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Abstract—We consider a fundamental problem in wireless of these wireless networks, their access points (APs) will need
mesh networking that concerns the layout of access points (APs) to be carefully laid out in order to avoid interference. For a
of multiple simultaneously operable wireless mesh networks given transmit beam pattern of the directional antenna, we

collocated in the same region. For given directional antennas, we define thewirel hi i bleto be th bl
are interested in dense and uniform layouts that will maximize 9€1N€ thewireless mesh layout probiemo be the probiem

the number of these wireless mesh networks without introducing Of packing as many simultaneously operable wireless mesh
radio interference, while providing convenient access to any of networks as possible in the same physical region, while

them from any location. We describe an optimal layout method, providing convenient access to any of these wireless mesh
called the “diagonal placement scheme”, for wireless meshes OfnetWOl'kS from any location

squares under a simplifying interference model. Then we show ] S . . .
upper and lower bounds for the performance of any optimal ~ We make several simplifying assumptions in this paper.
layout without the simplifying assumption. Our solutions have We assume that wireless mesh networks are identical 2-

app!ications in a number of areas, incIudjng QoS routing, secure dimensional/’ x H meshes of squares, with the edges of
routing, fault-tolerance, and load balancing. each square being of unit length. For short, we will call these
wireless mesh networksieshesAssociated with each square
of a mesh, there are four APs one on each of its corners.
Wireless mesh networking [1] based on 802.11a/b/gye assume that all APs produce the same transmit beam
802.16a or other technologies represents an emerging arep#fern. To avoid interference, unintended receivers cannot
interest in wireless infrastructures. For example, in Januay in the area of a transmit beam pattern. We consider two
2004, IEEE approved formation of a mesh study group f@feam patternssimplified rectangularand ideally sectorized
802.11 protocols, and in June 2004, the 802.11s task group wasj||ustrated in Fig. 1. The length of the beam sector is 1+
formed. The 802.16a standard includes support for wirelegferee is a small positive number. The gain inside the beam
mesh architecture. While these wireless mesh networks h@lgttem is constant and is negligible both outside the pattern
great promise in providing relatively inexpensive and rapidlynd on the boundary.
deployable network infrastructure, they pose new challenges]-he rest of the paper is organized as follows. In Section II,

in :rleasdsbuclh as QoS routing, secure routing, fauIt—toIeranWe show an optimal layout method, called tikagonal
and load balancing. placement schemassuming the simplified rectangular beam

Use_ of multiple smult_aneously operable n_etwo_rks COIIOga\ttern. In Section Ill, we use the results from Section Il
cated in the same region is a well-known technique in address-

ing these challenges. For example, in supporting QoS, we can
direct all high-priority real-time traffic to a specific wireless @)

I. INTRODUCTION

network dedicated to such traffic. Similarly, in providing
secure access to an external gateway or application server, one . 5 .

: . . transmitter R receiver
of these wireless networks with strong encryption can serve 5

as a dedicated access network. These multiple networks also
represent a powerful networking infrastructure for supporting
fault-tolerance and load balancing. (b)
When deploying these wireless networks in the same phys-
ical area, radio interference is the major concern. To avoid _
interference, we could partition the available radio channel transmitter
into sub-channels and limit each network to a designated
sub-channel. In this paper, we consider an alternative method
where multiple networks can share the same channel simul-
taneously by using directional antennamditional, steerable Fig. 1. Two transmit beam patterns: (a) simplified rectangular beam pattern,
or smartantenna systems). To support simultaneous operati@ng (b) ideally sectorized beam pattern

