Distributed synchronization and medium access In
wireless mesh networks

Sriram VenkateswaranSumit Singhi, Upamanyu Madhoiy Raghu Mudumbai
* University of California, Santa Barbara, CA 93106, USA
TThe University of lowa, lowa City, IA 52242, USA

Abstract—Implicit local coordination of nodes in a wireless
network using mechanisms such as Carrier Sense Multiple
Access (CSMA) is conceptually attractive and relatively esy to
implement, but often leads to performance that is far inferior
to what is possible using explicit global coordination stréegies
such as Time Division Multiplexing (TDM). In this paper, we
give two examples showing that appropriately designed imjdit
coordination strategies that employ learning and memory ca
provide performance competitive with that obtained using eplicit
strategies, while requiring minimal overhead. The first exanple is
an algorithm for distributed timing synchronization maint enance
using the timing information already present in ongoing conmu-
nication in the network. The second example is a distributed
medium access control protocol that achieves performancdase
to time division multiplexing (TDM) without requiring expl icit
resource allocation: nodes lock into communication pattens that
have been found to work, with enough randomization to prevet
locking into poor schedules. While the general philosophy foex-
ploiting learning and memory in the design of network protomls
is of broad applicability, our numerical results emphasize60 GHz
networks with highly directional links: effective coordination
is particularly important for such networks, in view of the
“deafness” caused by directionality.

|. INTRODUCTION
Cellular networks and wireless local

the expected andactual time of reception in order to estimate
the difference between its clock and that of the transmiger
node adjusts its clock phase each time it receives a paaket, b
adapts its rate on a slower timescale by exploiting memory.
We show the efficacy of this decentralized scheme for typical
traffic patterns, and also investigate the minimum amount of
communication required for it to work. The latter also sheds
light on the minimal overhead required for maintenance of
synchrony for networks using explicit synchronization deess
(which might be necessary for networks with very sparse
communication patterns, such as sensor networks with eever
energy constraints).

The proposed algorithm has some similarity to prior consen-
sus [1] style algorithms [2]—[4], but the latter require &gip
signaling. Firefly-inspired synchronization [5] can be jgigal
for implicit synchronization, but it is only designed for gde
synchrony, and does not handle either propagation delays or
oscillator skew.

Our second example is a distributed MAC protocol, first
introduced in [6], that employs memory to achieve implicit
transmit-receive coordination and efficient spatial relesse

area networksuming that network-wide time slotting is available (e.g.,

(WLANS) offer two radically different approaches to wirsge using the synchronization maintenance algorithm in out firs
networking. Tight centralized control, with significanteusf example). While this approach is generally applicable, we
feedback signaling (e.g., for power control and channekstdocus on the specific example of a 60 GHz network with highly
information), is used in cellular networks in order to emsurdirectional links, where implicit coordination is challging
efficient usage of precious resources such as power and bamtause of the deafness resulting from directionality. kdevs
width. On the other hand, WLANs today use decentralize¢tat a node’s transmit and receive history with each neighbo
mechanisms such as Carrier Sense Multiple Access (CSMAjpvides feedback for implicit coordination, and persiste
enabling implicit coordination between nodes. While suchse of given slots for communication with a given neighbor
techniques are easy to implement and quite efficient forlsmkdads to approximate TDM schedules with high medium
networks, they lead to highly inefficient resource usage itilization, without incurring the overhead of explicitmerk-
larger networks (e.g., when a mesh network is constructeitde coordination.
out of WiFi nodes). In this paper, we provide two examples Prior work on using memory for implicit coordination for
to make the case that implicit coordination need not leadAC includes [7], which focused on omnidirectional netwsrk
to inefficiency, showing that decentralized mechanisms thearrying periodic traffic. Networking for mesh networks fwit
use learning and memory can be as effective as centralizicectional links has been studied before (e.g., see [8P1
and explicit coordination mechanisms, while minimizing thbut typically two kinds of links are used: omnidirectional
overhead required for coordination. links for coordination and then directional links for enbed
Our first example is that of maintaining network-widgperformance. In contrast, the proposed MAC provides a sing|
timing synchronization for the purpose of time slotted nplét mechanism for implicit coordination which is broadly appli
access. We show that it is possible to exploit the timingable. While we focus on illustrating how well this works
information implicit in ongoing communication to jointly for highly directional links (where prior protocols wouldlif),
adapt the clock phases and rates at each node. Each timeeabelieve that further investigation would show that samil
node receives a packet, it measures the difference betwa@sas work for enhancing the performance networks with



omnidirectional links as well ( [7] provides a glimpse ofslin 4 Round 1 Round 2
a somewhat constrained setting of voice over mesh networks)
. . — / Nod%

Putting these two examples together yields a framework
for efficient resource utilization in large-scale mesh roks,
using time slotted multiple access, but a detailed simutati
of such a system is beyond the scope of the present paper.

