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Elastic Rate Limiting for Spatially Biased
Wireless Mesh Networks

Vincenzo Mancuso, Omer Gurewitz, Ahmed Khattab and Edwardiightly

Abstract—IEEE 802.11-based mesh networks can yield a from MAC layer behavior. Because the low priority traffic

throughput distribution among nodes that is spatially biased,
with traffic originating from nodes that directly communicate
with the gateway obtaining higher throughput than all other
upstream traffic. In particular, if single-hop nodes fully utilize
the gateway'’s resources, all other nodes communicating witthe
same gateway will attain very little (if any) throughput.

In this paper, we show that it is sufficient to rate limit the
single-hop nodes in order to give transmission opportunigs to
all other nodes. Based on this observation, we develop a neate
limiting scheme for 802.11 mesh networks, which counters th
spatial bias effect and does not require, in principle, any ontrol
overhead.

Our rate control mechanism is based on three key techniques.

First, we exploit the system’s inherent priority nature and control
the throughput of the spatially disadvantaged nodes by only
controlling the transmission rate of the spatially advantaed
nodes. Namely, the single-hop nodes collectively behaveaproxy
controller for multi-hop nodes in order to achieve the desied
bandwidth distribution. Second, we devise a rate limiting sheme
that enforces a utilization threshold for advantaged singt-hop
traffic and guarantees a small portion of the gateway resoures
for the disadvantaged multi-hop traffic. We infer demand for
multi-hop flow bandwidth whenever gateway resource usage

exceeds this threshold, and subsequently reduce the rated o

the spatially advantaged single-hop nodes. Third, since th
more bandwidth the spatially disadvantaged nodes attain, he
easier they cansignal their demands, we allow the bandwidth
unavailable for the advantaged nodes to be elastic, i.e., ¢hmore

obtains only resources not utilized by the high priorityfftca

a rate control system only needs to control the high priority
traffic in order to control the throughput of both classesugh

we design a rate control method in which the single-hop
nodes collectively behave as a proxy controller for multi-
hop nodes: single-hop (advantaged) nodes allow multi-hop
(disadvantaged) nodes to increase their rate by decreasing
their own aggregate rate. Likewise, single-hop nodes carefo
multi-hop nodes to decrease their rate by increasing thvair o
rate.

Second, we address a critical problem in the priority system
how can single-hop nodes allocate resources on behalf of
multi-hop nodes without knowing their demands? That is,
while a particular single-hop node is in range of a small
number of multi-hop nodes, it is out of range of many others;
without knowing if multi-hop nodes are even backlogged,
how can a single-hop node make rate control decisions on
their behalf? Moreover, multi-hop nodes cannot simply make
use of additive increasewhen their demand increases, as
they can only increase their throughput if single-hop nodes
decrease their aggregate rate. To tackle these issues,one pr
pose a distributed mechanism that operat&atewayAirtime
Partitioning (GAP), in which a small portion of the gateway

the disadvantaged flows use the gateway resources, the highe @irtime is reserved for multi-hop nodes to signal their dedha

the utilization threshold is.

(signaling bandwidth whilst all nodes have open access to

We develop an analytical model to study a system character- the remaining gateway airtime.

ized by such priority, dynamic utilization thresholds, and control
by proxy. Moreover, we use simulations to evaluate the propsed
elastic rate limiting technique.

I. INTRODUCTION

Third, the amount of signaling bandwidth determines the
capability of multi-hop nodes to signal their demand and the
time needed for the rate control mechanism to converge to a
new stable state after the traffic demand changes. Howéeer, t
higher the multi-hop traffic, the lower the additional deman

A key challenge for rate control in IEEE 802.11 mesihat multi-hop nodes are expected/allowed to request, iand,
networks is that the total traffic originating from any nod&™. the less signaling bandwidth is needed. Hence, when
that is directly connected to a gateway forms a high-psjorithulti-hop traffic is high, we allow the signaling bandwidth t
aggregate flow when competing with other traffic. That ive used for multi-hop data traffic, i.e., we elastically reelu

for gateway-destined traffic, traffic originating from mult

the signaling bandwidth as a function of the multi-hop céfér

hop nodes is disadvantaged and can only use resources 'Ad¢-

demanded by advantaged gateway-connected nodes.

