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Abstract—The capacity of wireless ad hoc networks is mainly is limited, which leads to the limited number of decoded
restricted by the number of concurrent transmissions. Recent transmissions.
studies found that multi-packet reception (MPR) can increase Using a more practical interference model compared with

the number of concurrent transmissions and improve network . . .
capacity. This paper studies the capacity of 20 wireless networks [5], [6], this paper studies the capacity of/2-MPR-based

wherein each node can decode at moét simultaneous transmis- Wireless ad hoc networks assuming that a wireless interface
sions within its receiving range. We call such networksk-MPR  can decode at mogt k£ > 1 transmissions within its receiving
wireless networks. For comparison, we call traditional networks range. We call such networdksMPR wireless networks. For
1-MPR wireless networks. Suppose that the number of nodes in a comparison, we call traditional networks 1-MPR wireless

wireless network isn and each node can transmit atii/ bits/sec. .
For arbitrary k-MPR wireless networks, we show that when networks. The MPR abilityk, depends on the hardware

k = O(n), the capacity gain over 1-MPR networks is©(v/k). Implementation. We study how the capacity off24-MPR
When k = Q(n), the capacity is©(Wn) bit-meters/sec and the wireless networks scales with and the number of wireless
network is scalable. For random k-MPR wireless networks, we nodes,n, in both arbitrary and random scenarios.

show that when k = O(y/logn), the capacity upper bound and  The remainder of the paper is organized as follows. We

lower bound match and the capacity gain over 1-MPR networks is . : . . .
(k). When k — Q(~/Tog n), even the lower bound has a capacity summarize the related work in Section Il. Section Il ddsesi

gain of ©(y/Iogn) over 1-MPR networks. From these results, we the network model_ and main results. In Section IV, we prove
conclude that the main constraints fork-MPR wireless networks the results for arbitrary networks. The proofs for the resul

to utilize MPR ability are the limited number of transmitters  of random networks are presented in Section V. We discuss
and the limited number of flows served by each node. the derived results in Section VI. Section VII concludes our

Index Terms—Capacity, Scaling law, Multi-packet reception work.

Il. RELATED WORK
|. INTRODUCTION Assuming that a node can concurrently send to and re-

HE seminal work of Gupta and Kumar [1] derived thageive from many nodes when using FDMA and CDMA,
meters/sec in arbitrary networks while scalesd&V /) bound of link’s Shanno'n capacity and per source-destinatio
bits/sec in random networks whergis the number of ng(;)des throughput. G. D. Celik et al. [4] presented new backoff

'?echanisms for MPR-based wireless networks to deal with

For infrastructure wireless mesh networks, P. Zhou et 4l. [unfairness and improve network throughput. Assuming that a

derived that the per-client throughput decreases as théeu r&? transmissions within the receiving range of a receiagr ¢

of clients increases. The main reason for these through;E]e decoded, J. J. Garcia-Luna-Aceves et al. [5] have shown

degrg dations is that all wireless nodes share .the. SameeBsIC, .t 3-D random MPR-based wireless network has a capacity
medium and the number of concurrent transmissions is lanite__. . o
ain of ©(logn). Also assuming that all the transmissions

.AS t_he successive mte_:rference cancellatlon_ (SIC) Clsscua/ithin receiving range can be decoded, J. J. Garcia-Luna-
with simple implementation and low complexity have bee

Rceves et al [6] took SINR and Shannon link capacity
introduced, multi-packet reception (MPR) becomes a reali . . : :
[8], which provides potential to increase the number of co ﬁ1to the capacity analysis and gave their results. Usingemor

o . ; Dealistic protocol model compared with [5], [6], X. Wang et
current transmissions and improve the network capacitst P | [7] assumed that at most simultaneous transmissions

res_earches_ on the capacny of MPR-based wwe_les_s_ n_etwo\;v thin the receiving range of a receiver can be decoded and
derived their results assuming that all the transmissiattsmw

the receiving range of a node can be decoded, however, as& anImlzed the aggregate network throughput by formulating

ber of t o ithin th o . optimization problem.
numbEr ot transmissions within e receving range IN&@sas According to the survey of the related work, we can see

]Ehﬁ receX/er ; annqt d8e coﬂe all .oflotlhem.f ;?8 'reason is At this paper is the first work studying the capacity ab2-
ollows. As shown in [8], the main idea o IS t0 cancejpp pased wireless networks using a practical model, which

each received signal one by one in the decreasing order gfsumes that an interface can decode at mdsinsmissions
the signal strength and the signal cancellation proce@/de\?v-

. . . thin its receiving range. Our contributions can be summa-
is restricted by the speed of performing WaIsh—HadamaFéed as follows: g g

Transform (WHT), so the possible number of cancellations . To the best knowledge of us, this paper is the first work

M. F. Guo and M. Y. Wu are with the Department of Computer Science studying the capamFy of such networks in both arbitrary
Shanghai Jiao Tong University, Shanghai, 200240 China (e{fmeguo, and random scenarios.

mwu}@sijtu.edu.cn) ' o o « From the derived results, we get some valuable design
X. Wang is with the Department of Electronic Engineering, rgitei Jiao . licati fork-MPR wirel t K
Tong University, Shanghai, 200240 China (e-mail:xwang&@esjlu.cn) iImplications 1or k- WIrelesss networks.
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Fig. 1. The capacity of arbitrary k-MPR wireless networkgyfie is not to Fig. 2. Upper bound and lower bound for the capacity of randeMPR
scale). The upper bound and lower bound match exactly. wireless networks (figure is not to scale).