o(t

II. DISTRIBUTED IMPLICIT SYNCHRONIZATION

Synchronizing nodes to the accuracy required for commu-
nication is typically done in two stages — first, bstablishing
and then, bymaintaining synchrony. At startup, the nodes
are assumed to be completely asynchronous; therefore, ar
explicit synchronization mechanism is used to synchrotiize Ny — Ny
network coarsely. For example, a gateway node broadcasts it : t T T 1 >
time, enabling its one-hop neighbors to set their clockesth Toaor Moot BTt ATuor Slter

nodes then broadcast their times, enabling nodes furthay aw
Fig. 1. Nodes mak@hase jumps each time they receive a packet. However,

from the gateway to SynChromze their clocks. By this prece%hey change their frequencies (slope of the lines) only atethd of around
the network can be coarsely synchronized in a time interuahsisting of many slots.

proportional to the diameter of the network. Since network

setup times on the order of a few seconds — much Iarger

than the timescales of communication — are acceptable, angls] respectively, we have,
establishing synchrony is a one-time effort, this processott tra - _

expected t(?bga bottleyneck. The main challengae?mtai ning vy 8] = w5 18] + Blwils] — o5 [8]) @)
synchrony is the variation in clock rates across nodes lsecawhere(0 < 3 < 1 is a tunable parameter.

of manufacturing imperfections and temperature changesWhile this phase adjustment reduces the phase error
They cause the clock phases at different nodes to drift apdrétween N; and A, it might worsen the phase error
tending to destroy the established synchrony. We propdsetween A; and a different neighbotVy,. Nevertheless,

an algorithm to restore synchrony by leveraging the timingith “sufficient” bidirectional communication and all nosle
information present in the ongoing communication, therebyaking such adjustments, these phase jumps tend to keep
minimizing the need for explicit synchronization beacons. the synchronization error between neighboring nodes under
Synchronization based on implicit timestamps: Suppose control.

that node/V; transmits to its neighboring nod¥ in slots. e Frequency Adjustments: In addition to the phase
Since this is a TDM-based network, the transmission begiadjustments, nodes also adjust their frequencies based on
whenN;’s clock equalssTy,:. Suppose that the time at whichthe implicit timing error measurements so to attain the
N starts receiving this packet is; (after subtracting out the long-term benefits of network-wide synchrony in baase
propagation and processing delays that can be estimatbd indand frequency. However, the frequency adjustments occur on
startup phase)\,; can now conclude that its clock is aheaa slower timescale when compared to the phase adjustments —
of N;'s clock by ¢; — sTg¢. Thus,N; obtains an estimate nodes adjust their frequencies only once gmeind, consisting

of its clock error with respect toV; without any explicit of a large number of slots. The frequency adjustment rules ar
timing related signaling. The receiving nodeV; adjusts its intuitive and can be summarized as follows: Each node looks
clock phase and frequency based on such implicit timirfgr a trend in the phase errors it observes with its neighbors
error measurements in order to drive the network towardser a round of slots. If, despite all the phase adjustments
synchrony. Note that such adjustments are coupled througmakes, nodeV; consistently finds that its clock is “well

the network transmission schedule — the changes madeabhead” of its neighbors’ clocks over a rountl; concludes

N; based on the timing of its received messages impact tthat its clock frequency is larger than the average frequenc
times at which it transmits, and hence the adjustments madethe network. NodeV; then reduces its clock frequency
by nodes who receive these transmissions. We now state ltlye;, at the end of the round. Similarly, nodes which find
phase and frequency adjustment rules used by the nodes #mair clock phases “well behind” those of their neighbors’,
then provide the intuition behind them (also see Figure 1).increase their frequency by at the end of a round. This

e Phase Adjustments:Suppose thatV; transmits toA; in  process is repeated over multiple rounds to achieve frexyuen
slot s. Let the times onV;’s and \V;’s clocks whenV; begins synchrony.

this transmission be; [s] andy, [s] respectively\; implicitly Let node A; receive implicit timestamps from its
estimates that its clock is ahead®f’s clock by ¢;[s] —¢;[s] neighboring node N; in n;; slots within a round

and makes an instantaneous phase jump in order to reducetlita consists of Sg slots. We label these slots
phase error with respect #; “quickly”. Denoting the clock s;_;(1),...,sj5i(t),...,sj—i(ni;)  respectively.  Node
phase at\V; before and after the phase jump by [s] and N adjusts its frequency at the end of the roundSef slots

Normalized Phase:




250,

o
=]

labeled A, B and C, equipped with synchronized clocks and

— —4-Averaged System| ° — -+ Averaged System|
ova §GO|M| operating in a Time Division Multiplexed (TDM) fashion. We
é%lso ~§ assume that neighboring nodes are located within a distance
2210 ze® dmas Of ONne another. Suppose that the packets transmitted in
4 / H e /'//// each slot are of duratiol < T.;,, and the distance between

