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Abstract—We introduce a collaboration-driven approach tothe control. Also, SIC circuits with simple implementation and low
sharing of the available bandwidth in wireless ad hoc networks, complexity have been introduced recently [6], and code divi-
which we callopportunistic cooperationTransmissions are divided sion multiple access (CDMA) [7] and global positioning sys-

in frequency and codes according to nodal locations, and succes- . . .
sive interference cancellation (SIC) is used at receivers to allow tem (GPS) [8] technologies have been already integrated into a

them to decode and use all transmissions from strong interfer- Single 1C chip [9].
ing sources. We show that both the link’'s Shannon capacity and  In this paper, we present an integrated approach to coopera-
the per source-destination throughput scale like O(n ) (upper- tive bandwidth sharing in MANETSs and propose what we call
bound) and ©2[f(n)] (lower-bound), for n nodes in the network, & opportunistic cooperatioA We show that with opportunistic
path loss parametera > 2, and 1< f(n) <n. cooperation, nodes access the available channel(s) and forward
information across a MANET in such a way that concurrent
transmissions become useful at destinations or relays. Hence,
Communication protocols used in wireless ad hoc networkender-receiver pairs collaborate, rather than compete, with oth-
today are meant to support reliable communication amoegs. Therefore, a better network performance is possible.
senders and receivers that @a@mpetingwith one another for  Section Il summarizes the basic network model that has been
the use of the shared bandwidth. This “competition-drivenised recently to analyze the capacity of wireless networks [1],
view of bandwidth sharing has had profound implications 2], [3], [4], [10]. Section Il describes thepportunistic co-
network architectures and methods used to access the chaapetationimplementation. Section IV presents the the link's
and disseminate information. Gupta and Kumar [1] showeShannon capacity, the per source-destination throughput, and
that, in a wireless connected network with static nodes, tfige bandwidth requirement. Section V concludes the paper.
throughput for each node degrades as the number of nodes in-
creases under the competition-driven view of networking. That I
is, it scales a®(1/+/nlog(n)), * wheren is the number of
nodes in the network. The termcell denotes the set of nodes located inside a defined
Grossglauser and Tse [2] analyzed a two-hop, single-relagea of the network. Theeceiver rangeof a node is defined
forwarding scheme for MANETS in which a source passesas the radius, measured from the node, which contains all other
packet to a relay that in turn delivers it to the destination whemdes of the same cell. Tletusterassociated with a given node
the two nodes are close to each other. This and many sulisdhe set of cells reached by the receiver range of this node.
quent studies on how to make MANETS scale by using mobil- Our assumptions are consistent with prior work [1], [2], [10].
ity [2], [3], [4], consider each transmission as competing witAlso, in this paper, nodes are considered to have SIC capability.
all the other concurrent transmissions in the network. However,The modeling problem we address is that of a MANET in
because a relay cooperates with a source by storing the sourggitch n mobile nodes move in a unit square area. To simplify
packet until it is close enough to the intended destination, tbar analysis, we assume that cells have square shapes, each with
throughput of MANETS can be increaséd. area equal ta(n)= ﬁ, in which¢ € (0,1) is the cell area pa-
Recently, Toumpis and Goldsmith [5] have shown that the@meter of the network. We consider that the communication
capacity regions for ad hoc networks are significantly increasegcurs only among those nodes that are close enough (i.e., in
when multiple access schemes are combined with spatial regage cell), so that interference caused by farther nodes is low,
(i.e., multiple simultaneous transmissions), multihop routingllowing reliable communication. In other words, the receiver
(i.e., packet relaying), and SIC, even without performing powehooses the closest nodes because they present the best chan-
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I. INTRODUCTION

. NETWORK MODEL



multiuser diversity [11]. Our model resembles the one intrauency bands required (and available) to w2, to enable fre-
duced by Grossglauser and Tse [2], who consider a packegtency reuse while avoiding interference in the control chan-
be delivered from source to destination via one-time relayingnels from nearby cells. Each control frequency bandhas a

The position of node at timet is indicated byX;(¢). Nodes size of|w;| = Aw fori =1, ..., 12. Hence, the total bandwidth
move according to theniform mobility mode]3], in which the required for the control channelsdsoc = 12Aw (see Fig. 1).
steady-state distribution of the mobile nodes is uniform. The maximum number of cells in a cluster associated to a