receiver
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to derive upper and lower bounds for the wireless meshBecause these networks are identical meshes of squares, we
layout problem assuming the ideally sectorized beam pattenged only inspect a fraction of their APs to ensure that it is a
and in addition, we formulate a mathematical optimizatiofeasible layout. In particular, for each mesh we focus on the
problem for the layout problem. In Section IV we describéour APs of its bottom-leftmost square as shown in Fig. 2. We
an application of our layout solution in load balancing routingote that for any optimal layout, the bottom-leftmost squares of
for wireless access networks. We conclude in Section V. any two meshes must intersect, for otherwise we could reduce
the bounding area by shifting one mesh to intersect with the
Il OPTIMAL LAYOUT FOR SIMPLIFIED RECTANGULAR other without introducing interference. Thus, without loss of
BEAM PATTERNS generality, we represent a layout design by the displacement of
In this section, we describe an optimal layout method, calleéich of the meshes relative to the bottom-leftmost mesh (e.g.,
the diagonal placement schen(BPS), for the wireless mesh(-th network shown in Fig. 2). More precisely, we represent
layout problem assuming the simplified rectangular beaguayout design forV meshes by X;,Y;), where0 < i < N,
pattern. Xo=Yy=0and0 < X;,Y; < 1.
The simplified rectangular beam pattern as depicted in
Fig. 1(a) is a rectangular area of wid# and heightl 4+ ¢, A. Diagonal Placement Scheme
centered along the line connecting the transmitter and theassume that < % whered is the beam width as depicted
receiver. Being a coarse approximation of beam patternsjin Fig. 1(a). We consider the layout design faf meshes
the real world, the simplified rectangular beam pattern greathhere, for1 < i < N, the i-th mesh has a displacement of
simplifies the characterization of the interference area and,@s« 4,7 x 4). Since the displacements are all on a diagonal,
a result, allows a relatively simple proof on the optimality ofve call this layout the diagonal placement scheme (DPS)
DPS. for N meshes. It is clear that DPS is a feasible layout. In
Fig. 2 shows an exemplary layout of fodrx 4 meshes, subsection II-C below, we will show that DPS is an optimal
each using 25 APs. We use different shapes to denote ARgout. For an example of the DPS layout, see the layout of
belonging to different meshes, with squares, circles, diamongsg. 3 at the end of the third round.
and triangles representing APs of the O-th, first, second, andgjven a beam width of, DPS can pack at mogt | meshes.

third network, respectively. The figure also depictstloeind-  On other hand, in order to paék meshesg cannot be greater
ing area which is defined to be the minimal size rectanglghan L.

that encloses all the APs. Note that a wireless terminal at any

location in this environment has convenient access to all tBe The Diagonalization Process

four meshes, in the sense that the terminal has local access e describe a process, calleliagonalization which can

their APs. transform any feasible layout into the DPS layout. This process
As mentioned in Section |, the goal of the layout design igonsists of N rounds, with N being the number of meshes.

to pack as many simultaneously operable networks as possipl each round, @ase meshs chosen before the round

while providing convenient access from any location. We sayarts and is retired from the process after the round ends.

a layout is a feasible layout if it produces no interferencye choose the base mesh to be the mesh that has the

i.e., every transmit beam pattern covers exactly two APs, tBgallest X and Y displacements among all the remaining

transmitter and the intended receiver. Furthermore, we saynashes. We will show that there is always a base mesh at

layout is anoptimal layoutf it is a feasible layout and it packs the beginning of each round. As shown in Fig. 3, a round

the most number of networks with the same bounding aregonsists of three Stepssi:ghten swap and release The first

step,tighten shifts all remaining meshes, excluding the base

Bounding Area Y 'y 'y 'y & mesh, simultaneously towards left and bottom as much as
~ ® b L L4 possible without introducing interference. More precisely, we
* * * * * first red l1X displacements of the remaining meshes
- - - - - irst reduce a isp ining ,
3rd network — 4 A A A A excluding the base mesh, by the same amount as much as
2nd network —J_., i . ¢ . ¢ . ¢ . possible without introducing interference. We then reduce the
u n n ™ n Y displacements without introducing interference. Since the
Ist network e L e Y e te te t tightenstep does not introduce interference, the layout remains
0-th network\‘. . . . . . to be feasible after the step.
A' .5 A" Rl After the tighten step, among the remaining meshes, ex-
. ° ° ° ° cluding the base mesh, we find the meshes with the smallest
. r - ) | * * . * X andY displacements. If there is a single mesh that has
i A. A. A A both the smallesX andY displacements, then we enter the
e nd b i i releasestep; otherwise, we perform thewap step. Suppose
. - 8 . 3 .
» " n n " that the displacements of the two meshes found(&ig Y},)