= - = A and B is dap. Consider a scenario whetB receives a

o
o

0 2 80

[S)

2| 80

Number of Nodes” “Number of Nodes " packet fromA in slot s and then, transmits t6’ in slot s + 1.
(a) Ring Topology (b) Grid Topology Therefore, A begins its transmission dt = sTg,;, and B
completes reception of this packet after an intervaIIMerATB
(corresponding to the sum of the propagation delay and the
packet duration) afe,q = sTsior + W + “75, wherec denotes
the speed of light. Because of the half-duplex constrainht,
based on an estimate of ixcess frequency — the difference must complete reception from nodg in order to be “ready”
between its clock frequendy; and the network wide averagefor the transmission in the subsequent slottobeginning at
F. N; estimates its excess frequency, denoteddhyby the tsiart = (5 + 1)Tu0r. Therefore, we neetlnq < toiart, OF,
sum of the observed phase erravish all its neighbors over dup
the entire round, Tsior > W + — 3)
s B \- Setting the distance betweehand B to the maximum value
%= Sk 2 2 elsiil] —eilsi®] @) dmaz, We see that a slot must include a “silence periat”,
least of durationd,,..../c, in addition to the data transmission
If the excess frequency estimatefalls within a “dead zone” time W. Indeed, we can show that a silence period of
of width € (i.e. |5i| <€), nodeN; is ambivalent about whetherd,,,.../c is sufficient to maintain TDM-based communication
its frequency exceeds/falls below the average frequencyiima general network with half duplex nodes. Therefore, the
the network. In this scenario, nod¥; does not change its fundamental overhead due to propagation delay, called the
frequency. However, when nodé; is confident that its phasesguard time, iS 7yuarda = dmas/c. For the envisioned mesh
are “well ahead” of its neighbors’d( > ¢), it decreases its network with a maximum link rangé,,... = 100 m, the guard
frequency byu (and vice versa fob; < —€). time 7yuqra = 1/3 ps~ 333 ns.
Convergence: An exact analysis of this algorithm is com- The guard time derived above is sufficient to sustain com-
plicated by the fact that the neighbor from whom a nodmunication with ideal clocks — clocks that are synchronized
receives packets varies across slots. However, we candaroyphase across nodes and run at the same frequency. However,
fundamental theoretical insight by analyzing the evolutid some additional guard time is necessary to tolerate synchro
the system “on the average”. In such a fictitioageraged nization errors and sustain communication until the nekwor
system, each node adjusts its clock phaseeirry slot based reaches synchrony (via the implicit synchronization sciem
on a weighted average of the phasesallf its neighbors. We use this additional guard time as a metric to quantify
The weights are chosen based on the transmission schedieperformance of our algorithm by comparing it against the
in the actual system, with clock phases of neighbors wloverhead due to propagation delay.
communicate more frequently being given a larger weight. V&xalability of phase-only updates:We first investigate a
show that the rules described above for phase and frequeaclieme where nodes only adjust their phases and not their
adjustments lead to synchrony in the averaged system dretjuencies (a special case of phase-frequency adjustment
also obtain rules of thumb to choose the parameteasmxd with © = 0). This scheme is particularly attractive from
1. We do this in two stages : first, by choosing a round to s implementation standpoint because of its simplicity —
“sufficiently long”, we show that each node can estimate itshen the clocks are implemented in software, recurrentgohas
excess frequency — based on (2) — to an arbitrary accuracyadjustments simply correspond to altering the contents of a
We then choose the width of the dead-zané be larger register occasionally. However, the downside to such phase
than the sum of the frequency adjustment step-gizand only adjustments is that the clock phases can never converge
frequency estimation erroy, so that we can accommodatecompletely and always leave behind an irreducible phase.err
wrong frequency steps and frequency estimation errorsnFrdhe magnitude of this residual phase error between neighbor
this, we can show that the frequencies converge to a windavg nodes is precisely the additional guard time required fo
of width smaller thar2(e + x + x). Sincep and x can be successful communication. It depends on the distributibn o
chosen freely — and therefore, made arbitrarily small — we c&requencies across nodes in the network, in addition to the
achieve frequency synchrony to any desired accuracy. network size and topology. For a given network topology,
Overhead due to propagation delay:We now quantify the we estimate the guard time conservatively by choosing a set
fundamental overhead due to propagation delay that seswes af “bad” frequencies thamaximize the phase error between
benchmark against which we can characterize the perforenaneighbors. The bad frequencies are chosen using a linear
of our algorithm. Consider a network consisting of threeemd program that optimizes the phase error between neighbors

