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Abstract— Ultra-wideband ~ (UWB)  communications  has Data Transfer Period
emerged as a burgeoning technology for high data rate wireks - —__——MAS _
personal area networks (WPANSs). In this paper, we propose m e e | Beacon Period |
a novel resource utilization mechanism (RUM) for improving Reservation via DRP  Randomized Access
the throughput in multi-rate UWB-based WPANs. RUM is Fig. 1. Superframe structure in ECMA-368.

intended to remedy a critical issue in both unicast and multtast

transmissions. In unicast (single- and multi-hop), the conectivity

of a source-destination pair is defined by the ability to ovenear Recent advances in consumer electronics (CEs) gave rise to
ggﬂg"'et?)es_ls_ﬁggz n&%gga rg:tgréefsuueilts'Séi?ifsg'fgx?‘adnggh dense WPANs and simultaneously high-volume data transfers
rate to extend their rea%hability, hen)cle a node can directly betvv_een CE devices (e.'.g" \{Ideo St_reamlng from a DVD to_ a
communicate with faraway destinations. Such destinations Monitor). One of the critical issues in UWB-based WPANS is
cannot be reliably reached by high transmission rates. This how to maintain good throughput in dense topologies. This is
leads to a long channel reservation time and hence a high sue is accentuated in multicast communications, wheregattar
blocking probability for prospective reservations and low network packet delivery probability must be satisfied at all degiimes.

throughput. In the case of multicast, the maximum transmisgon P L . .
rate is bottlenecked by the farthest destination. RUM explds Hence, the farthest destination limits the operating tréssion

opportunistic-relaying and time-spreading techniques toimprove ~ fate at the sending device. This leads to a long channel
link reliability and increase the transmission rate, and hewce reservation time and high blocking probability for prospee
network throughput. Simulations are used to demonstrate tie reservations, which lowers the network throughput. Even in
performance gain of RUM. the case of unicast, two nodes can directly communicate (i.e
single-hop transmission) if they overhear the control rages
of each other (e.g., RTS, CTS, beacon frames, etc.). These
UWB has recently emerged as an attractive technology famessages are usually sent at a low transmission rate todexten
short range, high data rate wireless communications. Ir2 20@heir reachability, hence a node can communicate with fayaw
the FCC issued the First Report and Order that permitted tthestinations. Such destinations cannot be reliably rehtiye
deployment of UWB devices [1]. Subsequently, efforts hav@gh transmission rates, hence low network throughput.eéNov
been made to exploit the unique features of UWB in variodechniques are needed to increase the link reliability sheh
contexts, including wireless personal area networks (W&ANhigh transmission rates can be used while a target packet
wireless sensor networks, imaging and radar systems, and pielivery probability is satisfied.
cision location tracking systems. Several proposals forBJW In an UWB network, the issues of rate adaptation, link
based WPANs have been made. One widely popular proposaliability, and throughput maximization are all intetated. To
which is based on multi-band OFDM, was standardized lsge that, consider the various possible transmission itpoés
the European Computer Manufacturers Association (ECMAhown in Fig. 2. In this example, suppose that the traffic dema
[2]. The standard, called ECMA-368, defingstransmission from S to D is 10 Mbps, the packet size is Kbyte, and the
rates $3.3 — 480 Mbps). It uses a TDMA channel accessequired end-to-end packet error rate (PER).&. In Fig. 2
structure, whereby time is divided in%5.536 msec intervals (a), the source directly sends data to the destinatibnat the
called superframes(see Fig. 1). Each superframe is furthehighest possible transmission rate that satisfies thett®fgR.
divided into 256 medium access slots (MASs), grouped intdhe number of required MASs is calculated following ECMA-
two intervals: a beacon period (BP) and a data transfer ¢peri®68 specifications, and is depicted in Fig. 3 as a function of
(DTP). The beacon period is used for control and coordinatithe transmission rate. In Fig. 2 (b), a relay node forwards
purposes (e.g., bandwidth reservation, synchronizatlewice the data packets td. This technique results in savintR
discovery). Transmission in the DTP is done using one of tWwdASs (relative to the direct transmission) and satisfies the
modes: random access and time-based reservation. The lagguired end-to-end PER. Now, consider Fig. 2 (c). Due to
mode, known as the distributed reservation protocol (DRRhe broadcast nature of wireless communications, de¥ice
is particularly suitable for real-time streaming betweeWB may overhear some of the transmitted packets ftorto A,
devices. According to DRP, two devicelsand B that want to which if exploited can increase the packet delivery proligbi
communicate reserve their MASs from the available MASs thaccordingly, higher transmission rates along the givein gain
are not already reserved by neighboring devices, i.e.gethftst be used, while still satisfying the required end-to-end PER
receive the beaconing frames df and B. Devices announce Relative to the first technique, this technique results wirgp
their reservation via beacon frames, which are transmittét MASs and satisfies the required end-to-end PER. It is worth
at the lowest transmission rat&3(3 Mbps). This type of mentioning that this technique was proposed in [3] and [4].
reservation gives devices exclusive access to the medinimgdu ~ Although the “deterministic relaying” and the “packet over
the reservation period. hearing” techniques in Fig. 2 (b) and (c) give some perforcean
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superframes (a detailed discussion of how the transmission
g ¢ process is done is given in Section Ill). Because the length
A of a superframe65.536 msec) is greater than the coherence
time of the UWB channell() msec [5]), the two transmissions

