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. SUMMARY considered for medium range sensor networks with lower

) . . . transfer rates [2].
Ultra Wide Band technology (UWB) has received increasing  ~oniral problem in UWB networks is the joint opti-

recognition in recent years for it; p(_)tential applications be.yorPHization of transmission power and transmission rates for
radar technology to communication _networks. UwB 'S Bctive links. The joint rate and power assignment problem in
spread spectrum technology that requires careful coordinat W8 involves complex tradeoffs between fair rate assignment

among communicating nodes to jointly control link POWeL . vork efficiency, and Quality of Service (QoS). A high

?Anedd?L?:Téfj'sznéiﬁféﬂaib\gve r%rtf)iirl]tfctjr-msvcg ;nva?iacﬁtfy&mer link may achieve high transmission rates, but it also
nodes periodically declare theircFl)Jrrent state, so that neighb(:?lsuses hlgh _mterference which limits the rate avallablg o
can proactively assign power and rate vaIL,Ies for new "néelghbormg_ links. On_ the o'gher hand, a low power link
locally in order to optimize global network performance. Sim:- omot.es.falr access to the wireless medium bL.jt yields Iow_er

: ) . "~ transmission rates. Thus, nodes must collaboratively determine
ulations comparing U-MAC to the reactive approach confir

. e optimal rate and power values for new links in the network.

that U-MAC lowers link setup latency and control overhea : . .
) ' Another important consideration for rate and power as-
doubles the throughput and adapts better to high netwark b P

. . : ignments in UWB networks is fair access among nodes at
loads. Simulations also reveal that the_ basic form of U-MA ifferent distances from a common receiver, especiallpdn
favors nodes that are closer to the receiver. As a result, we

SO : . . ;
: . . oc networks with dynamic topologies. An inherent property
mtrogiuce r_loyel mgchamsms that control Fhe radius argun Pwireless communications is that transmission rates drop
receiver within which nodes can have fair access to it.

. . . ith increasing distance. This effect is even more pronounced
show through simulations the effect of the mechanisms on the 9 P

tradeoff between network throuahout and fair in" UWB communications, where the strong correlation of
adeolt between netwo oughput a air access. transmission rates with multiuser interference levels further
Index Terms—Ultra Wide Band, Medium Access Control,

Proactive Protocols, Quality of Service, Ad Hoc Networks, Sensor increases the impact of relative distances on transmission rates.
Networks. This impact may be unsuitable for applications that require all
the network nodes to have fair access to the medium regardless
of distance. The fair access requirement in such applications
Il. INTRODUCTION imposes an additional constraint on the choice of transmission

Ultra Wide Band technology (UWB) is a spread spectrurﬂower'

technology that is based on the modulation of short nanosec-SO far, UWB research has been primarily confined to the

ond low power pulses. This technology has been used for raHﬁ’reStigatio,n of the behavior of the physical layer [3,4]. Re-
applications for over half a century. In recent years, UWB h garch at higher layers of the network stack has been somewhat

received increasing recognition for its applicability to short t mited. Previous research proposals for higher layers consid-

medium range communication networks because of desirasfgd an underlying Radio Frequency (RF) physical layer, so

features such as high data rates, low power consumptigﬁOSt of these proposals are not suitable for UWB networks.

precise ranging capabilities, resistance to multi-path fadiné%%r |ns|t(anccj:e, the emstma W|reledss fl\/lA\?vé)rotocolsk[Sl for. RF
and penetration of dense objects. UWB is currently a candid fworks do not meet the need of U networks for joint

technology for short range high transfer rate applicatior’i@tecanOI pOV\I/er_Ic:;1hSS|gnrr]nent,bhence the need for ne\(/jv U\?/B
such the simultaneous transfer of multiple video streams i protocols. There have been recent altempls 1o develop

Wireless Personal Area Network (WPAN) [1]. It is also bein echanisms for U\,NB networks at th? MAC layer. The work
n [6] proposes a simple reactive multiple access protocol that
This is a preprint of an article accepted for publication in Wirelesgefmes thef handSha!('ng procedure to establish a neW_ I”?k'
Communications and Mobile Computing Journal, Special Issue on UWBhe work in [7,8] discusses a protocol that uses periodic

Communicationg©2003 Wiley _ state updates to allow nodes to jointly assign rate and power
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2111 Here, we propose a new MAC protocol U-MAC (Ultra



wideband MAC) that jointly assigns rate and power values/nchronization among nodes in ad hoc UWB network

in UWB networks, and reduces the control messaging aneuires excessive signalling overhead, which is a waste of

latency required for link establishment. To ensure collabealuable battery resources in mobile nodes. Consequently, it

ration among nodes, U-MAC requires nodes to periodicallg more realistic to assume that only each sender and receiver

announce their state information in hello messages, so that #imgt share a link are synchronized. This assumption may lead

node can locally select appropriate rate and power values forcollisions of some monocycles among different links.

a link request without polling neighbors. In U-MAC, the hello The impact of monocycle collisions due to the lack of global

message period adapts to the stability of network state, to aveihchronization is reduced by sending multiple pulses for each

sending frequent updates unnecessarily. U-MAC also providggnbol at the source as a form of forward error correction, so

a mechanism to adjust the radius around a receiver withimat collisions contribute only to mutual interference. Provided

which all nodes get fair access to the receiver. Furthermotbat proper quality margins are set, collisions only reduce

the protocol's framework supports the future integration afignal quality and do not affect correct reception of data at

multi-hop links [9], which limits the impact of distance onthe receiver.

fairness and the internode interference. The binary bit rate of arl/-ary PPM UWB signal is given
Within the emerging UWB MAC framework, the main novelby the following expression [10]:

contributions of this work are:

o The introduction of adaptive periods for hello messages
in an UWB network so that control message overhead

Ry ZOQQM (2)