and(X,,Y,), whereX, < X, andX,, > Y,. In this case, the
Fig. 2. An exemplary layout for fout x 4 meshes swapstep moves one of the two meshes(#,,Y;) and the
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First round Xy 1)) (X, Y,)
(Xa'ya) — (Xlr'yq) ‘ ‘
Second round Fig. 4. Representing the ideally sectorized beam pattern using the simplified
rectangular beam pattern. The shaded areas are the union of eight transmit
................... beam patterns among the four APs, assuming the ideally sectorized beam
pattern. The two representations by the simplified rectangular beam pattern:
(a) theworst-caserepresentation, and (b) theest-caseepresentation
Third round
rectangle for the two meshes with the new displacements still
have theirY” and X coordinates equal td, + H — 1 and
Fig. 3. Diagonalization process on a layout of four meshes. For each roquZ + W -1, respectively. |
the current base mesh is drawn in bold lines, and the retired base meshes are
drawn in dashed lines. C. Optimality of the Diagonal Placement Scheme

Theorem 1:The DPS layout is an optimal layout under the
other to (X,,Y,). Now the mesh that relocates {&,,Y,) simplified rectangular beam pattern assumption.
has both the smallest and Y displacements, and we can  Proof: Given any optimal layout, by Lemma 1, the
continue to theeleasestep. We note that thewapstep does diagonalization process can transform the layout into the DPS
not introduce interference, so the layout remains to be feasitagout without increasing the bounding area. Thus, the DPS
after the step. must be an optimal layout. |
Finally, in the releasestep, the base mesh is retired, and
among the remaining meshes, the one with the smaliestd 1. L AYOUT PROBLEM FORIDEALLY SECTORIZED BEAM
Y displacement becomes the next base mesh. Future rounds PATTERNS
will not consider the retired meshes. Fig. 3 illustrates the In this section, we address the layout problem for the
diagonalization process on a layout of four meshes. ideally sectorized beam pattern (Fig. 1(b)). Frequently used
Lemma 1:The diagonalization process transforms any the literature to model directional antennas [2]-[4], this
given feasible layout into the DPS layout without increasinigeam pattern is generally considered a better approximation to
the bounding area. real-world beam patterns than the simplified rectangular beam
Proof. In each round, after thiéghtenstep, the smallest pattern.
possible X and Y displacements of the remaining meshes We will first derive lower and upper bounds for the per-
are bothé relative to the base mesh. Tlsavapstep ensures formance of any optimal layout by applying the results of
that there will be a mesh with &, 0) displacement from the Section Il. We then formulate the layout problem as a mathe-
current base mesh after the current round, and it becomes rietical optimization problem and use numerical optimization
next base mesh. Thus, the displacement of the next base nesits, such as MATLAB, to compute numerical solutions.
is always(é,0) from the current base mesh. As a result, the Fig. 4 depicts two interference-area representations for

displacement ofj-th round’s base mesh i§j — 1) x §,(j — the ideally sectorized beam pattern, based on the simplified
1) x §). This means that the diagonalization process transformestangular beam pattern. The shaded area is the union of
the given layout into the DPS layout. eight ideally sectorized beam patterns among the four APs.

