section shows its performance through computer
simulation when interference signals are coming from three
direction simultaneously.

V. SIMULATION RESULTS

The proposed concept is tested using own developed
computer program. In the assumed mesh network, there are
four mesh routers located around the router of interest at 45°,
135°, 225° and 315° from boresight direction. With any
modification of MAC protocols, the router of interest has to
operate to all four meshes simultaneously. Also it has to
distinguish between desired signal from one mesh and
interference (undesired) signals from neighboring mesh
routers. The 4 monopole-antennas spaced by A/4 at 2.4 GHz
are employed and placed as a 2x2 lattice as shown in Fig. 2.

Fig. 4 shows radiation pattern of beamformer forming its
main beam to 45° without null locating (dash line). In this
figure, solid line represents beam formation when the
interference signal from neighboring mesh routers are coming
from 135°, 225° and 315° from boresight direction.
Comparing these two results, we can see that null locator
succeeds in interference suppression while preserving the
main beam direction to the desired signal.

The performance of the proposed beamformer in some
other scenarios is demonstrated in Fig. 5. In this case, the
beamformer needs to form its main beam to more three
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Fig. 4. Radiation pattern of a 2*2-beamformer when the desired
signal is coming from 45° and interference signals are coming
from 135°,225° and 315°.

directions, 135°, 225° and 315° (apart from 45°). When one
direction is chosen to be desired direction, the others can be
viewed as interferers. As we can see in this figure,
the proposed systems can steer nulls to direction of
interferers while pointing main beam to the desired
direction. Note that four-beam scenarios presented in Fig. 4
and Fig. 5 are simultaneously produced in real
circumstance. This confirms that interference signals can
be eliminated from WMNs without the modification for
MAC protocols. Also, this provides energy saving which is
one important issue for WMNs.

VI. CONCLUSION

This paper has presented a low profile beamformer
suitable for WMNs. Also, this beamformer is able to reject
interference signals by locating nulls fo interfering
directions without the modification of MAC protocol
currently employed for WLANs. This beamformer is
constituted by 2x2 antenna array spaced by /4
accompanied with a simple beamforming network. The null
steering algorithm can be handled by any economic
microprocessor as it is only multiplication to constant
values. The simulation results confirm its beamforming
performance.
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Abstract: - A low-cost beamformer capable of main beam and null locating is proposed in this paper. This
beamformer is suitable for WMNs as the positions of mesh router are fixed. The beamformer consists of 2x2
rectangular array spaced by /4 accompanied with a simple beamforming network. With multiplying constant
values to output signals from beamforming network, null locating can be accomplished. Firstly, its
beamforming capability is tested through computer simulation. Then, a prototype of the beamformer is
constructed and tested to confirm its performance in term of signal strength, throughput and delay. Also, the
impact of position shift which mesh router is not located on the expected beam direction has also been

investigated.

Key-Words: - Antenna array, Beamforming, Null steering, WMNs.

1 Introduction

Recently, Wireless Local Area Networks (WLANs)
have become an infrastructure in every building [1].
The connection or communication between users
and networks is accomplished through Access
Points (APs). In WLANSs, APs communicate to each
other using cables. This causes an expense and
somehow introduces difficulty in accessibility for
some areas. To tackle these impairments, the idea of
exploiting radio signal instead of cables has been
recently proposed, so called Wireless Mesh
Networks (WMNs) [2]. These networks are
constituted by radio nodes organized in a mesh
topology. Once one node can no longer operate, the
rest can communicate to each other directly or
through one or more intermediate nodes. To this
end, a draft extension of the IEEE 802.11 standard
for WMNGs is under development [3].