Fig. 2. Worst error between neighbors for the actual systedntlae averaged
system with only phase adjustments imiaectional network.
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16 odes scheme — since a large number of packets flow through
=64 Nodes the network, nodes are able to make implicit timing error
measurements frequently. Therefore, nodes adjust thmik cl
phases and frequencies often, thereby increasing the fate o
| . convergence towards synchrony.
% os I is 2 25 3 % os I ds 2 25 3 We simulate mesh networks set in ring and grid topologies
x10 X0 with the following parameters — noise chosen uniformly from
[-5 ns, 5 ns] is added to each implicit timestamp measure-
Fig. 3. Network wide frequency error with ring and grid topgies. ment and nodes adjust their frequencies once in 200 slots.
The results are shown in Figures 3 and 4 and we make
the following observations : (1) The maximum difference in
e Noes frequencies between any two nodes in the network settles to
254 Nodes about 10 ppm (Figures 3(a) and 3(b)) and this value is vitual
independent of the size and topology of the network. Since
i the network-wide frequency error is on the order of 100 ppm
Lo . initially, the phase-frequency adjustment algorithm deses
% e SR s 2 3 the frequency error by a factor of 10. (2) After the phase-
frequency adjustments, the maximum phase error between any
pair of neighbors in the network is only between 6.25 ns and
Fig. 4. Worst phase error between neighbors in ring and gpologies. 10 ns (Figures 4(a) and 4(b)). Crucially, the largest phase
error between neighbors does not scale up with the size of the
network. Thus, the additional guard time required to tdkera
in the averaged system. This provides a lower bound to tBgnchronization errors after the phase-frequency adgrstsn
worst-case error in the actual system, averaged over raultifs only 3 % of the fundamental overhead due to propagation
realizations of the random transmission schedule. delay. Therefore, the proposed algorithm synchronizes- sat
We present the results for networks of varying sizes, setted networks without any explicit timing related signali
in ring and grid topologies, with parameters typical of 6@€ommunication required for implicit synchronization:
GHz networks; for example, we choose the slot duratiowhen there is little ongoing communication in the network,
Ts0c = 10ps and the skews at different nodes range frome time interval between successive occasions on whick nod
-50 ppm to 50 ppm. From Figure 2, we make two immedia®; receives a data packet from its neighboring nole
observations — (1) the averaged system provides a lowerdbowan be quite large. In this interval, uncompensated frequen
to the phase errors in the actual system and (2) the worgifferences betweeh/; and.\; can causeV;'s phase to drift
case phase errdeetween neighbors grows with the size of the away from that of \;, leading to substantial phase error.
network. The worst-case phase error grows with the numhgnless the guard interval is large enough to tolerate such
of nodesN as N33 and N%87 for networks set in ring and large errors, communication betwedf and A will be un-
grid topologies respectively. successful. Repeated instances of unsuccessful comnionica
From Figure 2, we see that the error between neighbors ir@uses the system to spiral into complete breakdown — nodes
64 node network set in a ring topology can be as largg2as will no longer receive implicit timestamps (since this eali
ns. Thus, the additional guard time needed to accommodate successful communication), causing the synchronizatio
synchronization errors in such networks 2g37% of the accuracy to worsen further. Therefore, choosing an adequat
fundamental overhead due to propagation delay (333 nglard time is of paramount importance and we now charac-
On the other hand, for small directional networks in a ringrize the necessary guard time as a function of the amount of
topology (say, 16 nodes) or reasonably large networks incemmunication in the network.
grid topology (36 nodes), we see that the largest phase errowe consider mesh networks of 16, 36 and 64 nodes set in
between neighbors is only 40 ns. In this case, the increaseiig and grid topologies. We designate some of these nodes
the overhead is only 12 %, which is perfectly tolerable. T@m be gateways so that no node is more than 3 hops away
summarize, phase-only adjustments with implicit timegiamfrom a gateway. We vary the probability of a node having
may suffice in small mesh networks with linear topologies flow to/from its gateway to control the amount of data
or moderately sized meshes in grid topologies, but frequenfowing through the network. First, we allow the nodes to
adjustments are necessary for large networks, especiallyonly adjust their phases and calculate the largest phase err
linear topologies. between any pair of neighbors (this is exactly the addifiona
Phase-frequency adjustments in saturated networksTo guard time needed to sustain communication). From Figure
quantify the performance of the proposed phase-frequeriywe see that the phase error decreases with increasing
adjustment scheme, we consider a saturated network — @nebability of a link being active. Let denote the probability
with a lot of ongoing communication. Such networks arthat a link is active. Whemp = 0.01, we see that the phase
well-matched to the proposed implicit timing synchroniaat error can be as large as 460 ns, which is nearly 1.5 times
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mechanisms for dynamically adapting TDM schedules are
built in. This allows MDMAC to promptly react to changes
in traffic patterns and interference loss (in the few casesnwh
it does occur), and helps avoid locking into grossly unfair

——16 Nodes
——36 Nodes|
400 —=—64 Nodes

Timing Error (nanoseconds)
Timing Error (nanoseconds)

schedules.
We now outline the functioning of MDMAC: say node A
iy ke Ry ke O wishes to initiate a transmission to node B. Node A randomly
(a) Ring topology (b) Grid topology picks one of the free slots in a frame to attempt a packet

transmission. If node B successfully receives the packet, i
responds with an ACK to A, and both nodes mark the slot to
be used for communication from A to B over future frames.
This leads to an implicit slot reservation. In case As ailiti

Fig. 5. Phase error between neighboring nodes as a functiotheo
communication in the network.