To show that the diagonalization process does not incredsg. 4(a) shows theworst-caserepresentation. It uses the
the bounding area, we note first that baifhtenandrelease narrowest simplified rectangular beam patterns of which the
steps do not increase the bounding area by the definitiamsion can cover the entire shaded area. Because all feasible
of their operations. We note next that tilssvap step does layouts using this representation are also feasible layouts using
not change the bounding area. Before th&ap step, the the ideally sectorized beam pattern, this representation allows
displacements of the two meshes with the smallEstand us to establish a lower bound for the performance of the
Y displacements aréX,,Y,) and (X,,Y,) with X, < X, ideally sectorized beam pattern. Fig. 4(b) showslibst-case
andY, > Y,. Suppose that the meshes &rex H meshes of representation. It uses the widest simplified rectangular beam
squares. Then the upper and right boundaries of the boundpagterns of which the union does not exceed the shaded area.
rectangle for these two meshes have theand X coordinates Because all feasible layouts using the ideally sectorized beam
equalY, + H — 1 and X, + W — 1, respectively. After the pattern are also feasible layouts for this representation, we
swapstep, the displacements of the two meshes(&fg Y,) can use this representation to establish an upper bound for the

and(X,,Y,). The upper and right boundaries of the boundingerformance of the ideally sectorized beam pattern.



10 , S
; upper bound ——
* lower bound -~
g 87 ]
E 6 >y ]
ke]
g %
E 4 f
< [PAR—
z 2t
0

0O 01 02 03 04 05 06 07 08
0 (radian)

Fig. 5. Upper and lower bounds on the number of meshes that can be padkied 6.

as a function of beam angtefor the ideally sectorized beam pattern

Given a beam anglé (see Fig. 1(b)), the beam widths
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Lower bound, upper bound, and best-effort numerical result for the
maximum angle as a function of N, for the ideally sectorized beam pattern

minimize (W 4+ max X;) x (H + max Y;)

subject to

(Fig. 1(a)) of the worst-case and best-case representation are =idf (X;,Y5),(X; +1,Y5), (X&, Ye)) +60 <0

1};‘;;29 and t“2”9, respectively. Based on thevalues, we can _Z.df((XJ +1L Y]) (X5, Y5), (X, Yi)) +6 < 0

compute lower and upper bounds for the bounding area size‘?df((vayj)v (X5, Y+ 1), (X3, Vi) +6 < 0

for the ideally sectorized beam pattern using the results of the™ ?df((Xj’ifﬂ 1), (X5, Y5), (Xp, Yi)) +6 < 0

preVIOUS section. de((Xj + ,ij), (X + 1 Y + 1)7 (Xk, Yk)) +6 <0
In addition, we can derive a lower bound @fctan () _Z.Zf((?’yl Yl) (fj }1’}}? + P’ (?“ }}j’“)) +z E 8

and an upper bound afrctan(Z) on the maximum beam (;7<f)((( Y-+<1 1), (X5, Y 4+ 1), (X, Yi)) +6 <

angled that allows a feasible layout @f meshes, respectively.
With these results, we can bound the number of meshes tidere ¢ is the beam angle andl < i < N, 0 < j,k < N,

can be packed given a beam angleas shown in Fig. 5. j +£ k.

Note that the gap between the upper and lower bounds orThe optimization problem minimizes the size of the bound-
the number of allowed meshes decreases as the beaméangt®y area, subject to the constraints of interference. The in-

increases.

terference constraints are expressed as eight inequalities for
each pair of distinct meshes. A pair of meshes, $and K,

Having established the upper and lower bounds, we newe represented b{X;,Y;) and (Xj,Y}). Each of the eight
turn our attention to the formulation of the layout problem asiaequalities corresponds to one of the eight beams on nigsh
mathematical optimization problem. To model the interferenead represents constrains whéfecan be placed. Thus, there

constraints imposed by the transmit beam, we define are a total ofs x N x (N —

interference distance functiaif ((z1,y1), (x2,y2), (x3,y3)),

1) such constraints.
This formulation allows a numerical method to compute

where(z;,y;) are locations. The function returns a value ledscally optimal solutions only, which are not necessarily
than ¢ if location (z3,ys) lies in the transmit beam from globally optimal. The computed results will depend on the
(z1,91) to (z2,y2); otherwise, it returns a value that is greateiitial values of(X;, Y;).. In our computation, we use multiple