I1l. NETWORK MODEL AND MAIN RESULTS the protocol interference model for randdrMPR wireless

A Network Model networks as follows. .
| Supposek nodes,{X;,|1 < p < k}, transmit to nodeX;

In this work, we suppose that each node is equipped wigimultaneously. These transmissions are successfullydeec
one k-MPR wireless interface, which can decode at mbst py nodeX; if
transmissions within its receiving range. We call suchiigbil i , i
k-MPR ability. Each node can transmit &t bits/sec over (1) The distance betweeli;, and.X; s no more tha(n).
a common wireless channel. We consider a more general
scenario where the channel is divided imé subchannels,
each of which has a capacity @f,,, bits/sec,] < m < M and
Zn]‘le W,, = W. Transmissions are slotted into synchronized
slots of the same length. Packets are sent from source to
destination in multi-hop. X, — X;| > (14 A)r(n)

1. Arbitrary Networks

i — Xi| <

max, | Xy — Xj| <r(n)
and

(2) For any other nod&, simultaneously transmitting over

the same subchannel, the following inequation holds.

B. Main Results

In an arbitrary k-MPR wireless network,n nodes are h its of thi d as foll
arbitrarily located in a disk of unit area in the plane. Eaoden 1 "€ results of this paper are presented as follows.

has an arbitrarily chosen destination to which it could send1. Arbitrary Networks
traffic at an arbitrary rate. Each node can choose an arpitrar : o
power level for each transmission. Under these assumptionsIn an arb‘|‘trf'iry network, ”th_e network capacity is measufed
we give the protocol interference model for arbitraRMPR n terms of b|t-mgters/ sec (infroduced -by [1]). As Sho"“? '
wireless networks as follows. Fig. 1, the capacity of arbitrarg-MPR wireless networks is

Supposek nodes,{X;,|1 < p < k}, transmit to nodeX; as follows: o
simultaneously. These transmissions are successfullyddec (1) Whenk = O(n), the network capacity i©(Wvkn)
by nodeX; if bit-meters/sec.

(2) Whenk = Q(n), the network capacity i®(Wn) bit-
meters/sec.
Note that Fig. 1 is not to scale. To simplify the illustratjon

for any other nodeX, simultaneously transmitting over theWe use piecewise linear curve to represent the capacitingcal

same subchannel. law, although the scaling function is not piecewise lindduis
Similar as [1], the quantitA > 0 models a guard zone thatfigure convention also applys in Fig. 2.

prevents a neighboring node from transmitting on the samez. Random Networks

subchannel at the same time.

— X > X
[ Xq — X;| = lglfgk(l +A) [ Xip — X

In random networks, the network capacity is measured in

2. Random Networks terms of “bits/sec”. We give a lower bound and an upper
In a randomk-MPR wireless networks nodes are randomly Pound for the capacity of randomMPR wireless networks.

located, i.e., independently and uniformly distributed, the  AS Shown in Fig. 2, the network capacity exhibits different

surface of a torus of unit area. Each node has one flow Rgunds as the order @f varies.
a randomly chosen destination to which it wishes to send atVhenk = O(v/logn), the lower bound and upper bound

A(n) bits/sec. Each node employs the same receiving ranig@tch exactly and the network capacity &(Wk, /o)
r(n) for each reception. Under these assumptions, we gib#s/sec.
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Fig. 3. Routing through cells in a random k-MPR wireless mekw Fig. 4. The flows served by cell C are classified into 4 catego(E, S, W,

N flows).

When k = Q(y/logn), the network capacity i§2(1W+/n) )
bits/sec. The capacity upper bound is presented as followsB- A Constructive Lower Bound
(1) Whenk = Q(y/logn) andk = O( logn ), network In this section, we will show that the upper bound in the

loglogn . . . . L . -
itv i L /—n_) bits/sec. previous section is tight by achieving it. For deriving the
capacty ISO(M; Yy fogn) Pits/sec ~achieved lower bound, we present the following lemma.
(2) Whenk = Q(;2E) andk = O(n), network capacity | emma 1:Supposek; = O(ks), C; is the capacity of

is O(W \/@) bits/sec. k1-MPR wireless networks( is the capacity ofk.-MPR
oglogn .
(3) Whenk = Q(n), network capacity iSO(_r—) wireless networks, thed; = O(Cy).
bits/sec. Proof: The k3-MPR wireless networks can imitatg-MPR
wireless networks by restricting,-MPR ability to £;-MPR
IV. CAPACITY OF ARBITRARY NETWORKS ability. Hence the capacity of,-MPR wireless networks is

o?t least the capacity df;-MPR wireless networks. Hence we

Firstly, we derive the upper bound for the capacity let the lemma. o

arbitraryk-MPR wireless networks in Section I¥- Secondly, ) )
in order to illustrate that the upper bound is tight, we give Noté that Lemma 1 applys in both arbitrary networks and

a constructive lower bound, which matches the upper bouf@ldom networks.