Thus, we design our rate control algorithm as followa:

In this paper, we develop a new elastic rate control meth8tgle-hop nodes are aware of the status of the gatewamairti

for mesh networks with three key techniques. First,exploit
and indeed require the distributed priority property thettivks
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utilization, i.e., they can estimate or get notified whettier
gateway utilization is above a predefined threshg@ld;single-
hop nodes agree that the aggregate traffic originating fibm a
single-hop nodes should never exceed a particular utdzat
threshold;(ii¢) thus, if the utilization threshold is exceeded,
it is due to multi-hop traffic;(iv) we interpret crossing the
utilization threshold as a request for a multi-hop flow to be i
the additive increasemode.
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want to increase their rates. With this view of the state of
both classes of nodes, single-hop nodes can set their own
rates according to rate control objectives, and, becausieeof
priority nature of the system, they have also set the rates of
the multi-hop flows.

We develop a simple fluid model to isolate and study
the aforementioned system properties of priority, uttla
thresholds, and control by proxy. We use the model both as a

means to precisely define these properties and to show that iu 1. A possible network topology. Solid and dotted linepresent data-

rat_e C_Ontr(_)l S(_:hem_e is at_’le_ to converge to a desired Opgra%?v.varding and non-data-forwarding links, respectivéhta-forwarding links
point in this simplified priority system. form a tree which is rooted in the gateway node.

Finally, we present an extensive setrd-2 simulation ex-
periments to evaluate the performance of the proposed schem
in more realistic settings than the fluid model. Our resuitsss  Wwith the gateway or with remote Internet nodes only. Since
that our approach achieves targeted rates similar to thioge ove are only interested in those performance factors that are
scheme that has perfect knowledge of all offered loads aed rariginating in the mesh network, we do not consider the ¢dfec
limits flows according to their ideal rates. Moreover, wewhoof the connection path between the gateway and any other
that the very limited computational overhead of our appnoacemote Internet node. Hence, for the sake of simplicity, we
yields significant gains compared to techniques that use rarodel all downstream flows as originating at the gateway,
control messages such as the IEEE 802.11s [1]. and all upstream flows as terminating at the gateway node.

The rest of the paper is organized as follows. In Sectioftowever, in the rest of the paper we focus on the performance
Il and 1l we define the network model and the key system®f upstream flows only. This assumption is motivated by the
properties, respectively. We propose our rate control ganfact that previous work already showed that downstrearfidraf
work, GAP, in Section IV. We model the system’s propertiegnpairments do not arise in case of UDP, and TCP performs
and analyze our rate control scheme in Section V. In Sectiary similarly both upstream and downstream [2].
VI, we evaluate the performance of the proposed scheme. Wddence we look at the upstream gateway capacity as a
overview related work in Section VII, and conclude the papdixed bandwidth and define the upstream gateway airtime
in Section VIII. utilization, U (t), as the amount of time the gateway transceiver

is active or deferring due to other data transmissions witisi
Il. NETWORK MODEL carrier sense range. The time the gateway spends in idke stat

We consider non-mobile multi-hop wireless networks th&" counting _down its backoff counter represents ungtilized
forward traffic to and from gateway nodes. The physic@ateway airtime. All nodes are assumed to be using the
topology of the mesh networks does not need to show a?§me _rate_for da_ta packet transmissions, thus g_atewamalm
particular structure. In contrast, therwarding topologyields  Utllization is equivalent to the consumed bandwidth.