: ~ TyNs
L Both Ty and M are difficult to modify in an UWB system.
minimized / ; o i ;
. . . C}QangmgM for different transmissions is undesirable for
« A comparative assessment with the reactive approac s . it lead . head
regarding control overhead, link setup latency networ%(_)mmunlcatlon s_ystems since it leads tq processing overnead.
' ' imilarly, modifying 7y for each transmission increases the

throughput and adaptability . . complexity of the hardware design of the system. Thus, the
« The development of mechanisms that promote fair access . .
; Simplest way to adjusf, is to vary the value ofNg. The
among nodes in an UWB network : . . .
only requirement for allowing differentVg values is that

The remainder of the paper is organized as follows. S8 receiver of each link must integrate the correct number

tion 1l reviews the fundamental concepts in UWB radio, angf pulses for each symbol received on that link. A protocol

provides the framework upon which we design U-MAC. SeGp ¢ is adaptive to network behavior should va¥y based
tion IV introduces U-MAC, and explains the mechanisms ang, jnterference levels in the network. More specifically, high

features that characterize this protocol. Section IV presents fig, terence levels increase the probability of pulse collisions,
simulation results for U-MAC. Section VI discusses U-MAthiCh requires more pulses per symbol

in light of existing literature and future research directions. adopt the framework of Cuomo et al. [6] for an UWB

radio resource sharing model that assumes continuous values
o for R,. The framework considers that a new link request
A. UWB Principles arrives when there aréV pairs of communicating UWB
Recently, UWB radio has received increasing recognitiderminals, with each pair consisting of one transmitter and one
for its applicability to multiuser wireless communication netreceiver. Each pair of sender and receiver are synchronized to
works. UWB radio relies on periodic sequences of short suthve TH code of their common link, and both background and
nanosecond pulses (referred to as monocycles) for data trdd®/B noise impact the SNR of UWB links. Consequently, the
mission. The short duration of UWB pulses yields a low powe3NR at the receiver of thg” link is:
spectrally wide signal. In a single sender/receiver environment, SNER P
|E:1> commor?.modulatlon. technique uged with UWB radio is ¢ R;PLyi(1; + Tyo? szv:l’k# Pigri)
ulse Position Modulation (PPM), which encodes symbols by
shifting the monocycles according to the following expressiowhere P; is the power of the” transmitter,R; is the binary

I11. UWB N ETWORK PRINCIPLES

®)

o Ns—1 bit rate of thei” link, »; is the background noise energy
s(t) = g(t — §T; — byr 1) plus interference from non-UWB spurces at recem‘geP_Lij
0 i;@ ; ( r = bim) is the path loss from theé'” transmitter to thej*” receiver,

gri is the path gain from thek!" transmitter to theit”
receiver, anar? is a parameter depending on the shape of the
?‘nonocycle. Common values for the above parameters are [4]:
Ty = 100ns; 02 = 1.9966 x 10~3; andn = 2.568 x 10721V 2s;

ith a pulse duration of 0.75ns.

wheres(t) is the transmitted signadi(t) is the pulse, and’,
is the frame time.N, is the number of pulses that encod
each symbol, and the sequengeencodes the information
bits. Win and Scholtz [4] have proposed a multiuser acc
scheme for UWB using time-hopping (TH) codes. TH codes
accommodate multiple users by further shifting the pylge B. UWB Traffic Classes
according to one of many chipping codes. Consequently, UWB . _ )
radio has potential for supporting multiple users within the W& consider two traffic classes for UWB networks, in
same frequency and spatial channel. accordance with the specifications of the European Whyless
m a.centralized UWB network, the base Stationlcomd Senlehis concept is similar to increasing the processing gain in CDMA
periodic beacons to allow nodes to stay synchronized. Glokgdtems.



Project [6,11,12], to address the requirements of different
application types: (1) Reserved Bandwidth (RB); and (2) oo
Dynamic Bandwidth (DB).

The RB traffic class is geared towards continuous, real-time
or multimedia traffic, since it requires quality guarantees prior | | |
to establishing a link. The continuous nature of traffic that — Hello Power and vargins
exploits the RB traffic class requires that the link rate remain Messeae® | | ssianments
constant throughout the lifetime of the link. | | |

DB traffic does not offer any rate guarantees and is thus | | | | | |
suitable for best-effort data, such as internet traffic. As the eirarchy wops | | e o | | swr || ws
name implies, the rate of a link is dynamic and elastic, and I |
depends on the number of other active DB links and on
interference levels in the network. For instance, if the traffic | |
load in a network is low, then individual DB links may use | cewaizes || oisuioued || wyori Sigte || o
higher rates.

In short, the goal of RB traffic is to offer a certain quality
of service for the sepdgr under varying ngtwork cond'|t|'on§-rg_ 1. Protocol Overview
The goal of DB traffic is to provide adaptive and efficient
overall network behavior for asynchronous data, and to ensure
a constant interference level of bursty traffic by modifying\ithough increasing the transmission power maintains link

rates of all DB channels dynamically. quality and transmission rate, it degrades the quality of neigh-
boring links which may require additional power or rate adjust-

IV. U-MAC ProTocoL ments in the network. Furthermore, the FCC has imposed tight
A. Problem Definition limits on UWB emissions [14], so increasing transmission

U-MAC addresses the joint rate and power assignmep@Wer to maintain quality is impractical. Alternatively, the
problem for UWB links for both RB and DB traffic. In generalink transmission rates can be lowered to maintain quality
each node in the network is the receiver for a certain numdBr'esponse to increasing interference. This option does not
of communication links. Based on the quality requiremenf§auire reconfiguration of neighboring links, but it leads to
of its currently active links, the node can tolerate a finitdefficient use of the medium and may cause quality violations
amount of additional interference, referred to as maximufhthe link carries RB traffic. Thus, U-MAC allows reducing
sustainable interference (MSI) [13]. The MSI at each nod&k transmission rates only for DB traffic. Finally, providing
must be efficiently and fairly divided up between RB and p@uality margins avoids both rate and power adjustments of any
traffic and among links of each traffic class. active links, which suits RB links. The drawback of quality