exactly, in Section I\VB. Theorem 2:The lower bound for the capacity of arbitrary
k-MPR wireless networks is presented as follows:
A. Upper Bound 1. Whenk = O(n), AnL = Q(W+kn) bit-meters/sec.

In an arbitraryk-MPR wireless network, we suppose the 2+ Whenk = Q(n), AnL = Q(Wn) bit-meters/sec.
whole network transports\nT" bits over 7' seconds. The  Proof: Whenk = o(n), we use the similar node deployment
average distance between the source and the destination aked in [1] to prove the result. The only difference is that at
bit is L meters. Consequently a capacity)ofL bit-meters/sec each transmitting location we pladenodes rather than only
is achieved. Under the network model we described in Sectiggploy one node. A receiver and its nearest transmitters
- A, we have the following theorem. form a transmitting group. There atetransmissions for each

Theorem 1:Under the protocol model, the upper bound fogroup. Whenk = ©(n), for construction we suppose that
the capacity\nL of arbitrary k-MPR wireless networks is » = k + 1 and there is only one transmitting group. The

presented as follows: result whenk = Q(n) can be deduced from the result when
1. Whenk = O(n), AnL = O(W+/kn) bit-meters/sec. k = O(n) by Lemma 1. Due to space constraint, we omit the
2. Whenk = Q(n), A\nL = O(Wn) bit-meters/sec. full proof. 0

Proof: When & is O(n), we use similar techniques used
in [1] to prove the result. There are two main differences in
our proof. Firstly, different from [1], thex nodes should be In arandonk-MPR wireless network, we suppose that each
grouped to utilize thek-MPR ability. Secondly, in [1], the node sends at(n) bits/sec to its destination. The highest value
disks centered at receivers should be disjoint and at ore tiof A(n) that can be supported by every source-destination pair
slot there is at most one transmission in each disk. In owith high probability is defined as the per-node throughgut o
proof, these disks are also disjoint but there are at ntostthe network. The traffic between a source-destination [gair i
transmissions in each disk. Whén= Q(n), since there are referred to as “flow”. Since there ane flows in total, the
not enough transmitters to further improve the throughing, network capacity is defined to be\(n). In Section VA, we
network capacity is at most the capacity when= ©(n), give a constructive lower bound for the capacity of random
which has been given. Due to space constraint, we omit theMPR wireless networks. In Section B¥; we give a loose
full proof. [ upper bound.

V. CAPACITY OF RANDOM NETWORKS



Fig. 5. Structure and its R-Cell and T-Cells in schedulingesoe Fig. 6. 1-Conflict Structures Fig. 7. 2-Conflict Structures

A. A Constructive Lower Bound we require the cell on the right side ¢f to serve this flow.

Hence in Fig. 3 the packets of flow-D should be firstly

In order to establlsh a lower boun_d, we construct a rout glayed from cell 1 to cell 2 and then be relayed from cell 2
scheme and a transmission scheduling scheme for any ran My 3

k-MPR wireless network. )
_ Node Assignment +or each flow served by a cell, we
1. Cell Construction select a node from the cell to serve this flow. According to

Utilizing the approach used in [9], we divide the surfac® Cell assignment scheme, the next hop for any flow must
of the unit torus into square cells, each of which has e within one of the four neighboring cells: the northern,

area ofa(n). We choose the receiving rangén) of each southern, eastern and Westg_rn neighbori.ng lceII. Each flow
node to be\/m. With this range, a node in one cell Car?ervgd by a cell can be classified by direction into one of'fo.ur
communicate with any node in its eight neighboring celi§ardinal categories. A served flow whose next hop is within
The area of each cell(n), should be carefully chosen tothe northern neighboring cell is called\aflow served by this

satisfy multiple constraints, which will be described tateC€ll- Similarly, we can definé, £, W flows served by a cell.
We seta(n) — mm(mm(lomogn k) (1oglogn)2)_ The first The examples ofV, S, 2 andW flows served by celC’ can