a set of trees rooted in gateway nodes. Thus, we considefFinally, we refer to flow: as the aggregate traffic originating
networks with unconstrained physical topology, which echbdom nodei (i.e., flow: includes all upstream flows originated
a forwarding tree of degre& > 1 and depthD > 2 per by nodei, but does not include traffic forwarded on behalf of

gateway. In particular, we focus on a single-gateway meg}her nodes). We denote hiy;(¢) the rate at which node

in which a routing protocol establishes a set of forwardingrotties flowi at timet.
links yielding a tree structure. Note that since the gateway

capacity is of the order of few tens of Mbps, due to the 802.11 Ill. CHARACTERIZING 802.11 FORWARDING TREES
maximum transmission rate, typical values ofare 2 to 3,  |n this section, we identify three fundamental propertiés o
and N < 10 to ensure sufficient per-node resources. 802.11 mesh networks that affect our rate control design.

For a particular tree, mesh nodes other than the gateway
node can be classified into two sets: a Sebf nodes that o . o
can directly connect to the gateway, and a get which A- Distributed Approximate Priority Property
includes the remaining nodes. Fig. 1 depicts an example ofA number of studies have described the uneven distribution
data forwarding tree network topology. Note that the phgisicof bandwidth among flows in multi-hop wireless networks
interconnection is not a tree in the example. (e.g., [3], [4], [5]). Specifically, due to spatial bias some
For the sake of simplicity we consider wireless noddtows can capture more resources than others. In wireless
equipped with a single half-duplex radio. Nodes in the twts semesh networks, the spatial orientation of flows going to and
S and M compete for gateway access through a shared wifeem the gateway can further exacerbate severe throughput
less interface. However, our approach can be easily extendmbalances, giving higher bandwidth to nodes that are close
to multiple-radio nodes. In fact, it would suffice to logilyal to the gateway. In particular, the most advantaged nodebare
decompose the network into groups of wireless transceiveosies directly connected to the gateway (one hop away from
each group using a single 802.11 channel, and apply atyr hence whenever nodes in the single-hop and multi-hop
analysis to each group separately. node sets compete for accessing the tagged gateway imgrfac
We assume that no peer-to-peer traffic is allowed withthe distributed traffic originating at all nodes in the sl
the mesh, i.e., all non-gateway nodes can open connectibip setS is of almost-strict priority in accessing the gateway
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>

resources compared to the traffic originating at nodes/n
Thus, the traffic originating at any member of the multi-ho
setM can only access the residual gateway resources not u
by all nodes of the single-hop s&t Hence, if the combined
demands of all nodes in the single-hop node Setonsume
all of the available gateway resources, the traffic origimat
at any multi-hop node inM will not be able to access the
gateway resources. We refer to such a systemdistabuted
approximate priority systemwvherein the distributed load of
the setsS and M are the high priority and the low priority
traffic entities, respectively.

In order to demonstrate thdistributed approximate priority o o )
systemwe performed an experiment using mesh nodes runnifggults show similar trend as the one presented in Fig. 3, i.e
LocustWorld open-source mesh networking software. Ealfi €xistence of almost-strict priority in accessing theegay
mesh node is equipped with a single SMC 2532-b |E@rtime for single-hop traffic, whenever competing with atw
802.11b wireless interface operating at the 2.4 GHz ISM bafi@P node. These results are presented in [6]. _
with maximum transmission power of 24 dBm. The physical 1€ o other properties which inspire our flexible rate
layer rate is set to 11 Mbps. We use such nodes to realize fiffitrol mechanism, relate to congestion around the gateway
network topology shown in Fig. 2(a) in an indoor environment . .