Initially, each node's resources are split evenly betwedRargins is that they also lead to less than optimal medium
RB and DB traffic. As a node starts receiving link requestfilization.
the MSI portion allocated to each traffic type can adapt to U-MAC adopts Signal to Noise Ratio (SNR) as the main
the relative number of links in each traffic class. In generdink signal quality metric. The SNR of a new link must have
at any point in time, each node allocates a portionf its Some margin above the minimum acceptable SNR for the
MSI to DB traffic, and the remaining portiofi — \) to RB link. In U-MAC, the parametey. determines the size of SNR
traffic, where) is less than one. Section IV-F provides a mor@uality margin of links (see equations 7 and 9 below). The

detailed discussion of an MSI allocation technigue that avoiy!ue of u could be static or adaptive to the spatial distribution
starvation. of nodes, the traffic load, and the lifetime of the link. The

From the transmitting node’s perspective, the Cha”enge r%st of the discussion assumes that source nodes set the SNR

selecting rates and power levels for new links that adhere frgin u statically for simplicity.
the M ST states of it's neighbors. The generic relation between
link quality, transmission rate, and transmission power is: g protocol Overview

Power ) 4) Figure 1 illustrates our vision of the complete U-MAC

Quality a (=————
Rate x Noise protocol. Here, we present a protocol that covers both RB and
During the lifetime of the link, new communication links mayDB traffic for a single hop distributed topology. The discussion
cause the noise to increase, which subsequently causes qu#dity distributed topology could easily apply to the centralized
degradation of the link. Avoiding quality degradation can ber hybrid topology, since the distributed case is inherently

achieved in several ways: more complex in nature. Furthermore, a single hop topology
1) Increasing transmission power could be extended to a multi-hop topology through the use of
2) Decreasing transmission rate a global cost function to enable multi-hop links [9].

3) Providing a quality margin above the minimum quality The main design goals of U-MAC are to jointly optimize
requirement initially so that when new links are set upate and power values in the network to achieve fairness, max-
the link can tolerate additional interference imize throughput, and minimize latency and control overhead.



m () = C. Topology

Neighbor Sender Receiver U-MAC supports a hybrid multi-hop topology, which pro-
vides a node with flexibility in switching between centralized
/ RTS mode when an access point is available,agk hoc mode
when an access point is not reachable. To determine its current
mode of operation, a node monitors a dedicated hello message
channel. Whenever it detects any access point hello messages,
NCTS e (or NOTS) it switches to centralized mode. The node must hear access

point hello messages periodically; otherwise, it switches to
/m distributed mode. The remainder of the discussion in this
section focuses on the case of distributed mode in a single hop

topology. U-MAC can easily be extended to support multi-hop
links through a global cost function that quantifies link costs
RTS: Request to Send in order to determine optimal routes [9].

D. Hello Messages

U-MAC requires nodes to advertise their local states pe-
riodically through hello messages [15], which provides for
Fig. 2. Control Message Exchanges quick and appropriate rate and power assignments in the
network. Note that although hello messages are periodic for
one node, they are asynchronous among different nodes in the
network, which helps avoid hello message interference from
To achieve these goals, U-MAC adopts a proactive approadifferent nodes. Many factors contribute to avoiding several
in reporting state information. simultaneous transmissions of hello messages:

« Because the hello message period in each node depends

NCTS: Not Clear to Send

.Rate and power assignments in U-MAC occur at the source on the node’s stability, hello periods are not the same
prior to sending any control messages. To enable local as- across nodes
i'gin?: nrtsvsliiht?r? |Sr ert]dter,inafmr;o?iei fhir'Od'ﬁﬂlﬁl u;r)r:jate the|r. Clock skews contribute favorably to collision avoidance
Be ga 0 Sfr n? hsl?em ormatio m Ol;g ; elo in(tasrsfa?er?. in hello messages of nodes that have the same hello
pecause lreque €llo messages may Increase Interierence message period and that enter the network at the same
in the network, hello message periods always adapt to the

. . . time.
stability of network state (see Section IV-D). Thus, a highly « The transmission time of hello messages is much shorter

stab!e node sends hello messages rgrely, while a hl_ghly dy- than typical hello message periods which further reduces
namic node frequently updates its neighbors about its state. the chances of collisions

Every node collects and stores each of its neighbors’ mo tII imolicitl i d ith ing inf
recently advertised state information. Significant state chan 10 messages_lrﬂg icitly p:jov;] € no ?’S'\INI dranglng ntor*
at a node also trigger hello messages. Triggered hello mess glion about neighbors, and they explicitly advertise impor-

ensure that each node has a sufficiently up-to-date view of t local parameters to neighboring nodes. Storing recent
state of its neighbors neighbor state information locally enables a node to make

decisions on rate and power assignments for new links, and
Figure 2 illustrates the control message exchanges in td-make routing decisions for multi-hop links.

MAC. To set up a new link, a sendstfirst sends a link request  First, nodes use hello messages to determine distances of
in a Request To Send (RTS) message indicating the rate amiighboring nodes. Each node sends its hello message at a
power values to the intended receiv@r Upon receiving an fixed power level know a priori to all nodes. Whenever a node
RTS, nodeR and all other neighbors of check whether the receives a hello message from a neighbor, it can estimate the
requested link is admissible. If so, thdt notifies S with a current distance of that neighbor by examining the received
Clear to Send (CTS) control message, while other neighbaignal strength of the hello message and by applying the
of S refrain from sending any replies if the link parameterappropriate propagation model. The current distance from a
are satisfactory. However, if the receiver nalleor any other neighbor enables a node to compute the path loss to that
neighbor ofS does not agree with the parameters of the nemeighbor locally.
link, then that neighbor notifie§ with a Not Clear to Send 1) Format: In addition to providing ranging information,
Message (NCTS) that it should reduce either the transrhi¢gllo messages advertise local state information to neighbors.
power or rate or both. AfterS collects all the replies, it Figure 3 shows the format of hello messages in distributed
declares the duration and parameters of the new link (whiatode.
may have changed according to neighbor replies) in a Reservlean Time Between Failures (MTBF) is a measure of
message, and immediately sets up the link. In the rest of thisnode’s communication reliability [9], which is a general
section, each subsection discusses the design choices for attrdoute of a node. The next two fields in Figure 3 pertain
main branch of Figure 1. to DB traffic. The "PRCNT DB” field in a hello message



Node
ID

PRCNT

MTBF DB

DB‘

Links MSI ‘ Current Interfer. metric:

C(stability) = C(quality) + C(state) (5)

Fig. 3. Hello Message Format in Distributed Mode which represents the overall stability of a node. U-MAC
varies the hello message period at each node linearly with
C'(stability) at that node, as indicated below:

holds the parametex, which we introduced in section IV-A. Toin C(stability) > Crnaz

In the "DB links” field of a hello message, a node indicates thg, ., = { K + Tye  Cpuin < C(stability) < Caz
number of its active DB links. This field, along with "PRCNT Tonax C(stability) < Crin

DB” enables a neighbor with bursty traffic to choose a fair rate

and power level for a DB link. The last two fields in Figure 3. .