‘n logn : H
constraint is connectivity constraint. The cell sige:) should P€ found in Fig.4.
The node assignment scheme has two steps. In step one,

be large enough, say(n) > 100:%‘", to gurantee network e !
connectivity. The second constraint is used to gurantee tha® Source node and destination node of a flow are assigned

each node has at ledsheighbors to utilize thé-MPR ability. to serve the flow. In step two, we assign nodes to serve those
The cell size should be large enough, say,) > *, to ensure flows that pass through a cell. For each passing flow of a cell,
that each node has at Iedslneighbor’s. The_th?r,d constraintthe node, which has been assigned to the least number of flows

is to ensure that the network can at least accommodate Hdne Same category so far, is assigned to serve the flow. This

terminating flows of each node. The cell size should be chosdifiP evefnly d'lf't”bUtes ]Ehe flov;/]sﬂof each catego”ry among the
small enough, say,(n) < (1oi?§n>2 to satisfy this constraint. nodes of a cell. Hence for each flow category, all nodes serve

We will discuss the third constraint in detail in the disgoss N€&'1Yy the same number of flows. The node assigned to a flow

on the routing scheme. For construction, we use the follgwirflll Féceive packets from the assigned node in the previous

lemma to bound the number of nodes in each cell. This lemf§!! @nd send the received packets to the assigned node in the

has been proved in [11]. next cell. _
] S0logn ¢ h cell ha® We present the following lemma to bound the number of
Lemma 2:1f a(n) > ==,%%, then each cell ha®(na(n))  gqyrce-destination lines that pass through any cell. Enisria
nodes, with high probability.

Lo is proved in [9].
i 100 log . . . .
By construction, we gurantee thatn) > === for large | ayma 3:The number of source-destination lines passing

: . 100logn k log log n
n by settinga(n) = min(max( et )y (e )?). through any cell (including lines originating and termingt
Cogsequently, Lemma 2 holds and each cell Bdga(n)) in the cell) isO(n+/a(n)) with high probability.
nodes. From Lemma 2 and Lemma 3, we conclude that each node
2. Routing Scheme servesO(—~—) flows.
The routing scheme consists of two steps, cell assignmentAfter introducing the routing scheme, we discuss the third
and then node assignment. constraint for cell size. Because each node picks a destinat

ode randomly, a node may be the destination of multiple

Cell Assignment €ells are assigned to serve each flow g ws. Let D(n) be the maximum number of flows that have
the network. As shown in Fig. 3, packets of a flow are route ' (n). . .
the same destination node. We use the following lemma to

through the cells that lie along the straight line joining th . ) .

source and the destination node. For each intersected fcelP8undD(n)' This lemma is proved in [11].

a flow (source-destination line), we choose a node to relaylémma 4:The maximum number of flows for which a node
the traffic of this flow (we will describe the node assignmerif the network is a destinatio)(n), is 9(102’5)2”), with high
scheme later). We should consider a special case wherein Rr@oability.

line passes a grid point exactly, s&@y, in Fig. 3. In this case, Because each node should at least accommodate the




flows that have the node as destination, we should ensurdroof: To prove the theorem, we should satisfy each of the
L_ — Q(D(n)). Hence the cell size(n) should not exceed three requirements.
Vel Firstly, to satisfy th i t( hould g th
@((10g10gn)2)_ irstly, to sa isfy the requirement (1), we should ensu
logn the 1-conflict structures are scheduled in different stmect
3. Scheduling Transmissions slots. As shown in Fig. 6, cell 1 acts as RCell in the

d structure (the left structure) while it acts ag'&Cell in

. . I
The scheduling scheme aims to schedule each flow W{ﬁé green structure (the right structure). Hence red anengre

equal opportunity (i.e., all flows in a local region are SelrVestructures are 1-conflict structures with each other. Ingwiat

with same time slots) while satisfying the following conyesqeiation, the number of 1-conflict structures for acstme
straints. is a constant, say;, (in fact, it is four).
(1) A node cannot transmit and receive simultaneously, Secondly, as shown in Fig. 7, cell 2 acts ag-&ell in the
since each node has only chéMPR wireless interface. red structure (the lower left structure) while it acts d5-&ell
(2) A node cannot transmit to more than one receiveis the blue structure (the upper right structure). Hencerdioe
simultaneously. The reason is the same as that of camd blue structures are 2-conflict structures with eachrothe
straint (1). In our grid tessellation, the number of 2-conflict structufer
(3) Any two simultaneous transmissions should not interfea structure is constant, say, (in fact, it is eight).
with each other under the protocol model. Thirdly, we will satisfy the requirement (3). LéY; denote
(4) In order to utilizek-MPR ability, the transmissions for the number of interfering cells of each cell in a random 1-
the same receiver should be concurrent. MPR network (the cell tessellation is the same with that we

For scheduling transmissions, we define a new schedulifigScribed above). Lel, denote the number of interfering
unit “Structure”. In Fig. 5, the five cells surrounded by tieelr C€llS for €ach cell in a randoMPR network. LetV3 denote

line compose a structure. We call the centering cell rengivi the number of interfering_ structures of each structure in a
cell (R-Cell). Each of the four neighboring cells offaCell is Fandomk-MPR network. Since only th&-Cell of a structure
called transmitting cell T-Cell). For calculating the achievedC@n be interfered by other cells, we ha¥g < Ns. Since the
network capacity, we consider the transmission schedulifg!y difference between the protocol models of 1-MPR and

in one second. We divide one second into several big slodPR networks isk concurrent reception, we havé, < N;.