We useiperf to generate traffic at source nodes. The duratigh Gatéway Airtime Saturation Property

of each experiment run is 120 seconds. In the experiment wel'he second property asserts that, assuming all links triansm
gradually increase the offered load of naslefrom 128 Kbps at the same rate, a congested link in a single gateway topol-
up to 6 Mbps in 512 Kbps steps. The multi-hop natlg ogy (possibly a few hops away from the gateway) indicates
carries backlogged traffic. Nod#;, does not offer any traffic congestion around the gateway (e.g., gateway airtime mast b
and just forwards nod@/;’s traffic. saturated). The reasoning is that since we assume thaféitt tr

is going to and from the gateway, the congested link traffic
also originates or terminates in the gateway. Hence, eiteer
traffic traversing the congested link propagates all the teay
the gateway, which implies congestion around the gateway, o
the traffic cannot propagate all the way to the gateway due to
some other congested region closer to the gateway. Ext@g@ndin
the same argument will let us conclude that the congestion is
localized in the vicinity of the gateway.
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Fig. 3. Experimental demonstration of 802.11 approximatierity property.
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Fig. 2. Examples of topologies of a two-hop node competinty wingle-hop

node(s). Dotted lines indicate that connected nodes areénwsensing range.

C. Proxy Control Property

Fig. 3 depicts the throughput of each flow as well as 1 irg property, which relates to the first two, asseras th

lthedg%tevxa%/ utilization dversus th?f. singrl]e-h(_)p lnoﬁe’s etlgr,enforcing free airtime in the extended gateway neighbatdhoo
oad, both for UDP and TCP traffic. The single-hop nodegzg, give nodes in setM some transmission opportunities.

received throughput is almost equal to its demands regﬁdl%herefore the sin L

) . , gle-hop nodes can act as a distributed/pro
of whether .the two-hop node’s qffered load is b"’.‘Cklpggeg/hich controls the transmission opportunities of multpho
Thus, the single-hop node’s traffic has almost-strict figior 4o

in accessing th? gateway resources (_a perfect strict _'g'riorl The reasoning for this property is based on the spatial reuse
system would yield th&” = X dashed line until saturatlon).Ioroloerty in multi-hop topologies, i.e., nodes two and three

Meanwhile,th_e MO-hop pode’s t_rgffic can only partiallyliag hops away from the gateway can utilize the free gateway
the gateway airtime that is not utilized by the single-hogeis airtime to get some channel access, given that the single-

) .
traffic.” When both flows are continuously backlogged, thg,, \odes left same gateway airtime unused. Nodes four hops

single-hop traffic utilizes almost all of the gateway aiim 54y from gateway can transmit simultaneously with single-
thereby starving the two-hop node. When we added a threg, nodes, which force two-hop nodes to backoff, and, in

hop node to the two-hop branch (not shown here), we obseryg , provide four-hop nodes with transmission opporianit

similar behavior. Note that the transmissions of the twp-NGryig shatial reuse argument can be extended to nodes which
nodes inM include both the locally generated and forwardegre further away from the gateway. Obviously, since hidden

ltrafﬁc._ Thus, when the t;]NO'hOp nodeﬁ ﬂre oflaﬂproxma]tﬁ)des cannot coordinate their channel access, distange fro
'ow priority In accessing t e gateway, all 1 € mu t"_ orf_ﬁca the gateway is in inverse proportion to successful transioms
is of approximate low priority when competing with Smgle'opportunities

hop traffic. We repeat similar experiments using the2
simulator with the default 802.11 parameters on a broader sqy. GAP: GATEWAY AIRTIME PARTITIONING THROUGH
of topologies such as the topology depicted in Fig. 2(b). The ELASTIC RATE LIMITING

1Gateway utilization drops when both flows share the gatewsgytd time We now introduce an elastic rate I|m|t|ng Stfat%}’ for Sﬂ’igl
spent in contention, collisions, and collision resolution hop nodes, that exploits the network characteristics ptege