As radio signal is utilized in WMN, co-channel
interference remaing a limiting factor which the
system designers have to concern. To deal with this
impairment, lot of attention in the area of WMNs
has been paid to smart antenna technologies. These
techniques rely on beamforming algorithm to
provide maximum gain at a desired direction and
steer nulls or sidelobes to undesired directions. The
key success of smart antennas is an antenna array
and a suitable signal processing unit. Fully adaptive
smart antennas are able to perform the electrical
beam and null steering [4]. These capabilities come
with a high level of computational for signal

processing unit, resulting in high expense and
complexity. On the other hand, switched-beam
antennas being one typical type of smart antennas
do not need additional cost and complications. In
these systems [5], a number of predefined beams are
formed in different directions by antenna array and
beamforming network. However, switched-beam
antennas have the limitation of interference
suppression as it cannot control nulls’ directions.
Although this problem can be avoided when
utilizing fully adaptive smart antennas, its
complexity makes the concept impractical for
WMNs. Therefore, this paper proposes a low profile
beamformer with null locating capability for
WDMNs, which is practical for implementation. This
beamformer  provides multi-beam  patterns
simultaneously around the router of interest. In
addition, interference signals can be cancelled with
a straightforward null-steering method described in
the paper. Moreover, the true evaluation in term of
practical realization of the proposed beamformer is
also reported in this paper.

This paper organized as follows. After brief
introduction, problem formulation in term of air
interface between mesh routers is discussed in
Section 2. In Section 3, a low profile beamformer
employing 2x2 rectangular antenna array and its
beamforming network is detailed. To tackle the
problem of interference signals from neighbouring
routers, a straightforward null steering algorithm is
presented in Section 4. Section 5 shows simulation
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Fig.1 Configuration of WMNs employing different antenma systems, (a) omni-directional antenna (b)

directional antennas (c) proposed antenna.
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Fig.2 Configuration of beamforming networks.

results to confirm the proposed concept. Moreover,
the performance evaluation of switched beam
antennas with null locating for WMNG is presented
The prototype is constructed and tested under IEEE
802.11 a/b/g infrastructure. The performances in
term of signal quality, throughput and delays are
investigated. Sometimes it is impossible to locate
mesh router on the beam direction of desired node.
Henee, also in the paper, the effect of position shift
which mesh router is not located on the expected
beam direction has also been examined in Section 6.
Finally, Section 7 concludes the paper.

2 Beamforming Concept in WMNS

Fig.1 presents WMNs in different scenarios in term
of air interface. Note that this paper focuses on the
mesh routers, not mesh clients. This is because
positions of mesh routers are relatively stable and
evenly distributed within the network. So far, the
concept of WMNs has been mitialized with omni-
directional radiation, as shown in Fig.1a. As we can

Fig.3 Simulated radiation patterns of beamformer at
245 GHz [7].

see, interference signal from neighboring routers
become interference, as strong as signal strength
from the router of imterest. This introduces an
increase in blocking probability. According to this,
many works in literatures have proposed to adopt
the concept of using switched-beam systems and
directional antenna, respectively, in WMNs [2], [6].
As shown in Fig.1b, an antenna array is utilized at
mesh routers to provide directive gain in the desired
direction. The energy saving can be also achieved
with this concept. However, interference signals
remains in the system and their amount is relatively
large for the array having high sidelobe levels. This
can be decreased by utilizing a large number of
antenna elements, resulting in high expense. So,
controllable null locating is attractive when
employing a small number of antenna elements in
order to meet the requirement of low profile
systems. Fig.lc demonstrates the concept of air
interface proposed in this paper. As we can see,
multiple beam patterns are designable and
simultaneously produced in any given directions
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with a low compact size array in cooperating with a
suitable beamforming network. In each beam
pattern, nulls’ locations can be produced in the
directions of undesired signals. The detail of each
part is described as follows.

3 Low Profile
WMNS

The beamformer consists of 2x2 rectangular array and
beamforming network as shown in Fig. 2. The choice
of 2x2 array configuration is due to the requirement of
a minimum number of antenna elements which is able
to take responsibility for signals coming from 0 to
360° around the array. The array is spaced by A/4 as
shown in the figure. The reason is that spacing of A/4
give lower side-lobe level comparing with spacing of
/2. The received signals are delivered to beamforming
network in order to accomplish beam formation in
predefined  directions,  simultaneously. ~ The
beamforming network is constituted by four 64°-
hybrid couplers and a crossover. Note that the
mentioned beamforming network provides main beam
directions at 45°, 135°, 225° and 315° simultaneously.
Afterwards, the four outputs, from four beams, are
conveyed to null locator as shown in Fig.3, which is
detailed in next section.