0 (Rate= 53.3 Mbps, PER= 0.05) ) are independent. Therefore, the overall PER in this exaisple
o D (0.15)(0.4) = 0.06 (< 0.08) and the required number of MASs
ource Destination

is 46, which is less than that in Fig. 2 (a). The main advantage
of the time-spreading technique can be illustrated asvallo

(a) Direct transmission technigue > > .
As we mentioned before, ECMA-368 standard specifies eight

? ? transmission rates (i.e53.3, 80, 106.7, 160, 200, 320, 400,
(160, 0.03) / \ (200, 0.04) and 480 Mbps). This finite set of rates restricts the flexibility
End-to-end PER= 0.0688 \' in rate adaptation. To illustrate, in Fig. 2 (a), sendingsat
® iﬁimiiiiﬁmﬁﬁiiﬁ Mbps results in PER®.1 (> 0.08). In this case, the source
5 Total # of MASs= 43 D must follow a coarse rate-adaptation and 638 Mbps, which
Source Destination . : . ;
requires long channel reservation time. However, use agha-ti
(b) Deterministic relaying technique spreading technique provides nodes with the ability to exahi
End-io-end PER=0.0516 a PER that is quite close to the target PER. This is equivatent
g ? # of MASs at 200 Mbps= 20 enabling fine rate adaptation. For example, in Fig. 2 (e),esam
(200, 0.08) %f;i;fﬂzﬁs“ggp; 1 data packet is sent twice using two transmission ratés.{

PP and 320 Mbps). For this example, among all the possible pairs
® (200,0.30) 7 = o of transmission rates, this pair results in minimum numter o

Souce Destinaton MASs and satisfies the target PER. In this example, the time-
spreading technique results #% MASs (31 MASs at 106.7
(c) Packet overhearing technique Mbps and15 MASs at 320 Mbps), which correspond to an
® ® equivalent transmission rate 68 Mbps (see Fig. 3).
(320,0.10 B 400, 0.17)
(400, 0.20)
® (320, 0.12) (320, 0.40) ® 6
S End-to-end PER= 0.07328 D
Source # of MASs at 320 Mbps= 15 Destination A 59
# of MASs at 400 Mbps= 13 < a0
Total # of MASSs= 28 =
© 30
(d) Opportunistic relaying technique L 20
End-to-end PER= 0.0, # of MASs at 320 Mbps= 15 €
# of MASSs at 106.7 Mbps= 31, Total # of MASs= 46 Z 10
® (320, 0.40) ) oL ab ‘ ‘ ‘
S (1067, 0.15) D 0 100 200 300 400 500
Source S Destination Transmission Rate (Mbps)
Fig. 3. Number of MASs vs. transmission rate in ECMA-368 [#hffic
(e) Time spreading technique demand= 10 Mbps, packet size= 1 Kbyte).