. . . = fmin— maz tabilit
are common to both traffic types. Maximum Sustainable =~ Cmae=Cmin x Clstability)

Interference (MSI) information in a hello message present%ere T and T.... are the maximum and minimum
a node with an upper bound of the tolerable interference ar.va mar min

neighbor [13]. Finally, each node also advertises the aggreg mée between hello messages respectively, e and

received power of all the active links in its range. This field ™" represent the upper and lower boundsCifstability)

. . . : . [espectively. Finally, nodes that do not experience state
provides neighboring nodes with recent interference Ieve§1 : .
changes between two consecutive hello messages increase

which is useful for selecting rates and power values locally,, . . .
T _ _ T “their hello message period by 1 second as long as the period
Each node compiles information contained in incoming |ower thanT’

hello messages into a small neighbor table, and the node e

clears a neighbor entry in the table when it no longer detects _

the neighbor's hello messages. The storage capacity for the Rate and Power Assignment

neighbor table is not a major issue for current memory In a centralized UWB network, the access point determines
technology. optimal rate and power assignments. Nodes that are out of

. . fange of an access point and nodes in UWB ad hoc networks
2) Period: Because state changes in nodes occur wi : : .
ust assign channel rates and transmit power levels in a

varying frequency, the hello message period at each node . . .
) IStributed way. Choosing an appropriate channel rate and
should adapt to the frequency of the node’s state changes. " ; X .
i . “power is not simple, since nodes do not have a global view of

More specifically, the period of hello messages should if- . . X )
S . - twork state. Each node can use its neighbor state information
crease with increasing node stability so that unnecessary hello : :
0 &elect appropriate parameters for a new link request.

messages are avoided. Node stability combines the effects 0 . : :
g y ost conventional wireless networks that use multiple chan-

the node’s mobility, its physical reliability, and its degree of . - . .

X . nels require an explicit channel separation mechanism, such

state changes. To quantify the first two parameters, we assum .

. . : . as TDMA or FDMA, to accommodate multiple users [5]. In

that each node can estimate its velocity and its communij: . :

. o : o WB networks, each pseudo-random time-hopping (TH) code
cation reliability (MTBF), which account for positional and :

. . . . . . constitutes a separate channel.
physical stability respectively. A node is physically reliable In U-MAC. all nodes use a known TH code as a common
if its hardware and software components are robust and do '

not experience frequent interruptions in service. A node hggntro! channel. We also assign another fixed TH code to
a dedicated channel for hello messages. Occasional hello

positional and communication reliability if its velocity relative .
essage losses are not as critical as control message losses.

i igh i Il. Baldi l. i i : . X
to its neighbors is sma ao.ll et a. [9] provide a combme@\}e assume that nodes synchronize prior to sending and
measure of these two factorS(quality).

. - T receiving hello messages and control messages. To achieve

can compare its current state to the state it advertised in disy|d send a short beacon prior to sending its control or hello
last hello message. Significant changes in MSI or curreRfessage to allow neighbors to synchronize to its transmission,
interference levels trigger the node to send an early hellghich is similar to IEEE 802.11 [16] synchronization for the

message and lower its hello message period. The creation gfigributed case. Finally, each of the remaining TH codes is
new link could result in state changes at more than one nogl,otential one-way separate data channel. Synchronization

and trigger them to issue hello messages. Consequently, Nogi§Sjata channels is only required between each sender and
that detect local state changes upon the creation of a new ligl¢eiver pair of an active link.

must wait a random time (within a maximum wait time) before 1) RB traffic: The RB traffic class accommodates data
sending a hello message in order to minimize interference geams that require a particular quality of service. The two
the hello message TH code. quality parameters of interest are the link transmission rate
We define a new boolean cost metfi¢state) which takes and the SNR at the receiver of the link. Providing a link rate
the value of one if either MSI or the current interference a@uarantee often prevents any adjustment of the transmit power
a node vary beyond their respective thresholds, and takes Il while the link is active, in order to maintain the signal
value of zero otherwise. Whefi(state) has a value of one, integrity at the receiver. Thus, the goal is locally assigning
a hello message is triggered. We also define a compound dost rate and power values that make efficient use of the



medium, achieve fairness among nodes, and ensure that the
quality guarantees (transmission rate and minimum SNR) can
be maintained for the lifetime of the link.

First, a nodeS determines the maximum allowable transmit
power level for all neighbors, using the following equation [6]:

1—)\7; MSI,L X PLS,L
e e O

where M SI; is the MSI value announced by th&' node,
and PL; is the path loss from nodg to neighbori. In short,
node S must select a power level that does not violate the
interference threshold of any active links at its neighbors. If
there are no active links in the network, thé};,w.q takes
the value ofP,,,,.

Next, nodeS must select an appropriate rate for the new Ves AND
link to the receiverR, through the expression: accept!=0

min(Palloweda Pmai)/PLST
SNRmzn X /J/(nT + UT)

where P, is the maximum allowable emitted power from
an UWB transmitterlJ,. is the combined received power IevelFig_ 4
at the intended receiver, ang is the thermal noise level.