“Structure Slots”. Then we further divide each structuret s| Hénce we haveVs; < N;. [11] has shown thatV, is upper
into smaller slots, “Flow Slots”. bounded by a number, say;, which depends only om\.

We build a schedule using a two-layer process. The ﬁljélfance the number of 3-conflict structures for a structure is

/
layer is “Structure Layer” and the second layer is “FIO\/!FSS thares.

Layer”. On the structure layer, we schedule the structuigs w__ -€tting €ach structure denote a node, we build an inter-

structure slots to avoid conflicts and interferences be“we@rence graph. There is an edge between two nodes, if the

any two structures. On the flow layer, we schedule the iﬁprresponding two structures of the two nodes are i-conflict
dividual flows with flow slots. After illustrating the two lay Stuctures,l < i < 3, with each other. From the analysis
scheduling scheme, we will prove that the scheduling sche/fiigeve: we conclude that the maximum vertex degree of this

H / / /) / /
schedules each flow with equal opportunity while satisfyin:gterfer_enCe graph is at most-+c; +c3. Letd’ = ¢j +cp+c5.
the four constraints. Hence this scheme is feasible. ccording to [12], the interference graph can be vertexiea

with at most(c’ + 1) colors. Lettinge = ¢/ + 1, we get the
Structure Layer -On the structure layer, we schedule thgnaorem. .

structures satisfying the following requirements .
fying g red Flow Layer —On the flow layer, we build a two-phase
(1) In any structure slot, a cell cannot act as both-&ell scheme to schedule each flow served ByCell using the

and aR-Cell. _ k-MPR ability when a structure is scheduled for a structure
(2) In any structure slot, there is only odeCell for each sjot. To achieve the scheduling objective, flow layer scliadu
T-Cell. should ensure that each flow is served with equal number of

(3) In any structure slot, the transmissions of one strectufiow slots in a structure slot. To achieve this goal and to be
should not interfere with the transmissions of any othesasible, flow layer scheduling should satisfy the follogvin
structure under the protocol model. requirements.

Based on the three requirements, we introduce the definitio(d) In both phases, the number of concurrent receptions
of i-conflict structure 1 < i < 3. If structureA and B cannot cannot exceed the number of transmitters.
be scheduled in same structure slot due to requirement (iY2) Inthe second phase, the number of concurrent receptions
1 <4 < 3, we say that structurdl is ai-conflict structureof cannot exceed the number of flows each node serves.

structureB, gnd vice versa. Structurd and B are i-conflict We will show that these requirements are necessary condi-
structures with each other. tions for feasible flow layer scheduling later.

Theorem 3:Under the protocol model, there is a schedule Because of these requirements, we cannot always fully
such that in every structure slots, each structure in the tesseltilize the k-MPR ability and the feasible number of con-
lation gets one structure slot such that the three requimesmecurrent receptions cannot always beHence for flow layer
are satisfied where depends only or\. scheduling, we definey” as the feasible number of concurrent



receptions wherg < k. we prove that requirement (2) is a necessary condition for

First Phase —In this phase, each flow gets a flow slot tgeasi_ble flow Iay_er schedu_lin_g V\{it@ concurrent receptions. If
be transmitted from th&-Cell to the R-Cell. For each node '€quirement (2) is not satisfied,is larger than the number of
in the T-Cells, each of the served flows whose next hoﬁlé'-’WS each node serves in second phase. As a result, to gnake
are in theR-Cell is transmitted for one flow slot. Since wetoncurrent receptions feasible, some or all of the flowsezkrv
use multi-packet reception, the number of receivers is |e3¥ frée nodes are assigned more than one flow slot because
than the number of transmitters ( ideally, the ratio betwedhere are not enough flows for assigning each flow one flow
transmitters and receivers is when k-MPR ability is fully slot to fully useg concurrent receptions. However, each of

utilized). The other nodes iR-Cell do nothing in first phase. these flows is assigned only one flow slot in first phase and
By construction, we arbitrarily select a portion (this pont in each flow slot, a node sends at a data rate which is at most

which is dependent om, will be discussed later) of nodesWV bits/sec, so the maximum number of bits of each flow to

from each cell and use them as receivers when the cell aBgstransmitted in second phase is at mdst (length of flow

as aR-Cell in the first phase. We call these receivers of ${0t). Hence in order to keep flow conservation, in second
R-Cell in first phase “Busy Nodes” and call all of the othePhase, in all the assigned flow slots for each flow (including
nodes “Free Nodes”. In the first phase, busy nodes recel® added flow slots), the total number of transmitted bits of
transmissions on behalf of B-Cell. Additionally, the flows the flow cannot exceetd’ ( length of flow slot Consequently
served by free nodes but received by busy nodes in first ph&a@ 2dded flow slots due & concurrent receptions contribute
should be distributed uniformly among the busy nodes f&°thing to the capacity. Hencg concurrent receptions is
utilizing multi-packet reception in second phase. infeasible, which contradicts the assumption. O

Second Phase n this phase, each flow served by free We give the following theorem to justify the proposed two-

nodes is assigned a flow slot to be transmitted from busy nod@%e" scheduling scheme. . .
to free nodes using thie-MPR ability. The transmitters in this  Theorem 6:The proposed two-layer scheduling scheme is
phase are busy nodes. feasible and schedules each flow with equal opportunity.