Each node simultaneously transmits and receives data dgiren node is twelve. The number of cells and the cluster shape
ing a communication time period, through different frequencyre chosen such that if the receiver range has maximum value,
bands, since each data link is assumed half-duplex. This periggd, almost,/2a(n), then the receiver range reaches all these
of communication is called @emmunication sessiorfrurther- cells. Also, two cells employing the same control frequency
more, each session is divided into two parts. A neighbor discdyand are kept at leagt5a(n) units away from each other, i.e., a
ery protocol is used by nodes during the first part to obtain th&iafe guard-zone separation, thus guaranteeing asymptotic con-
neighbors information (e.g., node identification (ID)), and thstant non-zero signal-to-noise and interference ratio (SNIR) as
transmission of data is performed during the second part. Each— oo [4] in the control channel, making signaling feasible
node has a unique ID that does not change with time, and eagfu allowing control frequency reuse.
node can simultaneously be a source (or relay) while transmit-Every node is assumed to know its own position (but not the
ting and a destination (or relay) while receiving, during a seposition of any other node) by utilizing a GPS circuit [8], and
sion. Each source node picks a single arbitrary destinationtédstore a geographical map of the cells in the network with its

whom it sends packets. associated control frequencies. The GPS is also used to provide
an accurate common time reference to keep all nodes synchro-
I11. OPPORTUNISTICCOOPERATION nized.

In opportunistic cooperationmany nodes transmit concur- Each node uses the control channel receiver to listen to the
rently to many other neighbor nodes, and all such transmissiawntrol channel of the cell as well as to the other 11 control
are decoded. Thus, a node may concurrently send to and recelvannels, in order to obtain the IDs and training sequences of
from many nodes. Since full-duplex data communication in tlibe other nodes in its cell and in the cluster it perceives, while
same frequency band is not practical, we present an exampdg transmitting during the neighbor discovery phase.
of how opportunistic cooperatiorwan be implemented with a Data Channels: To allow code reuse in the data channels while
scheme based on frequency division multiple access (FDMfgducing the negative effects of interference, each cell is allo-
and CDMA that supports many-to-many communication.  cated a set of PN sequences (or codes) from the twelve differ-

ent code sets availabl€; to &2, for communication in each
A. Bandwidth Allocation data channel. Accordingly, each non-overlapping data chan-

We use two types of channel§ontrol channels are used bynel is a half-duplex link of bandwidtiA17. If A is the max-
nodes to obtain such information as the identities of strong iium number of nodes allowed to communicate in any cell,
terference sources, the data packets expected by destinatitrénAWp = AAW is the data bandwidth required for the en-
and the state of data channels (by virtue of training sequencdi® network and\/ = 124 distinct PN sequences are needed
Nodes employ conventional digital transceivers for the contrtsir local data communication} is also called the spreading
channels.Data channels are used to transmit data taking afctor (or processing gain). Alsd\WW = BM, whereB is the
vantage of SIC at the receivers. Thus, there are two separaitiginal data bandwidth before spreading [7].
transmitter (receiver) circuits in each node. One circuit is in- Because a PN sequence can be associated to a sequence
tended to transmit (receive) control packets, and the otherois bits [7], they can be ordered and grouped as follows.

used to transmit (receive) data packets. & = {C01,....,C4}, & = {Cas1,.,Coa}, oy &12 =
{C11441,---,C124}, In which C; stands for theit” PN se-
AWiorar = AWD + Awe quence (or code). In this way, any set of twelve cells, num-
AWp = AAW bered from 1 to 12, has a different set of codes. Therefore, by
code AW AW construction, the cluster seen by any node is composed of cells
W, Wa having distinct numbers, and consequently, different codes.
Ao = 1280 [ ~ As we discuss in Section IlI-B, the signaling in the control
channel provides each node in a ceknowledge of who the
code M code M other nodes in this same cell are, and the node uses this infor-
o %: s mation to choose a date_l channel to receivg data, as well as to
taree - o2 gz | femeny  Selecta code for transmission from the available PN sequences
td% ool ool in &; based on its own and neighbor IDs, in the following ofder
(i) The node with the highest ID in cellis associated with the
time” control data data channeAW centered atV, as well as it is assigned the
channels channels

first PN sequence ig;. (i) The node with the second highest

Fig. 1. Data and control channels spectra for the network. . . . .
g P ID in cell 7 is associated with the data chanagl centered at

Control (or Signaling) Channels: Each cell is allocated a con-
trol frequency band from twelve non-overlapping control fre- “For simplicity, we indicatéV; as the data channel associated to npde