Rs should also meet the QoS requirements of the higher
layers at node5. Suppose that the network layer at nafle i the Jink request exceeds the declared MSI of ndde
requested a desired rafey,s and _minimum_ acceptable rateihenr computes the allowable received pOWRF.i1oweq from
Rarin. If the value of R from equation 7 is higher thaRgos,  neighborsS. Subsequently, nod& can then compute the rate

then R is set to Rg,s. On the other hand, ifis is lower 4 which a signal froms arriving at R with power Praiiowed
than Rysin, then nodeS rejects the request at the MAC layer,ouid have an acceptable signal quality:

After computing Rs locally, S selects a random TH
code (other than the control channel and the hello channel R. — Pratiowed ©)
TH codes) and initiates a sequence of control messages. If " SNRurin x (. +U,)
S does not dgtect that any of its neighbors is attempting %e other case is that the link request does not violate node
set up a new link s sends a Request to Send (RTS) MESSAPES MSI but fails to achieve an acceptable SNR at node R. In
containing the TH codenin(Pajioweds Pmaz ), Rs, andRazin '

: ! _that case, nod®& usesP,owed/PLs; instead ofPrujjoweq iN
on thg common control channd.then listens for any replies uation 9 to get the?, that would result in an acceptable
from its neighbors on that channel. The purpose of the R

. . L B for the new link at nodek. In addition, nodeR could
message IS to ensure t_haf[ Im_k requests are serialized and Keck if the TH chosen by closely correlates with one of the
the establishment of this link is recorded and approved by t codes currently used by other links in its neighborhood [4]
neighbors of nodeS. BecauseS had selected?s based on ’

. : ; Node S waits for incoming neighbors replies. #f receives
its recent local view of the network, all neighbors®faccept : “ N

e ; : o only a CTS message, then it sends a “Reserve” message
the transmission rat&g with high probability.

Upon receiving an RTS, each neightt of node S must indicating the rate, power and duration of its link reservation,

verify that the rate and additional interference of the new Iininedsé;'zrgz?;e;ﬁéa:ise l:SCZi\I/Igrktéosnsgr?ro-gife giﬁirzgn der's
are admissible. FirstlV; uses the received signal strength o ¥ coc?e If at least one NCTS arriv)e/:s st then 5 adjusts
the RTS message to compute its current distance ffgm ' J

which enablesV; to computePL,;. Next, N; calculates the Paliowed @nd Rs in order to satisfy the updated interference
. - . o state of its neighbors. If the new value &f is higher than
received power of the new link, using the equation:

_ Rurin, thenS sends a “Reserve” message and sets up the link
P = min(Pattowed, Prax) ©) with the newly chosen rate and power. Otherwise, the link
’ PLg; request fails.

The intended receiveR must check for two additional Upon reception of the “Reserve” message and establishment
conditions in order before admitting the new link: (1) thef the link, all neighbors ofS update their MSI and current
received power of the new link does not exceed the MSI ihatinterference levels. If any neighbady; detects an appreciable
advertised in it most recent hello message; and (2) the new livderiation in either of the two parameters as a result of the
has an acceptable signal to noise ratid?atf the link request update,N; issues a hello message to inform its neighbors of
satisfies both (1) and (2), theé® sends a Clear To Send (CTS}he state change. If any node’s hello message timer expires
message to nodg immediately, otherwisé? must select the during a link setup phase, the node postpones sending the
appropriate rate and/or power and includes them in a Not Cldaallo message until after the link request, to avoid inconsistent
to Send (NCTS) message views of network state during the link request.

RTS Received

Select new power P that
complies with the MSI
declared by node R

Set accept=0

Does the power P indicated in
RTS comply with the MSI declared
by node R?

Pallawed = mln{

Select new rate R_S that
acheives acceptable SNR for
the new link at node R
Set accept=0

v

Send NCTS to node S,
containing modified power
(7) Send CTS to node S and/or rate values

Is the SNR at node R for the
link with power P and rate R_S
acceptable?

No

Yes AND
accept==0

Rs =

Receiver R behavior




2) DB traffic: The purpose of DB traffic in UWB is to d2
support best-effort delivery of data without any quality require-
ments. More specifically, a DB link can sacrifice performance di
in order to keep interference levels constant at neighbors. In
U-MAC, nodes accommodate a new DB request by lowering
rates of their other active DB links so that the creation of B A C
the new link keeps the interference levels constant. Naturally,
ensuring that the link rates are adaptive to network statg. 5. Two senders at different distances from a receiver
requires the symmetric mechanism of increasing rates once
a DB transmission ends. To promote fairness, the receiver can
also split its DB bandwidth equally among all active DB linksBased on the size of DB traffic indicated in RTS and the

A node could monitor the traffic nature of its neighborhoodranted rate in “Reserve”, each two-hop neighbor can set
through hello messages and allocate a portion of its spectramimer to indicate the approximate time that this DB link
to each traffic class. As mentioned earlier, each node allocatéh be active. When the timer for a DB link expires, each
A of its MSI to DB traffic, and(1 — ) to RB traffic. Each neighbor releases the link resources, recomputes the updated
node further divides its DB portion equally among all activetate parameters locally, and includes these changes in the next
DB links, and it adjusts all DB power levels and potentially thecheduled hello message. There is no need to trigger hello
corresponding rates whenever a new DB link is establishedniessages upon a DB link expiration, since all nodes in the
a nodeN; hask active DB links, a new DB link would cause area set the same timer for this link, and each of them releases
it to adjust the received power level of each link based on tlits resources locally. Clock skews among the nodes only lead
expression: to instantaneous differences in local node states and do not

Pp; — M ii >; Ai (10) affect the protocol behavior.