Theorem 4:Using the two-phase flow layer scheduling, for Proof: As each cell can act either asfaCell or aT-Cell
a scheduled structure, each flow served by fh€ell can be @nd according to the routing scheme all the flows served by a

assigned one effective flow slot to be transmitted from tif€ll are from the four7-Cells, each flow in the network can
serving node in th@-Cell to the serving node in th&-Cell. Pe served. From Theorem 4, we conclude that each flow is

served with equal opportunity. Next, we prove that the sahem

into two cateqories. The first cateqory includes all the flo satisfies the four constraints to conclude that the scheme is
9 ' gory easible. Firstly, on the structure layer, a cell cannotlaith

served by the busy nodes of tiieCell. The second categoryas aR-Cell and act as &-Cell in any structure slot and on

includes all the flows served by free nodesiCell. For the tt}e flow layer, a node cannot both transmit and receive in

first category, each of the flows is assigned only one flow slo : . I
in the first phase. Hence each flow is transmitted from e flow slot, so constraint (1) is satisfied. Secondly, on the

serving node in the-Cell to the serving node in th&-Cell SFructure layer, there is only ore-Cell for eachl’-Cell in any

for one effective flow slot. For the second category, each (s)tfructure slotand on the flow layer, a transmitter has only on

. ) : : receiver in any flow slot, so constraint (2) is satisfied. dlyir
the flows is assigned two flow slots (one in the first phase an o
. ) . ' : n the structure layer, the transmissions of a structureado n
one in the second phase). Since in the first assigned flow s

0 . o
the flow is transmitted fron?-Cell to a temporary receiver, mEérfere with transmissions of any other structure unther t

the number of effective assigned flow slots is only one (ttPrOtOCOI model in any structure slot and on the flow layer,

. ) . at mostk flows are scheduled in any flow slot, so there is no
one assigned in second phase). Hence in flow layer schedulin

each of the flows served by the-Cell gets one effective flow iferference between any two transmissions under the gobto

slot to be transmitted from the serving node in fheCell to model and copstramt (3) is _sat|sf|ed. Fourthly,. on the flow
) . layer, g receptions of a receiver is scheduled in same flow
the serving node in th&-Cell.

) i U slot, so the constraint (4) is satisfied. Consequently wetget
After introducing the two-phase process, we present tigeorem. 0

following theorem to show that the two requirements are
necessary for feasible flow layer scheduling.

Theorem 5:1f flow layer scheduling withg concurrent re-  After introducing the whole scheduling scheme, we discuss

ceptions is feasible, then requirement (1) and (2) arefiatis the capacity lower bound for rando@MPR wireless net-
works. Recalling that each node sen@é—~—) flows, for

Proof: The flows served by thek-Cell can be classified

4. The achieved capacity lower bound

a(n

Proof: Firstly, we prove that requirement (1) is a necessafgquirement (2) of flow layer scheduling, we 1Sh0U.|d ensure

condition for feasible flow layer scheduling withconcurrent that the number of concurrent receptionsié ) in the
: X . Co Vva(n)

receptions. If requirement (1) is not satisfigdis larger than second phase.
the number of transmitters in the first or second phase. Hence .
we have not enough transmitters to fully ugeconcurrent ¢ at.hWhenk ? lo(V loin)’ Zjve have the following lemmas
receptions and flow layer scheduling wighconcurrent recep- or the capacity lower bound.
tions is infeasible, which contradicts the assumptiono8ély, Lemma 5:When k = O(y/logn), we can fully utilize k-




MPR ability and the number of concurrent receptionstis the number of transmitters. In second phase, the number of
transmitters is@(%(")) = O(y/na(n)), which has the same
Proof: To prove the lemma, we need to show that witlerder compared with the number of concurrent receptigns,
k concurrent receptions, the requirement (1) and (2) arEnce requirement (1) is satisfied. Sirice- O(y/n), we have
satisfied. Note that whei = O(y/logn) , the cell size g = ©(y/na(n)) = O( 1(n ) in the second phase. Hence

a(n) is 1%2°8" n first phase, it can be concluded oMy equirement (2) is satis?‘igd.) -
the node assignment scheme that the number of transmittergaSed on Lemma 7, we present the following lemma for the

is O(na(n)) = O(ogn) = Q(k). In second phase, the ) - B

number of transmitters (busy node@)(,”“é”)), isQ(k). Hence capacity lower bound wheh = )(ylogn) andk = O(v/n).
requirement (1) is satisfied. Sinde = O(yIogn), k is ~ Lemma8When k = Q(ylogn) and k = O(v/n),
O(—~—). Hence requirement (2) is satisfied. g nAn) = QWy/n) bits/sec.