in Section Ill. The proposed strategy is nam&ateway nodes estimate the gateway activity by overhearing gateway
Airtime Partitioning (GAP) since it yields an airtime partitionACKs. This approach is in principle possible at single-hop
between gateway resources that can always be used by aogles, but is particularly prone to estimation errors due to
node and resources that should be reserved for multi-hivame collisions and failures in decoding some ACKs, e.g.,
demand indication. due to variations in the SNR, not all single-hop nodes might
be able to decode gateway’s ACKs transmitted at the highest
modulation rate. In both ways, explicitly or implicitly, ela
A. GAP Framework single-hop node obtains gateway utilization indicator I/,
According to their unique system characteristics identifievhose binary value iBighif the bandwidth reserved for multi-
in Section lll, we pose the rate control problem in 802.1hop traffic is in use.
multi-hop trees as by which means to achieve an arbitraryWe define the disadvantaged-fldBignaling Bandwidth,
bandwidth distribution between the two spatially biasedeno Bp = «U*, v << 1, as a small portion of the system’s
setsS and M, given their time-varying demand. GAP rateresources that nodes ifi collaboratively agree not to use
control objective is to ensure minimum rates that would Her the transmission of their locally generated traffic t@ th
guaranteed under saturation load conditions, and to felirdye gateway. Instead, this bandwidth will be used exclusively b
unused resources among all competing nodes. The distitiet set of spatially disadvantaged flows. Any flow origingtin
nature of our rate control problem comes from the approxémaat a node inM will use this bandwidth to transmit data,
priority property of the spatially advantaged node Sethat thereby, expressing that its current demands would likeemor
allows its distributed demands to be almost fully servetbandwidth, if possible, to the spatially advantaged node se
irrespective of the demands of the spatially disadvantageeé S. Consequently, the distributed single-hop proxy congroll
set M. The demands of the disadvantaged multi-hop nodedl have all nodes inS collaboratively adapting their rates to
can only utilize the gateway airtime that is not used by thealize the rate control objective.
advantaged node sét The second part of the GAP framework is to prevent the spa-
Our new rate control approach is to have the set of singlially disadvantaged flows from misusitig), to get more than
hop nodes collectively behave as a proxy controller for multtheir minimum guaranteed rate if backlogged. In fact, if we
hop nodes. Thus, the main challenge in GAP is how can singlgeuld allow the single-hop nodes to unboundedly reduce thei
hop nodes allocate resources on behalf of multi-hop nod@des as long a®p is partially of fully utilized, backlogged
without knowing their demands. Nodes & should neither multi-hop nodes could usép to exclusively capture the
leave gateway resources more than the demands of nodesyistem’s resources, irrespective of the system’s apprabeim
M nor less thanM’s minimum guaranteed rate. Moreoverpriority behavior. Thus, we design GAP to not allow nodes
nodes inS can neither infer the demands nor observe thie S to reduce their rates their gateway utilization does not
throughput of all nodes inV due to the distributed natureexceed a minimum guaranteed rate.
of the network, and since we do not flood the network with The Minimum Guaranteed Single-hop Ratg U§, is de-
per-node control messages. fined as the minimum bandwidth to be guaranteed for the node
Our GAP framework is based on two fundamental ideaset S under saturation load conditions achieving a specific
First, we have all nodes in the spatially advantaged node sigtribution of the gateway airtime (e.g., max-min fairaes
agreeing that the combined gateway airtime utilizatiorhefrt proportional fairness, etc.JZ is the sum of the minimum
locally generated traffic, not including forwarded traffis, guaranteed rated;;, of single-hop nodes. Likewisd/, is
limited to a particular threshold, rather than the entiregay defined as the minimum airtime guaranteed.fdrunder satu-
airtime. Consequently, spatially disadvantaged nodesficr ration loads. The sum df§ andU, is the saturation gateway
can always use the residual gateway airtime for successpalindwidthU*. These values are apriori computed by means
data transmissions (either from a two-hop nodeAi to a of analytical models (e.g., [7]) refined by measurements.
node inS, or a node inS forwarding a multi-hop packet Note that adopting a minimum guaranteed rate for nodes in
to the gateway). Since all nodes & are aware that their S, not only prevents disadvantaged flows from misusi?yg,
traffic’s should not exceed a predefined threshold, nodeshuat also allows to tune the bandwidth effectively reservaed f
S interpret the excess gateway airtime utilization as onlg dsignaling according to the utilization of nodesi. In fact, as
to transmissions of multi-hop traffic. Hence, the only pieceodes inM receive more bandwidth, less bandwidth is needed
of information that nodes 5 need is whether the gatewayto indicate unserved demands. Thus, even though in a heavily
airtime utilization exceeded the threshold. This inforimat utilized network themaximumunutilized bandwidth isBp,
might be encoded into a 1-bit message thatigh when the actual unutilized bandwidth can be reduced as soon as
the traffic threshold is exceeded, and otherwiséoig. This more disadvantaged demands are served. Theminimum
message might be sent from the gateway to all nodé&s éng., guarantee is the tool that we use to allow thignaling
by encoding the bit into a currently unusedbtype valuen bandwidth to be partially used ataflows originating atM.
the Frame Control field of the 802.11 ACK, or by including-or instance, at saturated load conditions, all of the syste
a traffic indicator field in beacons regularly transmitted bgesources are fully utilized and both traffic types will reee
the gateway, or also by allowing the gateway to transmittheir guaranteed rates—i.e., nodes $hwill receive their
new type of management frame, newly defined for traffiminimum guaranteed rat&s, while modes inM will take
indication. Another way to obtain the same information om thall the rest—and no bandwidth is left for additional signgli
gateway airtime utilization might consist in letting sieghop In general, the single-hop nodes are allowed to exploit a