Beamformer for

4 Null Locating Method

Nowadays, lots of effective null steering algorithms
can be found in literatures [8], [9]. Unfortunately,
those methods require high level of computation
which can be handled by expensive signal
processor. This is not attractive for WMNs
application [10]-[11]. Therefore, this paper presents
a straightforward null locating method which
requires only multiplying some suitable coefficients
at the output signals from beamforming network.
The mentioned coefficients can be calculated as
follows.

Assuming directions of incoming signals from
azimuth directions, weighting coefficients at (m,n)[h
antenna element corresponding to the desired and
undesired signals can be express as

Wa (m, n) = gj{(m_l)[% cosdy }f("-l)[gsm P "’ﬂ

s T (1)
- ej[(m—l)[;msa‘q oo Fena, )

Wi, (m, n

where ¢, and ¢, are directions of arrival for desire

signal and g™ interfere signals, respectively. The
output signals in term of desired (y;) and
interference  signals (y,) from beamforming
network shown in Fig.2 can be written as

Y, =W,S

total

Vig =W =

i,q% ol

where 8, stands for signal vector which includes
desired and interference signals. According to
Eq.(2), the total output signal can be given by

Q
Vi = Yo T 2KV,

g=L
= sd.(wd+klwl)1+,,,+ ka!)Q) 3)

0
+ sl)q_(wd A kaLQ)
g=1

where k, is here in defined as a interference
suppressing coefficients which can be calculated as
follows. With the concept of interference rejection,
the 2™ term of Eq.(3) must be vanished as the
following expression.

2
lei'ql(wd+klwi,1+"‘+kai’Q):0 (4)
7=

Solving Eq.4), the interference suppressing
coefficients can be obtained as shown in Eq.(5).

1
k, WS o W8, —W5

= : : 5

ky| [ WS, 0 W8

40%1,0 —WSi0

The simplicity of null locating method for this paper
is indicated in Eq.(5). With simply multiplying £, at
output signal from g™ beam produced from
beamforming network, the g™ interference signal
can be simply eliminated from the systems. In
practice, we can find interference suppressing
coefficient &, with information of directions of
desired and interference signals, then we can follow
the procedure from Eq.1) to (5). In the
circumstance of WMNs, the directions of those
signals coming from mesh routers are fixed.
However, the directions of signals in other wireless
systems can be easily found wusing some
straightforward algorithms available in literatures
[12]-[14].
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Fig.4 Radiation pattern of a 2x2-beamformer when
the desired signal is coming from 45° and
interference signals are coming from 135°, 225°
and 315°,

5 Simulation Results

The proposed concept is tested using own developed
computer program. The radiation pattern is the key
factor to indicate the heamforming capability for
this paper. In the assumed mesh network, there are
four mesh routers located arovnd the router of
interest at 45°, 135°, 225° and 315° from boresight
direction. The router of interest has to operate to all
four meshes simultaneously. Also it has to
distinguish between desired signal from one mesh
and interference (undesired) signals  from
neighboring mesh routers. The 4 monopole-antennas
spaced by W/4 at 2.4 GHz are employed and placed
as a 2x2 lattice as shown in Fig.2. Fig4 shows
radiation pattern of the beamformer forming its
main beam to 45° without null locating (dash line).
In this figure, solid line represents beam formation
when the interference signal from neighboring mesh
routers are coming from 135°, 225° and 315° from
boresight direction. Comparing these two results, we
can see that null locator succeeds in interference
signal suppression while preserving the main beam
direction to the desired signal. The performance of
the proposed beamformer in some other scenarios is
demonstrated in Fig.5. In this case, the beamformer
needs to form its main beam to more three
directions, 135°, 225° and 315° (apart from 45°).
When one direction is chosen to be desired
direction, the others can be viewed as interferers. As
we can see in this figure, the proposed systems can
steer nulls to directions of interferers while pointing
main beam to the desired direction. This confirms
that interference signals can be eliminated from
WMNGs. Also, this provides energy saving which is
one important issue for WMNs.