Fig. 2. Example illustrates different transmission tegaes in UWB network.
The parameters between the parentheses represent (saismnmate, PER) of ) S
a link. In this paper, we propose a novel resource utilization mecha

nism (RUM) for improving the throughput in multi-rate UWB-
based WPANSs. For each source-destination pair (in uniaast o

gains, we observe that there is room for further improvemerrﬂumcasn’ RUM combines direct transmission, opportitis

; P . relaying, and time-spreading techniques into one mechmanis
Corder e St i i 2 (9. st broadaste 2 0ata i Combinaion allows RUM (o be. adapive (0 netuork
may be received by and /or some intermediate nodes.f %opolog_y and to increase the link reliability such that high
does not receive the packet, the closest intermediate maettransmlssmn rate can be reliably used. This _Ieads to s_h_ort
that overheard the sent paéket relays the packd?.tdn this channel reservation time and henpe low blocking probabilit
example,A may be such a node. Sei sends its overheard for prospective reservations and high network throughput.
packets that were not received ly. Then, B (the second It is worth mentioning that opportunistic relaying has been
closest node tdD) sends its overheard packets that were ngteviously studied in the context of cooperative communica
received byA or D. In total, this results in saving7 MASs. tions (e.g., [6], [7]). To the best of our knowledge, RUM igth
The overall PER under this technique is calculated as fallowiirst scheme that improves network throughput by integgatin
PER= 1 — ((1 — 0.40) + 0.40(1 — 0.12)(1 — 0.17) + 0.40 +  direct transmission, opportunistic relaying, and timeespling
0.12 % (1 —0.10)(1 — 0.20)) = 0.07328 (< 0.08). techniques into rate adaptation and slots reservationrfizast

Itis clear that the performance of the transmission tearesq 2nd multicast transmissions.
in Fig. 2 (b), (c), and (d) depends on the location of the relay The rest of the paper is organized as follows. Section Il
nodes, which is a function of the network topology. To adglirepresents the problem formulation. In Section IIl, we preésea
this limitation, we propose a time-spreading techniquédoas proposed RUM. In Section IV, we use simulations to evaluate
not depend on relay nodes. In this technique, shown in Figttge performance of RUM. Finally, our concluding remarks and
(e), the same data packet is sent twice during two consecutiuture work are drawn in Section V.



[l. PROBLEM FORMULATION target end-to-end PER. To explain these steps in more detalil

Consider an UWB WPAN. The network topology is repreWe consider the case of multicast transmission (unicast is a
sented by a grapb(\, £), where is the set of nodes andSPecial case of multicast). _ o
L is the set of links. There is a link € £ between a pair of In a multicast transmission, there are multiple destimetio
nodes if these nodes can communicate directly at the lowB8f Source, and the target PER should be satisfied at each
transmission rater(). Given a source nodsé and a destination destination. Consider the example in Fig. 4. In this example
nodeD that are within range of each other (at raig, let the data packets sent frofito a set of destinatior® = {D;, D}
rate demand frons to D be, the PER constraint, and the set 1€ sources cooperates with a set of intermediate nodes
of transmission rateR = {ry,rs, ..., }. Letey(r, SNR) be (selected bysS) to forward packets to the destinations ih

the PER over link € £ when the transmission ratesisand the T0 Simplify the cooperation process, is selected such that
received SNR is SNR The problem is to select a transmissiodll the members of this set are neighbors of each other (i.e.,

technique (see Fig. 2) and rate assignment for each trasismis (hey can hear the beacons of each other). For a given pair of
such that: transmission rates, the selectionfis performed as follows.

« S selects the set of nodek that are neighbors of and
all D; € D. In Fig. 4,% = {Ny, Na, N4, S}. Note thatS
can itself serve as a relay node. In this case, opportunistic
relaying embodies the time-spreading technique.