Wy, as well as it is assigned the second PN sequengge and mini-slot ¢ to transmit their control packets. L&, .. be the
this continues for all nodes in cell (iii) The data channels not maximum number of nodes in any cell. The probability of col-
utilized become idle in cell. It happens in those cells wherelision P, is given by
the number of nodes is less thdn 1\ Zmaz  Z 1\ Zmas—1
| . — - > — _ _ 4L __ ZLmax —_ =
Attime t, each cell hag nodes such that the data commum[—P>C P{Zi22}=1-(-y) 3 (1 —x) > (@)

cation isZ-to-Z, i.e., many-to-many communications (see F'QNhere it can be shown that,,,, = [ 3log(n) 1 [13]. The

2), whereZ is a random variable. Each node employs a multi- ) log(log(n?))
user transmitter DS-CDMA [7] (i.e., it transmits up ®— 1 criterion used to choos¥ is as follows. We calculaté/ such

simultaneous data packets per session in which, due to FDMRA2! there is no collision with probabilit)l/ a(pl)pr(o?)chihgm -
H HH og(log(n
each packet is sent through a different data channel, as illas- for example, with probability> 1 — =522, From (1),

trated in Fig. 2(downlink)), spreading the data using the PN, <1 — (1 — %)Zﬂw Accordingly, we choose
sequence associated to its ID. The node can transmit a differ-

ent data packet in each channel or choose to send the same data Pe<1-—(1-4)"" < %
packet in all (non-idle) channels, or a combination of both, de- !

pending on the fact that the node has packet for any destinatiea> N > Hl (1 — %) zr} -‘ = Nopins (2)
in the same cell it is located. Thus, multi-copies of the same

packet can be simultaneously relayed to reduce delay [4]. j, ypichy [«] stands for the ceil function (i.e., the smallest inte-

Given that each node is endowed with a multi-user detector, greater than or equal 19, andA,,;,, is the actual value to
(the SIC circuit) for its associated receiving data channel, it implemented foiV. Thus ,we ha\gn

able to decode th& — 1 simultaneous transmissions from all

_ 1 isc
nodes in its cell (see Fig. 2(uplink)). T= phee (3)
(downlink) 3 (uplink) Data packet forwarding consists of two phases [2], [4]: The
V1G5 1 10 Wi G node packet is transmitted from the source to possibly several relay
&@?2 . 205~ ] _ nodes during?hase 1(i.e., multi-copies can be forwarded), and
: (except]) | (exceptj) : / Multi-user . . . .
RN 3 20T,y receiver it is delivered later to its destination by only one of the relay
(nodes) | (nodes) nodes duringPhase 2 Both phases occur concurrently, but

Fig. 2. Downlink and uplink description for data channels in a cell. CommiPhase 2has priority in all communications. These multiple

nication isZ-to-Z (i.e., many-to-many). one-time relays for the same packet provide better delay per-
formance since the copies of the same packet follow different
B. Channel Access and Data Packet Forwarding random routes, looking for the destination, reducing delay [4].

A detailed description of channel access can be found in [1@

) ; o ) . ! Interference in a Data Channel
and Fig. 3 provides its time series representation. Atthoudh the nod hronized. dat et
The nodes in each cell use the “neighbor discovepy.. ough the nodes are synchronized, dala packets are re-

time to find their neighbors (i.e., to obtain their IDs) and thﬁe'ved ?t a g|ver;]node agy_nchror:jousBIy d_ge toftf:je_ dlﬁe;frent dis-
period for transmission of data,;, to send informationt ;.. tances from each transmitting node. Besides, fading effects can

andtg.:, are constant and independent of the number of noa‘%@p“fy the asynchronous nature of packet _repeptpn. Thus,
in the network ). Together, they compose a “communicatiofVe" if the codes are orthogonal, they exhibit partial cross-
session.” The common time reference for communication S&Q_rrelation at the receiver, which results in multiple access in-

sions is obtained through the GPS circuig; . is subdivided ter_frehrer_lcte (]!V'Al) [7]'. the data ch | at ” di
into N slots, each of lengtii’. Each time the discovery pe- € interierence 1n the data channel at a npaeegarding

nodes transmitting to nodg throughV;, is defined as the sig-
. communication sessions nals coming from all transmitting nodes in the network, Wi,
o i j o except nodé. It can be decomposed in the following two types.
- Destructive Interference (DEffor the nodej comes from

1leeeli ke In \ nodes, transmitting ifl’;, outside the receiver range pfDET
L : constitutes the part of the interference that will not be decoded.
T time Constructive Interference (COtpmes from nodes, transmit-
control packets deta packet ting in W;, within the receiver range of. By construction