Since nodes in the network use random TH codes, the a9-Mms| Margin
gregation of several transmissions appear as background noisg far the di ion has f d on rate and power
at any receiver. The addition of another DB link with a new o far, the discussion has Tocused on rate and powe

TH code does not add to the interference at a receiver if tRa> 9"MeNt from_ the point of view of a seno_ler. Each Se”d.er
overall DB received power stays the same. must know the interference state of its neighbors when it

When 5 has DB data to send to node, it checks the P U85 E T B0E et S e e bats for
information compiled from recent hello messaesor each transmission power and rate assig%ment at the sender. First, if
neighborXV;, S uses a modified version of Equation 6: ) . o o ’

9 q N, advertisesM SIy, of its weakest active link, one neighbor
MSI; x PLg; X )\i} (11) N; may set up a link with)V; that causes\/SIy, to drop

Tro?(k+1)

to zero, which would block other nodes in the vicinity from
S then proceeds as in the RB case to assign a corresponﬁﬁ

ing up new links. Thus, the first challenge is to declare an
rate with an appropriate margin, to send an RTS messal

Qaé I value that makes efficient use of the medium and ensures
and to await neighbor replies. The intended receReaeplies imess. The other challenge for MSI reporting is that, as we
with CTS if it consents to the DB request, or with NCTS i

]mentioned earlier, minor changes in MSI or interference at
the request is not appropriate. Other neighborS§ ohly reply th_e nod_e do not trigger _hello messages, so nOde.S may have
in case they do not agree with the DB request. slightly inaccurate state information about their neighbors.
Once S processes all the replies, it sends a “Reserve

» 10 address these challenges, each node can declare a frac-
message and begins sending DB data. The neighbasstiuit tion of its MSI, in order to avoid starvation of some nodes and
are sources to DB links hear the “Reserve” message and lo

gccount for unreported minor changes. The portion of MSI
their DB link power and rates as needed to accommodate gt a node declares should depend on how busy a receiver it
new DB link from S. However, two-hop neighbors & do

Is. For example, if the average number of active linksVat
not detect the "Reserve” message. Suppdses a two-hop in the recent past is low, theN; can declare a larger portion
neighbor ofS, and N; has an active DB link with a neighborOf its MSI, since it does not gxpect to receive many more
N; of S. WhenN; detects thafV; has not reduced its power inrequests. On the other hand,/; has many active links on
response to the "Reserve” messalye signalsN; to lower the

average, then it advertises a smaller MSI. We use the following
power (and potentially the rate) of its active DB transmission§XPression to compute the declared MSI for hello messages at
Modifying the power of all received DB transmissions upo

Pallowed = mm{

IqodeNi:

the creation of a new DB stream ensures that the aggregate MSI =

received power from DB traffic remains constant at each node.
where M S1;.:q; is the full MSI of the weakest link afV;,
2since\ changes rarely, the MSI triggering of hello messages ensures thattive iS the number of active links afVv;, and § is a
neighboring can make DB rate selections based on a sufficiently up-to-dﬁﬁ)omgy dependent adjustable margin that trades off fairness
local view of network. To account for DB link changes at neighbors since trt% h h | . v | h ff f .
last hello message§ could use a margin which is dependent upon the traffi r throughput. In section V, we explore the efrect ot varying
pattern. the values of on fairness and throughput.

MSItotal )

active

12)




The margind enforces power control, which can contributend minimum hello periodsl,... andT,,;,, are 10 seconds
to fairness among near and far nodes. Consider the caseaioi 1 second respectively,,,, and C,,;, are 2 and 0
Figure 5, where both noded and C' wish to send data to respectively. The ratio of,,,, at any node to the thermal
node B. We expectP,;;,..q at C to be higher than a#l for noise level is102° [4]. The size in bits of hello messages,
an equal contribution to the interference at ndgleHowever, RTS, CTS, NCTS, and Reserve messages are 64, 40, 16, 32,
the value of P.weq @t C is constrained by two other and 88 respectively. We set the MSI threshold to 10%, and the
factors: the absolute upper limit on transmit power (set bgterference threshold to 56%
regulatory entities); and the maximum allowable interference We assumed a free space path loss model for our simu-
at the neighbors of’. lations. The simulation results provide the upper bound of
The upper limit on UWB emissions affects network behayperformance improvement for U-MAC in a line-of-sight (LOS)
ior when P,jj,eq 1S higher thanP,,,. (see Equation 7). In environment and minimal channel variation. In non-LOS cases
that case, both noded4 and C' may set up a link wz)ithB at or cases where the channel conditions vary frequently, nodes
P42, SO the rate of a link from to B can be up to%g times running U-MAC have to provide a higher margin for transmit
larger than the rate of a link froré' to B. ! power to account for potential ranging errors. Note that the
If the interference state at nodg causes the values of SNR quality margin and the MSI margin already offset ranging
Pollowed from nodesA andC to be lower thamP,,, .., Puioweq €1TOrS by providing a safety margin above the minimum
at C is constrained by the maximum allowable interference Hansmit power values. In our simulations, the SNR quality
C’s neighbors. Becausé is further away fromB than A, ¢ marginy is set to 2.
has a higher value foP,;;,.eq for the same MSI declared by The MAC layer at each node receives requests from the
B. It is therefore more likely that a new link betweéhand Nnetwork layer according to a poisson process, and selects the
B at Pajoweq Violates the MSI of one of’s neighbors. As a receiver at random in the symmetric case (there is only one
result, C' selects a power level lower thaP,oweq for a link Feceiver in the loaded receiver case). If the network layer at
with B, which results in a lower link rate. This situation is2 NodesS requests a new link while some other nodlehas
less likely to occur at node A SincR,;,.cq at A is relatively @ link request in progress, the new request is buffered at
low. until N completes its current link request. The serialization
Thus, the relative distances of nodes in the network aredhlink requests achieved by the RTS/CTS exchange ensures
dominant factor for allocating rates in the absence of powtat the MSI and interference levels at a node remain the same
control. In section V, we investigate the impact of distanc@uring the handshaking process. Once the MAC layer fetches
and the MSI margin on throughput. To this end, nodes mus@ link request at the head of the request queue, it attempts
choose rate and power values for new data links based tHgisend RTS and wait for replies. If RTS times out, the node
view on past and current network state, and based on thends RTS again. If there is no reply after 3 RTS messages,

buffered link requests, so if all of these nodes attempt to
V. SIMULATION AND RESULTS send RTS at the same time, then collisions will occur. Thus,

. ach node waits for a random time within 0.2 seconds before
We used OPNET modeler [17] to implement our protomgelervicing a queued link request to reduce the probability of

model, and to examine the protocol performance in two nei: - : :
. X - . TS collisions. A node that has just completed a link setup
work settings with RB traffic. First, we consider a case wherge . o .
cle must choose a random time within 0.3 seconds before it

. . - . C
all the nodes communicate with one central receiver. This ca§/e - . .
. . . services any buffered requests. This mechanism helps promote
is representative of personal area network settings, such

home network in which multiple multimedia devices send hi Ifness, since it gives the node with the most recent link
oo ) P 98 lower chance of immediately starting a new link request.
quality video or audio to a central screen or computer [18]. It

: o . ! inally, each node may have multiple active links at the same
also applicable to monitoring sensor networks, which typical Y . .