® transmit attempt to B fails, A flags the slot as “blacklistéol”

Faw i future transmit attempts to B. The-AB reservation persists

£« until A has no more packets, or there is repeated packet loss,

e 5 or if either A or B explicitly terminates the reservation.cu

Euw £ a simple approach, when followed by all nodes, can lead to an
” “ approximate TDM schedule, but it suffers from a number of
T e T T T sl T unfairness issues. For example, a node that starts lateatan g

(@) p = 0.01 (b) p = 0.05 locked out in case of a saturated network. To avoid locking

into grossly unfair schedules, we introduce a probabilistiate
reset mechanism, where each node resets a slot state (iffansm
receive/ blacklisted for a given neighbor) with a non-zero
probability. This randomization of state life-times resuin
the fundamental overhead due to propagation delay. On gieough churn that allows the TDM schedules to be rearranged.
other hand, when = 0.1, the phase error is 50 ns, whichApproximate Protocol Model: We now present a Markov
is only 15 % of the overhead due to propagation delaghain fixed-point analysis to study the effect of different
Thus, each link needs to be active roughly 10% of the tim@otocol parameters on the performance and compute the
for the additional guard time to be tolerable — the activitpxpected medium utilization for MDMAC.
on the link could be due to data packets flowing through We focus on a “typical” node (e.g., in the interior of a large
the network or explicit synchronization beacons. Designimetwork) with pseudowired links to all its neighbors. Each
such explicit synchronization beacons to augment the eggoinode maintains state information on each of its outgoing and
communication is an open issue. incoming links for each slot. We assume that the state for
Next, we consider phase-frequency adjustments in a 38ch time-slot in a single frame evolves independently, and
node network set in a grid topology. We plot the largest phagévelop a Markov model for a given slot over multiple frames.
error between any two neighbors in a single realization [@onsidering a saturated network where each node always has
Figures 6(a) and 6(b) fgv = 0.01 andp = 0.05 respectively. packets for all its neighbors, we assume that the schedule
We see that the phase errors converge to 10 ns (approximatéftivated over each slot is chosen randomly and indepelydent
—only 3 % of the overhead due to propagation delay — in boffom other slots.
cases, illustrating the benefits of frequency adjustments. Outgoing links can be in “Transmit” (T), “Idle” (I) or
We now present a MAC protocol that uses the slots cofBlocked” (B) state, where a node can contend for a new
structed by the synchronization scheme and simple learnifggervation only if the outgoing link is in the “Idle” state.
rules to converge to TDM-like schedules. For incoming links, the state space comprises only two State
“Receive” and “ldle”. We introduce the “Unavailable” (U)
I1l. M EMORY-GUIDED DIRECTIONAL MAC (MDMAC) state, which means that the outgoing link cannot contend
Because of deafness arising from the high directionality &r that slot because some other link belonging to that node
60 GHz millimeter (mm) wave links, carrier sensing becomas in the “Transmit” or “Receive” state. The “Unavailable”
ineffective for monitoring transmission activity in a ndsle state allows us to capture and decouple the dependence of
neighborhood. Consequently, the only information readistate of one link on the states of all the other links within
available to a 60 GHz mesh node is the outcome of its ovensingle node. Having augmented the link state space with
transmit and receive attempts to its neighbors. The nowdlty the “Unavailable” state, we approximate the states of dhffie
MDMAC lies in employing simple learning rules at each nodénks for a given node (in a given time-slot) as independéfet.
based solely on the memory of its transmit/receive outcdmesalso approximate the state of the links of a node as indepgnde
converge to time division multiplexing (TDM) like schedsle of the state of the links for all other nodes. Clearly, thisat
Given the low spatial interference, nodes do not account fsirictly true: a “Transmit” state at node A sending to node
the effect of their transmissions on their neighbors. Havev B automatically implies that node B is in “Receive” state for

Fig. 6. Evolution of the phase error over many slots with phasquency
adjustments.



Algorithm 1 State probabilities computation

1: Initialize Pr = 1, Pr =Py =P =0.

2: Use the current values d?, and (5), (6), (7) to compute
the transition probabilities,,: .