va(n) . . .
Based on Lemma 5, we present the following lemma for Proof. Whenk = (X(vlogn) andk = O(y/n), the number

) f concurrent receptionsy, is ©(/na(n)). Substituting %
th ty | hen= O(\/Togn). 0
@ capacity lower bound when=O(vlog n) with ©(y/na(n)), using the similar techniques used in proof
bits/sec.
Proof: In the first phase, since the number of flows is c. Whenk = €(,/n), we have the following lemma for the

O(ny/a(n)) and the number of concurrent receptionskis capacity lower bound.

we needO(“Y™)) fiow slots to assign each flow one flow Lemma 9:Whenk = Q(y/n), nA(n) = Q(Wy/n) bits/sec.

slot. In the second phase, the number of flows to be redis-
tributed from busy nodes to free nodei§(£2)n/a(n)) = Proof: According to Lemma 1, wherk = Q(y/n), the

O(n+/a(n)), so we also need)(in‘/:(i")) flow slots to as- acﬂ'es\)'(edﬁocas)"“g% l;s_atol(e\?% tg:}qczih)'\?x?d_ cgfgf%)when
sign each flow one flow slot. Consequently, for flow layelgitg/sec ng1enk = Q?@) .and b O(ﬁ) when
scheduling, we nee@(@) flow slots to schedule the ;, _ Q(v/n), nA(n) = Q(W/n) bits/sec. ’ 0
flows served byR-Cell such that each flow is assigned one Based on Lemmas 6, 8 and 9, the capacity lower bound can
effective flow slot to be transmitted from the serving node iBe oresented as foIIow; '

T-Cell to the serving node iR-Cell. '

We divide one second intestructure slots and divide each Theorem 7:The lower bound for the capacity of random
ny/a(n) k-MPR wireless networks is as follows:

structure slot intaD(—~—) flow slots, each of which has a
length of¢)( \%) seconds. Since each node can transmitat1. When k& = O(vlogn), nA(n) = QAW /20)
the rat bits/sec, in each flow slofy(n) = Q(—kW bits/sec.

@ rate offy’ bits/sec, in each flow slod(n) (cn\/a(n)) 2. Whenk = Q(y/logn), nA(n) = Q(W/n) bits/sec.
bits can be transported. Hent¥ %) bits of each flow

can be transmitted in one second. According to Theorem 3
is a number dependent only @ Sincea(n) = 122" e
get the lemma.

B. Upper Bound

In this section, we give the upper bound for the capacity
of randomk-MPR wireless networks. The capacity of random

b. Whenk = Q(y/logn) and k = O(y/n), we have the k-MPR wireless networks is constrained by three constraints
following lemmas for the capacity lower bound. destination bottleneck constraint, general constraidtiater-

) B —— B ference constraint respectively. For each of these conttra
Lemma 7:When k = Q)(y/logn) andk = O(y/n), we can there is an upper bound for the network capacity. These upper

f:égg:%#:?gg}%_mis))abmty and the number of Concurrentbounds together define the upper bound for the capacity of
’ randomk-MPR wireless networks.
Proof: Note tf;at wherk: = Q(y/log n) andk = O(v/n), the  peagtination Bottleneck ConstraintFhe capacity of random
cell sizea(n) is ,, . Firstly, we prove that wheh = Q(vlogn)  1._MPR wireless networks is constrained by the data that can
and k = O(y/n), we cannot fully use the:-MPR ability e yeceived by a destination node. Using similar techniques

and the n_umt_)er of concurrent recepti0@s,cannot_ bek.. used in [11], we can get following upper bound for this
To see this, if the number of concurrent receptionskjs .,nstraint.

in second phase, the number of transmitters (busy nodes) is Wik loglog ny s
O(™n)y — (1) = O(k). Hence the number of concurrent 1. Whenk = O(n), nA(n) = O( 2108:%; =) b.|ts/sec.
receptions exceeds the number of transmitters, which con2. Whenk = Q(n), nA(n) = O(%) bits/sec.
tradicts requirement (1). Hence we cannot fully use khe  General Constraint —Since a randomk-MPR wireless
MPR ability. Secondly, we prove that we can partially usmetwork is a special kind of arbitrark-MPR wireless net-
the £-MPR ability and the number of concurrent receptionaork, the capacity upper bound for arbitrary networks i®als
is ©(y/na(n)). To see this, if the number of concurrentapplicable in randonk-MPR wireless networks. Because the
receptionsg, is ©(1/na(n)), in the first phase, it's easy to seedistance between the source and destination of a fl&\(19,
that the number of concurrent transmissions does not exceea have the following capacity upper bound.