bandwidth that ranges fron/s to (1 — v)U*, the actual ; , _4s® .0 400 |
limit being dynamically and automatically determined bg tt — sp s Rs®) :
demands of the multi-hop nodes, i.e., ideally: _ U0 ( St i
Aad® M ) qa () U(?)
ST U Mw > Ui Bp; D
S M M D; (a) Uncontrolled system. (b) Controlled system.

where\ y is the aggregate demand of nodes\ih andRs is
the maximum aggregate rate allowed for nodeS,iwhich is a . o . _
piecewise linear function of »,. The corresponding unutilized the node demand is not satisfied, a single-hop node linearly

part of the signaling bandwidth, under fully backlogged emd increases its rate by. On the other hand, when the gateway
in S, ideally ranges between 0 arg): airtime utilization is above thé€l — v)U* threshold, a single-

hop node multiplicatively reduces its rate by a factoonly if
Bf[f)ee _ {BD, its throughput exceeds its minimumi guaranteed f‘ateThu_s, _
max(0, Uty — Am), only nodes that are currently receiving more than their fair

. shares will reduce their rates upon traffic overflow indimati

In order to ensure that the sngIeUhop set recéfeunder |, section Vv, we present a simple system model that isolates
saturation loadsy can beat most <. Howeveryy should  the main properties of 802.11 tree networks, and uses this
be much less tha" =< in order to allow single-hop nodesmodel to analyze our rate control approach.
to explore gateway resources more tiiah

Fig. 4. Fluid system model.

Am € [0,Ux, —BD]('Z)
AM > U.K/l — Bp.

V. ANALYTICAL MODEL

B. Distributed Algorithm In this section, we present a simple fluid model to isolate
Here we present the algorithmic details of our distributeghd study rate control in a system with priority service,
rate control scheme. When using GAP, all nodesifocally utijlization thresholds for inference of amnderserved state
limit their transmission rate®;(¢) based on the gateway uti-and control by proxy for high-priority nodes to control the
lization U(t) and the local single-hop throughput. Algorithnyates of low-priority nodes. Our model omits all aspects of

1 implements the proposed GAP framework at each singlgireless networks and only focuses on these propertiegalon
hop node inS for Additive Increase Multiplicative Decrease

(AIMD) rate adaptation model. The algorithm is invoked gver

time a node inS updates its gateway utilization indicatfy,
indicating whether or not/(¢t) > (1 — ~)U*.