« S computes the end-to-end PERs over the paths ffom
to eachD; € D through each node i®. For example,
in Fig. 4, for each intermediate node i, two values of
PERs are calculated. To illustrate, 8, end-to-end PERs

[1l. RESOURCEUTILIZATION MECHANISM (RUM) are calculated overS — Ny — Dy andS — Ny — Do

For a given unicast or multicast transmission, RUM aims at (It PER be the maximum of these two values).
selecting a transmission technique and associated trasigmi ~ * * SOrts the nodes i from best to worst, according to
rates that achieve the minimum channel reservation time and the values of PER For example, in Fig. 4, the sorted
that satisfy a target PER. As shown in Fig. 2, the opportimist /ISt is ¥ = {N3, N4, Ny, 5}. Note that the first node in
relaying technique is a generalized form of the determimist ~ the sorted list has the minimum worst end-to-end PER
relaying and packet overhearing techniques. Furthermase, (minimum PER). _ _
we will see later, if we also consider the source as a relay® © Sequentially examines each member in the sorted list,
node, then the time-spreading technique is a special case of Starting from the best one. If the member is not a neighbor
the opportunistic relaying technique. Accordingly, thesiba of all previous members in the list, it is removed from
transmission techniques at hand are direct transmissioh an the list. The remaining set of nodes W represents the
opportunistic relaying. The performance of these techesqu  S€t¥ (i-e., ¢ C ¥). To illustrate, consider the sorted list
strongly depends on the network topology and the non-linear ¥ = {NV2, N, N1, 5}. Ny is a neighbor ofN,, hence it
relationship between PER, SNR, transmission rates, and the St&ys in the list. Now, assumd’ is not a neighbor of
number of MASs. For example, if the distance betweseand Ny, then it is removed from the list. _Therefore, for this
D is very short that it allows the use of the highest transmissi example,) = {Ns, Ny, S}. Note that if = {5}, then
rate ¢r), then direct transmission is clearly the best choice. the opportunistic relaying is reduced to the time-spregdin
To make RUM adaptive to network topology, RUM tests both ~ t€chnique.
basic techniques (i.e., direct and opportunistic relayirgnd
then selects the one that requires fewer MASs while satigfyi @
the target PER. As we will see later, the testing processrincu
reasonable computational overhead. For direct transonistie

maximum possible transmission rate is easily selecteddoaise @ @

the channel gain (i.e., SNR). However, in opportunistiay#ig,

(i) overall end-to-end PEK ¢, and
(ii) total number of time slots is minimized.

In this paper, we use the ternfsasibility conditionand
optimization metricto refer to (i) and (i), respectively. Note
that in the above formulation, we consider single-hop siesa
However, as we will see in Section 1V, the solution of the abov
problem can be easily applied to multi-hop scenarios.

the selection process is not simple and can be explained as
follows. Z%; @
Generally, opportunistic relaying (including the time-

spreading technique as a special case), involves thres. stéjg- 4. Example that illustrates opportunistic relaying fa multicast
First, the sources selects a pair of transmission rates: one gﬁgﬁi’ﬁg :é?;fn%’dz"éoa?]zs&”eagggzr%ﬁg:g[t)ﬁg'b%iif;&;%igsig;?es
used to send data packets from the source, and the othef)Sthens.

used to forward the overheard packets by the relay nodes. Not

that all the relay nodes use the same transmission rate. Thigfter selecting«, the relaying schedule is computed, as
helps S to compute the required channel time that should Hellows. Suppose that the channel gains between a givey rela
reserved for packet relaying. Second, the source seleetsad s node and all the destinations 1 are available. Among these
relaying nodes. Third, the source determines a packetingayvalues, denote the smallest (worst) valueddy. Now, assume
schedule. As we will see later, these steps are inter-tklatthat a packet sent by is received by all the relay nodes in
Therefore, for each pair of transmission rates (fdr rates, <. Then, the node i) that should relay the received packet is
there areM/? pairs),S selects a set of relay nodes and a relayinpe one that has the maximu@,. S determines the relaying
schedule. The source chooses the pair of transmissionaatks schedule based on the values®@f.

the corresponding relay nodes and relaying schedule thaltre To illustrate, consider Fig. 4, with based on the distances
in minimum number of MASs and at the same time satisfy thghich approximately represent channel gains or SNR) batwe



the relay nodes and the destinations, the best relayinglatihe Overheard packets:

Overheard packets:

is N2, Ny, thenS. Based on the selected relaying schedule, the -; l
. . . D : Bt :
overall end-to-end PER to each destination is calculated. GOl BLI 1 1],5 A [ TIE B
The above steps are done fo.r each p_ai_r of t.ransmission_ rategesent packets: // Sent packets:
In total, there aré/? different pairs. A pair is said to be feasible [T TITTTTT] &~ 10[9]8[7[6[s[4}3]2[1] :
if the target PER at each destinationZnis satisfied. Among S~ - - E
all feasible pairs of transmission rates,selects the one that S "Received packets: D

requires the minimum number of MASs. The corresponding
relay nodes and relaying schedule are adopted. A pseud®-cod
of RUM for multicast and unicast transmissions is shown in

Algorithm 1.

Algorithm 1 RUM for multicast and unicast transmissions

(executed at the source)

Input: GV, L), R ={r1,72,...,7m}, & S, D
n(r) % number of MASs at rate, e;(r, SNR;)
forall £ e Landr € R

Output: The best (in terms of number of MASs) feasible pair

of transmission rateg-., 7,) and relaying scheduler(;)
Initialization: n, = oo % minimum number of required
MASs

e SelectV

forall ; € R % r;: rate used byS

forall r; € R % r;: rate used by relay nodes

e for each N; € W, compute end-to-end PER ové&t —

N; - VD; € D

e Sort nodes in¥ according to the worst end-to-end PER

for all N; € sortedV (starting from the best)

if N; is not a neighbor for all previous nodes in the sorted

W, then removeN; from ¥ (the rest ofU represents))

e Determine the relaying schedul&y) by sortingy accord-

ing to the channel gain between ea¥h e ¢ and allD; € D

e Compute the end-to-end PER betwe®and D;, VD, € D

based orr;, r;, and R,

if (all end-to-end PER values ¢) and ((r;) +n(r;) < no)
Ta =Tiy, Tob =15, No=n(r;)+n(r;), Ri=Rs

}

Source

[TTT6[5] [ []] Destination

A, B, and D announce the received packets
Superfarme 0 e[ T FS[ZI]

BP[ [S[R] BP[ [S[R] B[

ssT [0[e[8[7l65[43[2[1] [20 119[18[}A7/[16[15[14[13[12[11]

BP: Beacon period

SST: Session start time
: time reservation for sending packets from the source

@ . time reservation for relaying packets from the relay nodes
Fig. 5. Example that illustrates the operation of RUM foraast transmission.

IV. PERFORMANCEEVALUATION
A. Simulation Setup

We study the performance of RUM in unicast (single-hop
and multi-hop) and multicast scenarios. Our results aredas
on simulation experiments conducted using CSIM (a C-based
process-oriented discrete-event simulation package [Eie
determination of interference and noise is done according t
physical (SINR) model. We consider an UWB network, where
N nodes are randomly placed in a square of lenfiti{in
meters). In the unicast case, nodes are randomly paired. For
the multicast case, different sources with different numddfe
destinations per source are randomly selected. For siityplic
data packets are assumed to have a fixed dizZ€R). Other
parameter values used in the simulation are given in Table I.

These values correspond to realistic hardware settingsvira
used in related studies (e.g., [9]).

Complexity: In the multicast case, the worst-case compu-
tational complexity of RUM isO(5|N|?M? + |N]|). To see
that, note thatV is selected with computational complexity of

Transmission rates 53.3-480 Mbps
Average transmission power —10.3 dBm

O(JN), and for each pair of transmission rates,and the Transmitter antenna gain 0 dBi
relaying schedule are selected with computational conitylex Recelver antenna gain 0 dBi
Path loss factor 2

of O(3|N|?) and O(2|N?), respectively (assuming a typical
sorting algorithm is used with complexity a®(JN]?)). In
the unicast case, the complexity is reducedQ¢(3|\|? +
IN)M? + |N]) (v and the relaying schedule are selected in
O(2IN)? + |N|) and O(|N]?) time, respectively).