Relalive Amplitude(dB)

-100 L
0 50 100 150 200 250 300 350
Angle(degree)

Fig.5 Three scenarios of radiation pattern for 2x2-
beamformer when d and i stand for desired and
interference signals, respectively.

6 Experimental Results

To confirm the beamforming capability of the
proposed concept, a prototype of the beamformer is
constructed, which is constituted by three major
parts: array antennas, beamforming network and
null locating network. For the array antennas, 4
standard monopole antennas are employed in which
it provides gain of 5 dBi individually. The array is
arranged in 2x2 lattice. The array spacing is half-
wavelength at 2.45 GHz. For beamforming network,
the modified Butler matrix presented in [8] is
adopted here. It is adopted which provides 4 input
ports and 4 output ports. The photograph of utilized
beamforming network is shown in Fig. 6. The 4
input ports are connected to the array antennas while
the 4 output ports deliver the received signals to null
locating network. The 4 output signals from the
beamnforming network are the signals coming from
45°, 135°, 225° and 315° off horesight direction as
well as for transmitting mode. Next the null locating
network will provide the main beam to desired
direction and null to interference directions as
explained earlier.

The prototype of null locating networks are
constructed and tested. The directions of interest are
given at 45°, 135°, 225°, 315°. If one direction is
chosen to be desired direction, the rest directions
become interference directions. Fig.7 shows a
prototype of null locating networks which has to be
connected to the beamformer presented in Fig.6.
Top-left, top-right, bottom-left and bottom-right
networks present the null locators for pointing main
beam at 45°, 135° 225° and 315° respectively,
while keeping the other directions to nulls. The
width and length of sttip shown in Fig.7 represent
amplitude and phase for interference suppressing
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Table 1. Interference Suppressing Coefficients measured from prototype show in Fig. 7.

Coefficient(k,)
k; & ks
Main beam
450 -0.1900-0.4160i -0.1444+0.1744i -0.1530-0.4356i
135° -0.1614+0.3709i -0.1706-0.43801 0.2382+0.0136i
225° -0.1950-0.15401 -0.1790+0.44601 -0.1920+0.4260i
3150 -0.1614+0.3709i 0.2382+0.0136i -0.1706-0.4380i

Fig.6 Modified Butler matrix having the main beam
directed to 45°, 135°, 225° and 315°.

coefficients calculated in (5). Table 1 shows the
measured outputs from the constructed prototype of
null steering network shown in Fig.7.

Next, the performance of constructed prototype
is tested and one of four configurations shown in
Fig.8 to 11 whereas dash line represents radiation
pattern of the array without null locating and solid
line indicates the one when including null locating.

To validate the use of proposed system for
WMNs, the measurement is required to be
undertaken. The basic configuration of WMNs is
illustrated in Fig.12. In this figure, five nodes
represented mesh routers are employed and the
proposed switched-beam is implemented at the
center node. According to non-solid standard for
WMNs, one approach of air interface is able to be
arranged by using conventional IEEE §02.11 a/b/g.
In this paper, four WLAN access points are located
at the corner as shown in Fig.12. For the proposed
switched-beam, the illustration of measurement
setup at the center node is depicted in Fig.13. To
measure signal strength, there is no compensation
due to all power loss caused by connectors,

transmission lines and combiner. Hence, it makes
sure that the proposed system is practically tested
for real application and promptly used for WMNSs as
its presented form. Figs. 14 and 15 present the
received signal strength versus power (ransmission
for conventional omni-directional antenna and
proposed switched-beam antennas.