3: Use the values foP;, obtained in Step 2 and (4) along
with the normalization conditiof) ©, P; = 1 to solve for
the state probabilities and update the value®of

that slot. The preceding decoupling approximations allewou  4: Return to Step 2 until convergence.
focus on state transitions for a typical outgoing link toabt
performance insights, which are close to the simulationltes

prtlezsen;ed later in tE'S SeCt'Odr!' ‘ ing link I_two-node network because of symmetry, and indeed we find
P k'Jg‘ h preser;ts the stateb E}lgr_am ;)r an ou}g?wg K. Letat this is always the case. We now compare the analytical
s be the steady state probabilities of state {T' I, B, U}. and simulation results for the expected link utilizatiorr fo

XVe g[er(;ote thehtransmc;)n prcf>bat?|l|rt])l/) frO@]} to 52 as PT,}ST q successful transmissions for each node. The total medium
et enote the number of neighbors for a "typical® Nodqyjization in this case would be the sum of the transmit

We now introd_u_ce a new tl_mable protoc_ql parameter: tlﬁﬂk utilization for the two nodes sharing the link capacity
listening probability p; which is the probability that a nOdeThe steady-state probabilities calculated from the Markov
decides not to contend for transmission on any of its ouoin, it model areP;=Py= 0.489, P,= 0.015 andPs= 0.007

l'?]ks' Thus, the pr_obablhty thgt a lnolije W't;‘ I‘f"”kl'.nksh'dl%ﬁualNet [14] simulations of the protocol for this settinglyis
c .c;]oses tlo tragsgqlllt ov_er a g|venh ink (each link is Ch OS&fe fraction of the successful transmit and receive stats sis
with equal probability) isp.,/N, wherep;, =1 - p;. The 0.492 each, which demonstrates a close match. The other stat

Unavailablg

Blocked

Fig. 7. MDMAC model: state diagram for an outgoing link.

steady-state probabiliiies for any statsatisfy: fractions are Blocked: 0.013 and Idle: 0.002 - the diffegsnc
P, = Z PPy (4) correspond to additional refinements embedded into thetactu
> MDMAC QualNet protocol model.

Assuming that the neighbors of the typical nodes are thefOdeling Arbitrary Networks: The preceding analysis can
selves typical, we first consider a simple two-node network?e gxt?n_ded to compute the state probabilitfgs} of a
Modeling a Two-Node Network: For an outgoing link from a _tyPical” link for an arbitrary network, i.e., for nodes WitV
node, the Unavailable state means that the incoming lin fr?i-directional links. Note that unlike the two-node netkioa

the neighbor is active, the Idle state means that the inapmifj’k P€ing in Unavailable state does not automatically mean
link is Blocked or Idle, and the Blocked state means that ti{gat thé corresponding incoming link is active; any of thieeot
incoming link is Blocked or Idle. To model probabilistic &ta 2 — 1 links from/to the same node can be active. We first

resets, lefl,; and Ty, denote the average transmit/receivge”"e an expression fde; . For t_h|§ transition, th_e node must
slot and blocked slot lifetimes. Therefore choose to contend for transmission (probability.) rather
] ] 1 than to listen, and pick the reference link (which is in the

Pp;=—, Py = ——, and Pg; = (5) Idle state) out of the subset of thé outgoing links that are in
Tstot Tstot block Idle rather than Blocked state. The probability of any oirigo
We now computeP;r: for this state transition, the nodelink other than the reference link being in the Idle state is
chooses to contend in the slot rather than listen (prolpbiliP; /(P; + Pg). Thus, the probability, that the reference link
pez) AND either the receiving node is in Blocked state, ORs chosen to contend is given by:
the receiving node is in Idle state AND chooses to listen

(probability p;). Therefore, Ni:l <N — 1> < Py >m ( Py >k 1
Pc = Pt - )
Prr = pia ( = > > (6) k=0 " e Pt/ bt

+
PI-FPBpl Pr+ Pp .
wherem = N —1—k. For the contention attempt to be success-

where the independe_nc,e approximation is applied to inf thy | +he corresponding receiving link on the neighboringl@o
given the reference link’s Idle state, the conditional @iob ., /st be in the Idle or Blocked states, and the neighboring

ities of the incoming link being in the Blocked or Idle stateq,qe muyst choose to listen rather than contend to transmit
are proportional to the respective steady-state protiasilWe . one of its Idle outgoing links (if there are any Idle links,

can evaluate the other probabilities in a similar fashion. . q1se all its outgoing links must be in Blocked state). The

Dz PezPr p?, Pr corresponding probabilityp(;) is
o=y P S R P T vy O Py )N py )V
I+ B I+ B I+ B prlzpl(P]—FPB(l—(m) ))“rPB(m
We now present an iterative algorithm to compute thieurthermore, the receiving node must choose the reference
steady-state probabilities in Procedure 1. link out of all of its own otherN — 1 neighboring nodes (also

Consistency demands that the steady-state probabilities‘typical” nodes) that also happen to be Idle and contending
the Transmit and Unavailable states should be equal for tto this slot (probabilityP;p.). The probability of this event
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Prr = pepripro (9) Fig. 12. Throughput. Fig. 13. Total delay. Fig. 14. Delay jitter.