. ) : . me, by using a separate TH code for each link.
have a single data sink. Furthermore, this scenario illustrates
the performance of our protocol for a highly loaded receive

and analyzes the degree of favorability for nodes at varying
distances from the receiver. 1) Loaded ReceiverThe topology for the loaded receiver

We also consider the case of a network with symmetrf@se has 25 nodes, where 24 nodes are located at distances

traffic that applies to typical wireless local area networks. F¥arying from 5m to 27m from the common receiver. We ob-
the symmetric traffic case, we compare the performance %rve the impact of distance from the receiver on transmission
U-MAC to that of the reactive approach for different traffidate using our MAC protocol, and we demonstrate how power
loads. control can be used to adjust the radius of favorable senders
around the receiver.

Figure 6 plots the average node throughput at various

A. Simulation Parameters . . )
o ) ) ) distances from the data sink. Let the distance of the closest
The upper limit onRg,s for our simulations is 10 Mbps,

and the minimum rate of a linl®....,. is based on a uniform SWe set the interference threshold for triggering hello messages higher than
men that for MSI, because the former changes more frequently. Since changes

distribution with a maximum_ of 1 Mbps. The minir.numwithin the threshold do not trigger hello messages, nodes use margins in their
acceptable SNR for any link is 14.7 dB [4]. The maximunfate and power assignments (see section IV-F).

Results
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10 - e the highest achievable throughput using U-MAC occurs for
low values ofd. Thus, Figures 6 and 7 provide the basis for
adjustingd to favor nodes at certain ranges depending on the
spatial distribution and throughput requirements of nodes in a
network.

Finally, Figure 8 shows how network throughput varies with
0. Decreasing from 1 to 0.25 improves network throughput.
This peak in throughput can be understood by examining Fig-

0 SR S ‘ ‘ : ure 6, which shows that an MSI Marginof 0.25 widens the

Node Throughput
(2]

0 0.2 o4 usMargin 08 ! 12 ROF to 10m and raises the throughput of nodes further away
—e—d=5 —@—d=7.071 d=10 d=14.14 from the receiver with only minor decreases in the throughput
+gf;-81 - b gfigz B—d=20 A—d=20.61 of nodes closer to the receiver. Lowerifigpeyond 0.25 causes

significant decreases in throughput of nodes that are close to
the receiver, and thus yields lower overall throughput.

2) Symmetric TrafficWe considered three different topolo-
gies with 25 nodes each to investigate the symmetric traffic
case. The first topology is a grid topology with a constant
node from the receiver equdl,;,. We define the radius of node separation distance of 5m. The second topology is a
fair access ROF) as the maximum distance from the receivetandom distribution of nodes in a 100m x 100m area, with
within which nodes get similar throughput as nodesigt, an average and minimum inter-node distance of 10m and 5m
from the receiver. A node at a distande> ROF from the respectively. The third topology is a random distribution of
receiver achieves a throughput proportionaltel — ROF)?. nodes in a 50m x 50m area, where the average and minimum
As we lowerd, we find thatROF expands according to theinter-node distances are 5m and 1m respectively. The results

Fig. 7. Node Throughput vs. MSI Margin

following expression:

1
(5:* >2'
2n7n— )

presented here are the average of three topologies.

We vary the arrival rate of new link requests to observe the
behavior of the protocol for different traffic loads. Thealue
used for this scenario is 1.

ROF ~ 2" Yd,in : _ _ _ _
We first consider the link setup latency benefits of using U-