Each time step is a consecutive one-minute interval.
For omni-directional antenna, the received signal
strength of four access points varies from -38 to -70
dBm and there is no dominant access point. In turn,
the results of proposed switched-beam antennas
provide two significant groups which are the access
point in desired direction, Apl, and null directions,
Ap2 to Ap4. The gap between signal strength of
desired access point and the others is ranged from 6
to 20 dB. It is interesting to observe that the
received signal strength of desired access point
varies from -33 to -35 dBm which is higher than the
best signal strength of omni-directional antenna.
These results confirm the use of proposed switched-
bearn antennas to enhance signal strength as well as
suppress interference signals.
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Only signal strengths cammot totally indicate the
performance of WMN so the next task is to validate
the other parameters to mark a merit of networks
including delay and throughput. Fig.16 provides the
average delay versus data size when downloading.
As seen in the figure, proposed switched beam
antennas can help the system to download more
quickly for both 2 and 6 Mbytes. This is becanse the
proposed system having higher received signal
strength experiences a lower ontage probability than
ommi-directional antenna. Also the signals from
desired access point have a lower interruption
interfered by other access points. Fig.17 presents the
probability density function of throughput. In this
figure, the total 100 samples are measured and
evaluated through well known website, www.numion.
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Fig.9 Radiation patiern of a 2x2-beamformer when
the desired signal is coming from 135° and
interference signals are coming from 45°, 225° and

3150
0 T / /“’ T
S i : : ]
GO P
-10p P :
- A / ;
= 5 b4 ; :
£ f | 1 |
2 h - - :
= H — — Without null locating
£ A= ; L — Wiith null locating
: IR
5 -5 : ; b 3
o H ? 3 :
o . i . i
. Attt SR R B
5 11—
Y N S A S N N
0 50 100 140 20 280 300 30 400
Angle {degree)

Fig.11 Radiation pattern of a 2x2-beamformer when
the desired signal is coming from 315° and
interference signals are coming from 45°, 135° and
2250

com.The results show that the omni-directional
antemma  provides lower mean throughput than
switched beam antennas and the probability having
throughput more than mean value of omnmi-
directional antenna is less than switched beam
antennas. These results confirm the use of proposed
switched beam to enhance signal quality as well as
suppress interference signals.

In practice, the position of mesh router is not
always on beam direction. Therefore, the following
measurements based on configuration in Fig 18 are
undertaken to investigate whether the proposed
system can provide benefits or not if mesh location
is shifted from beam direction. Fig.19 presents the.
received signal strength versus angles deviation for
omni-directional antenna and proposed switched-
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beam antennas. We can see when angle is deviated
+15° and -15°, switched-beam antennas still provide
a received signal strength of desired access point
better than omni-directional antenna.  Fig. 10
provides the average delay versus data size when
downloading. As seen in the Fig. 20, the proposed
switched-beam antennas can help the system to
download more quickly for both 2 and 6 Mbytes.
Fig.21 presents the probability density function of
throughput. In this figure, the total 100 samples are
measured and evaluated through well known
website, www.numion.com. The results show that
the omni-directional antenna provides lower mean
throughput than switched-beam antennas and the
probability having throughput higher than mean
value of omni-directional antenna is less than
switched-beam antennas of all angle deviation.
These tesults indicate the success of proposed
system even the mesh router is not installed on the
direction of main beam.

(™) ()

Fig.13 Measurement setup of proposed system for
WMNs.

Signal strengthidBim)
0 &
2 =
@( R

[

—e— apl
—&— ap2
—t— Apal |
—+— Apd

Y 8 % 5 6 7 8 5 1
Time

Fig.14 Received signal strengths from four access

points by using conventional omni-directional

antenna,

n

/\E/ VO

80 —5—Ap2ft
——Aps
——Apt

%0 L .
1 s 3 4 5 6 7 8 8 1

Signal strengthidBrm)
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Fig.18 Test scenarios on location shift of mesh
router.
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for four access points by using conventional omni-
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7 Conclusion

This paper has presented a low profile beamformer
suitable for WMNs. Also, this beamformer is able to
suppress interference signals by locating nulls to
interfering  directions. This beamformer is
constituted by 2x2 antenna array spaced by /4
accompanied with a simple beamforming network.
The null locating algorithm can be handled by any
economic microprocessor as it is only multiplication
to constant values. The simulation results confirm
its  beamforming capability. Moreover, the
experimental results have shown that the
beamformer can improve the overall signal strength,
throughput and delay over the use of conventional
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omni-directional antenna. The prototype offer
benefits in term of signal quality, throughput and
delays. Also its benefits can be achieved even the
mesh router is located by + 15 degree deviating
from beam direction.
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