1. Whenk = O(n), nA(n) = O(W+kn) bits/sec. Satisfying the destination bottleneck constraint, theegein
2. Whenk = Q(n), n\(n) = O(Wn) bits/sec. constraint and the interference constraint, we give a loose
Interference Constraint -Since we need to avoid theUpper bound. We see that this upper bound is loose by noting

interference, we present the upper bound for this constrathat in the deriving process of this upper bound, the receive
below. do not redistribute flows to more nodes for future transroissi

Theorem 8:To satisfy the interference constraint, the CaL_Jsing thek-MPR ability. Consequently, for later transmissions,

pacity of randomk-MPR wireless networks is bounded a here are_not enough transmitters to ut|I|z_e HMPR ability.
ence this upper bound cannot be achieved by any random

follows _ log 1 B - k-MPR wireless network in fact.
1. When k= O(ggigm) nAn) = OWk,/55) In summary, the main constraints for randéaMPR wire-
bits/sec. less networks to utilize thé&-MPR ability are the limited
2. Whenk = Q(lolg‘.’{ign) and & = O(n), nA(n) = number of transmitters and the limited number of flows each
oW logklggn) bits/sec. node serves. To address the first constraint, the receieed n
3. Whenk = Q(n), nA(n) = O(—%¥"_) bits/sec. to d|str|bqte the received flows to more node; for future
' Vioglogn transmissions. To address the second constraint, we should

Proof: To prove the theorem, we use similar techniquesssign more flows to each node (i.e., assign the same flow
used in [1]. Firstly, based on the area consuming obsenjatieto more nodes to balance the traffic load and improve the
we can bound the total data rate of the whole networkobustness of the network).

D;. Secondly, by lower bounding the number of hops for a
flow, we can lower bound the data rate served by the whole VIl. CONCLUSIONS

network, Dy, which is dependent on the receiving range). In this work, we study the capacities of both arbitrary

QbV'OUSIV' we haveD; < Dy. To make th? upper boundy,op wireless networks and random networks. We equip each
tight, we should ensure thqt the I’letWOI’K'IS connected aHBde in the network with on&-MPR wireless interface. Each
eaf:_h node hqs at least neighbors to utilize thek-MPR interface is able to decode at mdstoncurrent transmissions
ability. According to the results of [10], we can take th?/vithin its receiving range. Under these assumptions, we hav
receiving rangey(n) > /182 0818n to satisfy these shown that for arbitrary networks, wheén= O(n), there is
two requirements. Discussing the orderiofwe can get the a ©(v/k) capacity gain over 1-MPR wireless networks. When
theorem based on the inequatién < D;. Due to the space k = Q(n), the capacity of arbitrar-MPR wireless networks

constraint, we omit the full proof. 0 is ©(Wn) bit-meters/sec and the network is scalable. For

Because the first two upper bounds are loose compared wigidom networks, we give a constructive lower bound and
the third one, the third upper bound is the upper bound fan upper bound for the network capacity. We have shown that

the capacity of random-MPR wirelesss networks. even the lower bound has a capacity gaigf/log n) over 1-
MPR random wireless networks whéris large enough. From

these results, we conclude that the main constraints for the
capacity of randonk-MPR wireless networks are the limited

We analyze the derived results in this section. As shown ifymher of transmitters and the limited number of flows served
Section |V, the capacity of arbitrai-MPR wireless networks by each node.

becomes©(Wn) bit-meters/sec wherk = €(n), which
means the network is truly scala_ble. The main reasons for ACKNOWLEDGMENT
this scalable network are the arbitrary deployment of nodes

and arbitrary traffic pattern, which allow us to deploy nodes I NiS Work is supported by NSF China (No. 60573138,
and plan the traffic pattern properly in order to fully utdiz 60773091, 60702046, ~ 60832005); Natlonal_ Grand
the k-MPR ability. Fundamental Research 973 Program of China under

On the other hand. in randoiMPR wireless networks. Grant No.2006CB303000; China Ministry of Education
both the deployment of nodes and the traffic pattern offjo. 20070248095); Shanghai Jiaotong University Young
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the k-MPR ability better. Recalling our constructive procedur@%llsoomo)'
for the lower bound, wherk is small enough, sayk =

O(+/logn), the random network has enough transmitters and

flows to fully utilize the k-MPR ability so the capacity gain [1] P. Gupta and P. R. Kumar, “The Capacity of Wireless Networks”,
over 1-MPR networks is exact® (k). Whenk = Q(y/logn), IEEE Transaction on Information Theqryol. 46, no. 2, pp. 388-
since k is too large, there are not enough transmitters or 404 March 2000.

enough flows to fully utilize thé:-MPR ability. Consequently [2] P- Zhou, X. Wang and R. R. Rao, “Asymptotic Capacity of
Infrastructure Wireless Mesh NetworksJEEE Transaction on

we can only employ part of the-MPR ability and the capacity Mobile Computingvol. 7, no. 8, pp. 1011-1024, Aug. 2008.
gain of the lower bound over 1-MPR networks@g+/log n).

VI. DISCUSSIONS
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