) ) , ) ) (see Section IlI-A), the nodes within the receiver rangeg,of
Fig. 3. Time series representation of control and data packgts. is the . . . o .
neighbor discovery phasé.,: is the time period for transmission of data.transm'thg 'nWj’ use different codes eXh'b|t'ng partla] Cross-
taise PlUStaze fOrm a communication session. correlation due to the asynchronous nature of the uplink chan-
riod is about to begin, each node randomly chooses one of tied [7]. COI constitutes the decodable part of the interference.
T mini-slots and transmits its control packet. If there is no col- If node transmits data tg at timet, via W;, the SNIR at
lision, i.e., if the other nodes in the same cell choose differetiite receiverj, without SIC, is given by (4) [2], whereange
mini-slots to transmit, then all the other nodes in the cell wifl is the set of nodes transmitting ; and reached by the re-
receive this packet. A collision happens every time two or mogeiver range of nodg, C; is the PN sequence used by sender
nodes in the same cell choose to_ transmit in the same m_lnl-sloi.k, ¢ range means the nodes outside the receiver range of gddesmit-
Let Z; be the number of nodes in the same cell choosing they in ;.



SNIR = Pij(t)gi;(t) . (@)
Not+ar Z"E“”’Jf Pej(t)gr;(t) + 27 Zkg range Prj(t) gk (t) + Zkgmge Pij(t)g; (t)
k i

Cr=C;

CcoI DEI

nodei, P;;(t) = P V(i,7) is the transmit power chosen bythrough the control channels allow to obtain a local estimation
nodes to transmit to nodg (i.e., P;;(t) is constant for all pair of the wireless channel. Thus, with the simple path propaga-
(4¢,7)), 9i;(t) is the channel path gain from nodeo j, B is tion model assumed, the strongest signal decoded first comes
the original bandwidth of the data signal (before spreadindjpm the closest neighbor to nogiénot necessarily in the same
BN, is the noise power (wherd/, is the noise power spec-cell of j but in the cluster it perceives), while the weakest (de-
tral density), M is the spreading facto’OI and DEI are coded last) is the farthest node to ngdan the cell nodej is

the total interference ifV; at nodej. The summation terms located. LetM AI’ be the remaining multiple access interfer-

in the denominator of (4) containing the factbfM consti- ence at nodg after applying SIC up to nodgi.e.,

tute the multiple access interferencel A7) [7], and the last ;1

summation term (without the factdr/M) is consequence of MAI = 37 Z””fj“f”’ Pij(t)gk; (2). ®)

code reuse in the network and we calsame code interfer- .
Therefore, the resulting SNIR (callefiVI R’) from nodei
ence(SCI). Thus,SCT = E’“e”"c“PM( Jgwi (1), such that, to nodej after applying SIC is given by

MAI + SCI = COI + DEI. MAI andSCI presentations , ()15 (1)
are easier for calculating SNIR as explained later. SNIR = gy {arai+scr- (6)

The channel path gaig; is assumed to be a function of the Ngte that, depending on the position of the ngdét may
distance only (i.e., the S|mple path propagatlon model) [1], [#}ave nodes transmitting from adjacent cells closer than a far
therefore,gi; (1) = = = f‘](t)’ in whicha is the  poge in the same cell. Thereforehas to be able to decode the
path loss parameter, amg»(t) is the distance betweérand;j. data signals from these adjacent cell nodes before decoding the

) . signal from the far node of the same cell. This explains why
D. Hybrid FDMA/CDMA Data Transceiver each node also needs to obtain the training sequences from the

From Fig. 4(a) (see also Fig 2(downlink)), theother nodes located outside its cell but still within its receiver
FDMA/CDMA data transmitter in nodej selects packets range. The receiver uses the information obtained during the
previously relayed to nodg which have their destination neighbor discovery phase to retain the data packets from nodes
nodes present in the same cell, spread the data using ithéhe same cell ag, dropping the outside cell packets since
codeC; assigned to nodg, and transmits each one of themmode; cannot keep track of all nodes in adjacent cells to see if
through each different frequencies associated to each distithit packet is for relaying or destination.
destination node. If the node assigned to a data channel is not
a destination for a relayed packet, then the transmitter selectsa  IV. CAPACITY AND BANDWIDTH ANALYSIS

new packet generated locally by nogle A. Link's Shannon Capacity
(a) TRANSMITTER The link’'s Shannon capaciti;; in the data channél’;, in
butfers o dstination Clj ﬁl cos(W1t) ) which nodej receives from node, after; applying SIC up to
. P . or*\;f;@g@ v%}-‘ nodei, from (6), is given (in units of nats) by [14]
€ =| L (ereept)e . . . K ~§
E : . s (excepty)  (excepti) s (excepty)e (+)—— Rz‘j =B log(l + SNIR/) B log(l —+ %) (7)
\:ET@)wj o
el CT f From [12], the total remaining interference after SIC at node
UG § YPe(Wan j is upper-bounded by
(b) RECEIVER 2 MAI' 4+ SCI < % +cn?, (8)
cos(W;t) @ BPFatw; correlators selector