than or equal t@. More specifically, leU = (z3—21,y2—y1)

and V. = (z3 — z1,y3 — v1). That is, U is the vector
from (z1,y1) to (z2,y2) andV is the vector from(xy,y;)

to (23,y3). The function retumnsirccos(ripy). the angle
between the two vectors, V|| < 1,, and it return2z x || V||

if ||V]| > 1. (U-V denotes the inner product &f andV, and
[I[V|| the norm ofV)

initial values for(X;,Y;), and use the lower bound and upper
bound derived from the simplified rectangular beam pattern to
help evaluate the quality of the computed numerical solutions.
By makingé a variable and changing the objective function
to maximize# instead of minimizing bounding area size, we
can obtain numerical solutions to the maximum beam angle
for packingN meshes. Fig. 6 plots the lower and upper bounds
on the maximumy, as well as best-effort numerical results,

We can formulate the layout problem as a non-linear opfier the modified optimization problem, as a function &t

mization problem as follows:

For eachN, we compute numerical solutions for the problem



stipulate that each of these APs is connected to a separate mesh
VO . D as shown in Fig. 7. Whenever an end node, e.g., the laptop
: : shown in Fig. 7, needs to send data to the external world, it
will randomly select one of the several meshes to use. In this
way, load balancing is automatically achieved.

|
-t

\i

==p==f=a=--f

—f)-1-r-
1
1
i
1
—u———-EJ———.——T—

V. CONCLUSION

In this paper, we motivate and introduce a layout problem
for wireless mesh networks with directional antennas. To the
best of our knowledge, this is the first piece of work that
: addresses the layout problem of multiple wireless networks
R Al using directional antennas. This layout problem is important
- re both because wireless mesh networks represent an emerging
D G type of network infrastructure, and because the use of multiple

0 1 2 3 collocated and simultaneously operable meshes can potentially
Fo 7 A Ay lavout of S x 2 hes. The six APS in th address several of challenges in wireless mesh infrastructure
u:c?p;er.rightmnoz)t(ir(?r?l:g a?gocl:)ngecstled >t<o th?(larfte?rslét vi: aséxegrezslr;\odg.srlﬁgh as QOS’ security and_ load-balancing routing. .
wireless terminal, denoted by a laptop, at the lower-left corner can access théAn optimal layout for wireless meshes of squares is de-
APs of all six meshes within its radio range scribed under the assumption of the simplified rectangular

beam patterns. More specifically, the diagonal placement

] ] ] . ) ___scheme (DPS) generates an optimal layout. This layout scheme

10,000 times with each time starting with a random initig§ optimal in the sense that it packs the most number of meshes
value for (X;,Y;), and the best solution is reported as thgyr a given bounding area. We then use this result to establish
numerical result. _ . lower and upper bounds for the solution to the same problem

Fig. 7 shows the layout with the largest maximum beam afinger the assumption of ideally sectorized beam patterns.
gle we ot_)talned using numerical meth(_)ds forzix2 m_eshes. A similar approach can be adapted to analyzing the layout
The maximum beam angle computed is 0.2618 (radian), whi\goplem with other complicated beam patterns. We formulate a
the lower and upper bounds derived using result of Sectionglbn_jinear optimization problem to obtain numerical solutions
are 0.1974 and 0.3218, respectively. to the layout problem with ideally sectorized beam patterns.

In this section, we described a general approach for solvighije the numerical method does not guarantee that it will find
the wireless mesh layout problem. When dealing with compli: gjobally optimal solution for this mathematical formulation,

cated beam patterns, it could be difficult to solve the problefRe formulation is general and can be extended to other beam
analytically. We show how to formulate the layout problemyiterns.

as a mathematical optimization problem and obtain solutions
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