In case the transmission attempt is not successful, the

reference outgoing link is forced into the Blocked state. We o .
obtain P as lifetime Ty, is in the range of 100 to 1000 frames, i.e.,

Pr5 = pe(l — pripra) (10) Prr, Py values _of 0.01 to 0.001. In or(_jer_ to understand
the effect of tuning the Blocked state lifetimes, for each

We now define the probabilityp() that at least one of the value of Pr;, we considerPg; = Pr; or Pg; = Prr/2.
neighbor nodes of the reference node attempts to transmit/g. 9 shows the expected total medium utilization by a nede’
pa = 1 — (1 — Prp.)N. For Pry, the reference node musttransmissions to all its neighbors. We find ttfat;= 0.001 and
either successfully transition to the Transmit state on @he p,;= 0.002 yield the highest medium utilization among the
the otherN — 1 outgoing links, or it must successfully receiveparameter choices that we have considered. Also, the medium
from one of its contending neighbors. This leads to utilization is relatively insensitive to the value of thetkning
probabilityp; (in the range 0.1-0.7). We observe similar trends
for medium utilization over a large range of neighbor deesjt
For Ppy, the transition to the Unavailable state can happemd therefore sePr;=Py;= 0.001 andPg;= 0.002 for our
either if the reference node successfully transitions t® tlevaluation. These relatively large state lifetimes resuless
Transmit state on one of its oth&f — 1 outgoing links, or if throughputloss due to churn, while offering enough poksibi
it successfully receives from one of its transmitting néigis. for rearrangement of schedules to ensure fairness. Althoug

Prv = (ptz — pe)PriPr2 + PiDa (11)

Therefore, our analytical guidance for choice &%-;, Py; and Py is for
N-1 saturated traffic, our simulations indicate that theseesre
Ppu = pia <1 — <i> ) Pripra + effective for unsaturated multihop mesh traffic as well.
Pr+ Pg Explicit State Reset: In addition to probabilistic state reset

5o 5o reset mechanism to enable a quicker response to changin
Pr+FPp Pr+FPp traffic patterns and maintain fairqbandwidth zllocation tole e
(12) neighbor. When the fraction of transmit or receive slots at a
The other transition probabilitiesP¢;, Pyr, Psr) can be node exceeds a threshold, the node successively resetatihe s
obtained from (5). Procedure 1 can again be used to compafe randomly picked slot (i.e., releases the slot to thelalvks
the steady-state probabilitiesPs}. Note that consistency slot pool) among the committed slots corresponding to the
requires thatPy = (2N — 1) Pr. neighbor that holds the highest share of the committeditnéns
We apply our model to an example six-node networlar receive slots. Basically, a node switches to an “alerttieo
in Fig. 8 where every node has four neighbors with linkwhen the bandwidth demand starts to approach the total link
saturating flows in each direction. The steady-state mediwapacity, and ensures that the bandwidth allocations among
utilization for successful transmissions from each node ¢g@mpeting neighbors are not grossly unfair.
obtained as 0.426. Packet-level simulation of the sameasicen  We now present a sampling of performance results for MD-
yields 0.43. We now investigate the effect of the followind/AC obtained via packet-level simulations over the QualNet
parameters on the performance of MDMAC (P);, Py;, Simulator [14] with the PHY and antenna modules modified
and Pgr; and (2)p;, under saturated traffic conditions ando model 60 GHz links.
a given network node density. We consider the probabilitiesFig. 10 compares the aggregate network through-
Pr; and Py; such that the average transmit/receive staput achieved with  MDMAC against directional slotted

( < Pg N—l) Py N-1 and non-persistent contention, we devise an explicit state
Pa | |1— < ) + < >
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Fig. 11 presents estimates of the fraction of total transmit
opportunities “missed” by MDMAC over different simulation [1] Rf- Olfati-Sabﬁr anth. Murr?y, “Cogsensuz Iproblems inwoeks
; of agents with switching topology and time-delay$ZEE Trans. on
instances, and shows that on average the TDM sch_ed_ules Automatic Control, vol. 49, no. 9, pp. 1520-1533, 2004.
generated by MDMAC are quite efficient: they are within[z) r. Solis, V. Borkar, and P. Kumar, “A new distributed tinsgnchro-
6% and 7% of the corresponding largest cardinality maximal nization protocol for multihop wireless networks,” Proc. 45th |EEE

; CDC, San Diego, CA, USA, 2006.
matchlngs on the network graphs for the 25 and 50 nOd[%] L. Schenato and G. Gamba, “A distributed consensus pobtor clock

topologies, respectively. synchronization in wireless sensor network,”Rroc. IEEE CDC 2007.
) ; i _[4] P. Sommer and R. Wattenhofer, “Gradient Clock Synctmaiion in
We now I.OOk at MDMAC .S pgrformance ConSIdermg asym Wireless Sensor Networks,” iRroc. ACM/IEEE IPSN '09, 2009.
metric multihop m_eSh traffic with randomly chosen flows to[5; R. Mirolio and S. Strogatz, “Synchronization of pulsespled biological
and from the assigned gateway nodes to other mesh nodes. oscillators,” SAM J. on Appl. Math., pp. 1645-1662, 1990.