Equation 13 states that cuttingby half doubles theROF MAC. In the reactive approach, a node that sends an RTS must
for § values of 0.25 or lower. Figure 6 also shows that lowavait for replies from all of its known neighbors. Each of the
values ofé improve the performance of nodes further awageighbors uses a probabilistic backoff scheme for sending its
from the receiver, even if these nodes remain outsidéé’. response in order to avoid collisions of replies on the control
To have strictly fair access to the receiver among all nodeannel. In U-MAC, a node that has sent RTS only waits for
ROF must equal the radius of the network centered aroumeplies from the receiver and any neighbor with conflicts, so
the common receiver. there is an inherent latency improvement. Figure 9 compares
Figure 7 plots the local throughput of nodes at differerihe link setup latency in U-MAC to the reactive approach. The
distances from the receiver against The maximum value average latency in U-MAC increases steadily from 13 ms at
of each distance curve in Figure 7 represents the highést arrival rates to 93 ms at an arrival rate of 0.66. At low link
achievable throughput for a node at that distance in thisquest arrival rates, the improvement in average latency of U-
topology. For nodes that are relatively far from the receivaW)AC over the reactive approach remains between 130 and 155
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ms. The gap starts to widen at a request arrival rate of 0.25 and
reaches a maximum of about 36 seconds at very high arrigdnost unchanged.
rates. The exponential increase in latency for the reactive cas€&igure 11 plots the admitted rate as a function of the
is attributed to the requirement that all neighbors must sentfered load for both U-MAC and the reactive approach. In an
their replies upon a link request. An increased frequency igfeal scenario, the network would admit all of the requested
link requests causes a sharp rise in link setup latency. At arritegnsmission rate, which corresponds to the line= z. In
rates of 0.5 and higher, both the average and maximum latetdyMAC, the admitted rate is the same as the ideal case
for the reactive protocol stabilize. The nodes reach their linfier loads up to 20 Mbps. As the link request rate grows,
in the rate of requests they can handle, and although the arristdlte changes occur more frequently, and as a result nodes
rate varies, the same number of link requests are serviced whigye less accurate information about their neighbors’ states.
the other link requests are discarded locally. Consequently, the admitted rate starts falling short of the
Next we consider the control overhead of U-MAC andequested rate, but the behavior remains close to the ideal
compare it to the reactive case. For each approach, we eBse at offered loads above 20 Mbps. In the reactive approach,
tain the ratio of the bit rate used by control messages tee requested rate is fully admitted only for loads below 10
the overall bit rate in the network, which we refer to adlbps. As the network load increases, the admitted rate in
Overhead to Throughput ratio. Figure 10 reveals that thige reactive approach is increasingly lower than the requested
ratio for U-MAC remains constant and only starts to increaggte. Figure 11 also reveals that nodes in the reactive approach
slightly at arrival rates above 0.56. For the reactive case, tf&gjuest more bandwidth than in U-MAC because of their lack
Overhead to Throughput ratio increases at a constant rafeinformation on network state. In U-MAC, nodes request
with increasing link requests because the increase in contelly as much bandwidth as can be supported by the network
messaging exceeds the throughput increase. At arrival ragsording to their local view of network state.
above 0.33, the ratio in the reactive approach stabilizes ad-igure 12 compares the overall network throughput in both
both the control overhead and the network throughput remdhre reactive approach and U-MAC. When the link request ar-
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difference in their average distances from other nodes in the
rival rate is low, the throughput of both cases is similar becausetwork. Decreasing thé to reduce this gap is not always
few links are active simultaneously, so protocol mechanismas attractive option in symmetric traffic networks, since it
have minimal effect. As the link request arrival rate increaseaffects overall throughput more severely than in the single
nodes in the reactive case grab bandwidth greedily and liméceiver case. Both the reactive approach and U-MAC exhibit
the potential number of coexisting links. In U-MAC, nodeshis behavior; however, the gap for the reactive case is larger
stay updated about the network state which allows for modee to the greedy approach in bandwidth assignment.
efficient use of the medium. Thus, there is a growing gap in
the throughput as arrival rates increase above 0.1. At a request VI. DISCUSSION ANDCONCLUSION
arrival rate of 0.66, the throughput for U-MAC is about double Previous work has addressed the joint rate assignment

the throughput in the reactive case. problem under different assumptions and conditions. Lal and
Figure 13 plots both the admitted link rate and the requesteg;sa [13] proposed a reactive protocol that addresses the
link rate as functions of the link request arrival rate for Uproblem for Direct Sequence Code Division Multiple Ac-
MAC and the reactive approach. In the reactive approach, thgss (DS-CDMA) networks. Their protocol involves a set of
requested link rate is independent of network state, so it daggdshaking messages to negotiate resource allocation and
not vary with network load. As a result, the gap betweegyerages the concept of MSI along with several techniques for
admitted and requested link rates grows with network loaghsource allocation based on minimizing power, maximizing
and stabilizes for link arrival rates above 0.3. In U-MACyate. or maximizing SNR.
nodes adapt their requested link rate to the interference andrhe CDMA model of Lal and Sousa was adapted by Cuomo
number of active links in the network for new link requestst g|. [6] for UWB networks. Their work presented a reactive
The requested link rate is generally admitted for link requegpproach [6] to address the joint rate power assignment prob-
arrival rates up to 0.25. For link request arrival rates betwegdh, The approach specifies that nodes request neighbor infor-
0.25 and 0.5, there is a growing gap between the requesfggkion on-demand for setting up a new link. More specifically,
and admitted link rates. This indicates that nodes make lggSender first polls its neighbors for their MSI measurements.
accurate local rate and power assignments due to a higher gaigp neighbor must send an MSI measurement to the sender,
of change in network state. However, the gap between thgq neighbor replies may overlap in time. Once the sender gets
requested and admitted rate stabilizes for arrival rates betwggBjies from all its neighbors, it selects the appropriate rate and
0.5 and 0.66, which indicates that the portion of inaccurate rg§§wer for the link and initiates another handshake to confirm
and power assignments remains the same for those loads.the selected parameters. This protocol requires the sender to
Finally, Figure 14 compares the sustained throughput ofréceive and differentiate between replies from all its neighbors
node central to the topology and a node on the periphefythe same time. As the number of neighbors grows, so does
versus the link request arrival rate. At low arrival rates, thde number of simultaneous replies that must be processed
gap between the throughput values of the two nodes is narrawthe sender. This presents a technical challenge since all
regardless of MAC protocol mechanisms. As the arrival rateplies use the same control channel code. The work in [6]
increases, both nodes exhibit higher throughput, but the géigregards this challenge and assumes all control messages are
increases indicating that nodes central to the topology gréficcessfully received without taking up any radio resources.
more bandwidth as the traffic load increases. The gap stabilifassuring that all neighbor replies are received successfully
for a link request arrival rate of about 0.5, where netwontequires some probabilistic back-off scheme at each neighbor,
throughput starts to saturate. which delays links setup. Going through two handshakes
The gap in throughput between the 2 nodes is due to thether contributes to link setup latency.
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The comparison of U-MAC and the reactive approach thatdependently. We expect that the modified protocol would
is similar to [6] in a realistic scenario has shown that U-MA@nable more simultaneous links, provided that the links are
decreases control overhead and link setup latency considarenly distributed in all sectors.
ably while making more efficient use of the medium. The In sum, we have presented a new proactive and adaptive
decrease in control overhead and improvement in efficien®AC protocol for UWB networks called U-MAC. It provides
are attributed to the availability of neighbor state informatiowell-defined parameters to control the fairness/throughput
locally at each node, and to the fact that only some neighbdradeoff and that reduces control overhead and connection
reply to each link request. The latency decrease also bendfitency and while increasing network throughput. We have also
from the selective neighbor replies, as well as the eliminatigmmesented our simulations to quantify the tradeoffs involved
of one control message in the handshaking sequence. and the benefits of our proactive approach over the reactive

The work in [7] and [8] independently proposed a proactivapproach.
protocol that is related to U-MAC in that it uses periodic
broadcast messages. The authors presented techniques for VIl. ACKNOWLEDGEMENT
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