Example: We illustrate the operation of RUM through a
simple unicast example. In Fig. 5, has packets to send fo. B- Results
It sends ten packets during a given superframe. Some of thes&/e mainly focus on four performance metrics: (1) net-
packets are correctly received by the destinafiband/or relay work throughput (i.e., goodput), (2) Jain’s fairness indes.,
nodesA and B, as shown in Fig. 5. In the next superframehroughput fairness) (3) blocking rate, and @bficiency Be-
nodesD, A, and B announce the received packets using thefiore explaining these metrics, we first clarify the procedfar
beacon frames. Let the relaying schedule (discussed hédtore establishing a session between two nodes. A source nodg star
the intermediate nodes bethenB. Therefore A starts sending by checking the available channel time, i.e., unreservedssIA
its received packets that are not receivedbfpacketsl, 3, and in the superframe. We assume elastic traffic. For this type of
7). Then,B sends its overheard packets that were not receivedffic, the session can be established using whatever ehann
by A or D (packets2, 4, 8, and10). Finally, S resends the time is available (but not to exceed the required demand), an
packets that were not received By or any intermediate node the unsatisfied load is captured via the deficiency metric. If
(packet9). Note thatS is considered as a relay node. there is no any available channel time, the request will be

6.6 dB
2.5 dB

Receiver noise figure
Hardware-related loss

TABLE |
PARAMETERS USED IN THE SIMULATION.




Blocking Rate (%)

blocked. Accordingly, we calculate the deficiency as therat Finally, in Fig. 8, we study the performance of RUM for
between the unsatisfied load and the total offered load. ¥é ainulticast transmissions. In this experiment, the source ca
calculate the blocking rate as the ratio between the numberdirectly communicate with all its destinations at the lotves
blocked sessions and the total number of generated sessiotisansmission rater{). Note that, as mentioned before, the
Fig. 6 depicts the various performance metrics versus thember of destinations per source is randomly selected.8ig
traffic load v for a single-hop scenario (i.e., any sourceshows that RUM achieves a high throughput improvement (up

destination pair can communicate directly at rat¢. In this

to 43%). The result shown in Fig. 8 supports the trends in

figure, we contrast the performance of RUM with the trandsigs. 6 and 7.

mission techniques shown in Fig. 2 (a), (b), and (c). For the
packet overhearing and deterministic relaying technigues

use exhaustive search to select the optimal relay node @&nd th
transmission rates. As shown in this figure, the results @re i
line with the example given in Fig. 2. RUM achieves the best
performance with respect to all performance metrics. RUM

[

o)

o

IN

Throughput (packets/sec)

achieves a significant throughput improvement (upl td%,

54%, and26% relative to the direct transmission, deterministic

relaying, and packet overhearing techniques, respeglivel

10'
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Fig. 6. Performance of various transmission techniquesugetraffic loachy
under unicast (single-hop) transmissiodé £ 20, Area= 20 x 20 m?2).

Next, we study the effect of integrating RUM into the Ad
hoc On-Demand Distance Vector (AODV) routing protocol fo['z]

multi-hop communications (using the min-hop metric forteu

selection). In this experiment, RUM is used to select the bdd

transmission technique and transmission rates over eakh

N

Throughput (packets/sec)

---RUM
—Direct Transmission|
10

4 6 8 12
y (Mbps)

Fig. 8. Throughput performance of RUM for multicast comnuations (v =
20, Area= 20 x 20 m?).

o

V. CONCLUSIONS ANDFUTURE WORK

In this paper, we proposed a resource utilization mechanism
(RUM) for improving the throughput of a multi-rate UWB-
based WPAN. For each source-destination pair, RUM exploits
opportunistic relaying and time-spreading techniquesrto i
crease the link reliability such that high transmissioe i@n be
used while at the same time a target end-to-end PER is sdtisfie
We compared the performance of RUM with that of other
transmission techniques. Our simulation results showed th
RUM improves the network throughput (upt®1%, 109%, and
43% in unicast (single-hop), unicast (multi-hop), and mukica
communications, respectively). For our future work, wel wil
use the time-spreading technique to control the transomissi
power and increase the spatial reuse of the medium. In thés ca
a packet is sent twice using a low transmission power while
satisfying a target PER. This technique results in resgrvin
the medium over a small area for a long time by one source-
destination pair. However, at the same time, it allows many
reservations to be established over adjacent areas.
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