@ wherec; andc, are positive constants.

w le, . seect | 6 If we consider the expansioB = f(n) of the original data
{“’12 : bandwidth, such that < f(n) < n#, then, a lower-bound for
s R;; can be obtained by using the maximum interference. Thus,
NE from (7) and (8), the corresponding link’s Shannon capacity
lower-bound as: — oo, for nodej receiving from node, is

control
channels

» fe, obtained by
Fig. 4. Hybrid FDMA/CDMA data transceiver scheme for nofle (a) cand
FDMA/CDMA transmitter. (b) CDMA successive interference cancellation re- Rv] > f( )log 1+ 2 3 ] =¢a f(n), (9)
ceiver. F()No+ = +ean 2

The basic decoding scheme of the CDMA-SIC data receiver
scheme is given in Fig. 4(b) (see also Fig. 2(uplink)), in which "—ey
the decoding is performed successively from the strongest sig-which c¢3 andc, are positive constantdn (9), interference
nal to the weakest. The use of training sequences obtairdaminates noise for the bandwidth expansiod B < n%.



On the other hand, if we consider a scenario such that th&e Bandwidth Scalability
is no limitation on available bandwidth, then we can obtain an The total bandwidth requirement\{V;...;) for the entire
upper-bound forz;;. Accordingly, from (7), network has two components (see Fig. 1). One from the control
channels Aw¢), and the other from the data channeld{’p).
(10) From (2) and (3), and noting th&iw in each control channel
equal2/T', due to the Nyquist rate, it results that

Jpp— C3
Rij = Blog <1+ BNo 4 1 (MAI'+SCI) |
n2 n2

Now, from (8) and (10), and by taking > csn%, for some
positive constant; andn sufficiently large, it results that QAN
Awe=="min = @
— (MAI' + SCI) < § ¢y < B5e. (12) taise
Thus, the termB—]%Vo becomes dominant in the denominator of
(10) whenB > csn% andn — oo. From (10) and (11), for |
B > csn?, we have the following upper-bound for the link’s
Shannon capacity as— oo

-1

1
1— (1 _ bg(log(n)))[mq . (15)

log(n)

From Section IIl-A,AW = BM = 12AB [7]. Thus, the
andwidth scalability in each data channel associated to the
upper- and lower-bound capacity is given respectively by
) AW =Q(n?) and AW = O[f(n)], (16)

CeNn?2,

c3
MAI'+SCI)

(12)  wherel < f(n) < n®.
The total bandwidth for the entire network is obtained by

i ) , L e , ) ) AWiotat = AWp + Awe = AAW + Awe, a7
in which ¢q4 is a positive constantlere, noise dominates inter- ]
ference due to the large bandwidth expansion. whereAW andAwc are given above.

ThL{s3 (9) and (12) descn_be tvyo limiting cases. Th_e formeris V. CONCLUSIONS
the minimum capacity attained if we use the bandwidth expan- ) _
sionl < B < n%. The latter is the maximum capacity reach- !t Was shown that we can obtain Shannon capacity and per
able if the available bandwidth is large such tiat> csn?. source-de_stlngtlon throughput increasing with the_ total ngr_nber
Note that any increase iB beyondcsn? will not change the of nodesn in wireless ad hoc ngtworks, b.y employing mobll.lty,
order of the upper-bound of the capacity. FDMA/CDMA, SIC, and one-time relaying of packets taking
L advantage of opportunistic cooperation among nodes. Accord-
B. Per Source-Destination Throughput ingly, interference from close neighbors is no longer harmful,

From Section I1I-B, each node accesses the data channebgt rather endowed with valuable data that we can take advan-
a constant raté = ;44— with probability approaching 1 tage of. This technique also allows for code reuse and reduces
asn — oo, such that each source sends one packet per sesgighhandwidth scalability of the network. In addition, because
to its destination. Each node is guaranteed, in each data Cr}%@ﬂti_copy relaying of packets is employed, the delay perfor-

nel, a communication rate dt;; lower- and upper-bounded by mance is improved and follows the description given in [4].
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