; ; ivnifi ; [6] S.Singh, R. Mudumbai, and U. Madhow, “Distributed Caaedion with
Fig. 12 shows that MDMAC attamos a S|gn|:|cantly hlgher Deaf Neighbors: Efficient Medium Access for 60 GHz Mesh Neksd
aggregate throughput than DSA (35% and 52% for the 25 and iy proc. IEEE INFOCOM 2010, Mar. 2010.

50 node topologies, respectively). A higher fractionahgaier  [7] S. Singh, P. Acharya, U. Madhow, and E. Belding, “StickMA/CA:
; ; ; Implicit synchronization and real-time QoS in mesh netvggridd Hoc
the 5_0 node t_opologles demons?rates thaf[ MDMAC is effectlye Netw, vol, 5. 1o, 6, pp. 744768, 2007,
despite the increased contention and interference regulti [8] R. Ramanathan, J. Redi, C. Santivanez, D. Wiggins, anBlot, “Ad
from the high node density. Figs. 13 and 14 offer insight hoc networking with directional antennas: a complete systelution,”
; ; _|EEE J. Sd. Areas Commun., vol. 23, no. 3, pp. 496-506, March 2005.
into the QoS performan-(-:e in terms of the much |0W§I’ end[9] Y.-B. Ko, V. Shankarkumar, and N. Vaidya, “Medium accesmtrol
to-end d(?lay and delay jitter for the received p_ackets iveat protocols using directional antennas in ad hoc networks2roc. |IEEE
to that with DSA. The end-to-end delay value is low enough INFOCOM '00, vol. 1, 2000, pp. 13-21.
; ; ; ; [10] A. Nasipuri, S. Ye, J. You, and R. Hiromoto, “A MAC protoicfor
to SatI.Sfy the typlcal Inte.met traﬁlc delay requwemeﬁt.!ae mobile ad hoc networks using directional antenn&sgc. IEEE WCNC
TDM:-like schedules attained via MDMAC lead to low jitter. 2000, vol. 3, pp. 1214-1219 vol.3, 2000.

[11] M. Takai, J. Martin, R. Bagrodia, and A. Ren, “Directarvirtual carrier
sensing for directional antennas in mobile ad hoc netwbiksProc.
MobiHoc 2002. New York, NY, USA: ACM, 2002, pp. 183-193.
V. CONCLUSIONS [12] T. Korakis, G. Jakllari, and L. Tassiulas, “CDR-MAC: Aqiocol for
full exploitation of directional antennas in ad hoc wiraesetworks,”
) ) o ) ) IEEE Trans. Mob. Comput., vol. 7, no. 2, pp. 145-155, Feb. 2008.
Our two examples show the promise of implicit coordinatiof13] R. R. Choudhury, X. Yang, R. Ramanathan, and N. H. Vaid@n

mechanisms in the design of network protocols: we show that Designing MAC Protocols for Wireless Networks Using Difengl
h /f d . b d L . Antennas,”|EEE Trans. Mob. Comput., vol. 5, no. 5, pp. 477-491, 2006.
phase/frequency adaptation _ase on EXIS.tII’Ig_ Commma'{'M] QualNet, v4.1. [Online]. Available: http://www.sedlle-networks.com
patterns can lead to network-wide synchronization, anttltiga [15] M. Leconte, J. Ni, and R. Srikant, “Improved bounds oe throughput
decentralized MDMAC protocol can yieId efficiency close to efficiency ‘of greedy maximal scheduling in wireless netvggrin Proc.
. . ACM MobiHoc '09. New York, NY, USA: ACM, 2009, pp. 165-174.
that of centralized TDM. Important topics for future resgar
include integrating such concepts into a comprehensive sfi
protocols for mesh networks that include network discoyvery
routing and flow control. While highly directional 60 GHz
mesh networks represent perhaps the most exciting applica-
tions of these ideas, we believe that the concepts presented
here may also lead to performance gains for mesh networks
with omnidirectional links at lower carrier frequenciesf O
course, much further effort is required to validate thiseass
tion.

Both of the mechanisms presented here are examphtigiof
mergy, where agents coordinate indirectly by modifying their
environment. Stigmergy is a powerful mechanism for large-
scale self-organization using local interactions, examnpf
which abound in nature, including flocking/swarming, teami
building and food finding. The results here motivate a broade
research agenda of systematically designing stigmergiheaze
nisms for solving problems of scale in communication networ
design.
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