Algorithm 1

Input:
Iy @ Gateway Utilization Indicator
T;(t) : Throughput of Node € S
Ai(t) @ Instantaneous Offered Load of Node S
F; : Minimum Guaranteed Rate of Node
Output:
R;(t): The Rate Limit of Node € S

Upon update ofIU Do

Lif (Tu(t) < Fi(¢) || IU == low) && T;(t) < Ai(t))
2. R(t)=R(t7)+

3:else if (T3(t) > F; t) && Iy == high)

4:  R;(t) = Ri(t7) = 3, 0<pB<1

The GAP framework is implemented via two threshold

namely, the maximum allowable single-hop utilizatioh —
~)U*, and the minimum guaranteed single-hop rétg =

>, Fi. v is a positive fraction that defines how much of
the total gateway utilizatio* is allowed for disadvantaged

A. GAP in a Strict Priority System Model

Strict Priority System Model. Our rate control approach is
driven by the distributed approximate prioritization of2301
mesh networks. We present the simplest system model that
formulates this property as a priority fluid server. In pautar,
we consider a work-conserving queuing system in which two
traffic flows are served via a single fluid server with fixed
capacityU*. Since our rate control objective is to distribute the
system’s capacity between the two different aggregate flows
(advantaged and disadvantaged), we consider a singleténfini
capacity buffer per traffic type as shown in the uncontrolled
system depicted in Fig. 4(a). Traffic from the buffer for the
spatially advantaged node sghas strict priority access to the
server: when this buffer is non-empty, it is drained at ii@te
The other buffer enqueues the spatially disadvantaged-mult
hop traffic and is served only when the high priority buffer
is empty. We consider a fluid server utilization and arrival
processed/s(t), Um(t) and As(t), Am(t), respectively. If
Jo rate control is performed in the systebis(¢t) and Ua,(t)
can be written as in [8]:

Us(t) =
Um(t) =

®3)
(4)

U145 ()0}
[U" = Us(t)] Ligp(t)>0};

flows’ demand indication. If the maximum allowable Slnglewherel{emm} is an indicator function which is equal to 1 if

hop utilization is not exceeded, all nodesSrshould have;
set tolow; otherwise, they all should havk, set tohigh.

the expressiorexpr is true and otherwise is equal to zero.
Using equations (3) and (4), the dynamic equations for the

The distributed rate control process implemented at eagbcupancy of the two system buffers are given by

node inS is driven by the values ofy; and the achieved
throughput: if the gateway airtime utilization is below the

threshold(1 — +)U* or the node throughput is belo®;, and

As(t) = U1 {gs ()0} (%)
Am(t) = U™ (1 = Lgs)>01) L {gr()>0}- (6)

gs(t) =
im(t) =



GAP Rate-Controlled System Model. GAP controls the  (b) Unsaturated traffic demands.If the offered load of the
server utilization of the low priority traffic by controlljnthe high priority buffer exceeds the minimum guaranteed single
rate by which the high priority traffic accesses the servdrop threshold/; but it does not exceed the rate limiting value
Therefore, we add a buffered rate controll&s(¢), at the Rs, and the aggregate offered load is at most equdllte
input of the high priority buffer. Since the GAP distributedy)U*, there is no need for changes in the rate control, and
rate control process is driven by the knowledge of the gatewhoth terms in (10) are zerdJg < Us = As < Rs and
utilization, the rate controlleRs(t) is able to observe the strictU < (1—~)U*). From this state, GAP allows the high priority
priority server as depicted in Fig. 4(b). On the other hanbuffer controller to increase its rate until the overall veer
the low priority buffer has no knowledge @&f(t) due to the utilization U (¢) reaches the threshold—~)U*, whilst the low
spatial disadvantage of the set of nodes it represents. ®ueptiority traffic can express future increments in its densand
the strict priority nature of the system, the low prioritaffic  using Bp plus the resources left unused by the high priority
utilization U, (t) is the server capacity not used by the higHows.
priority traffic, and eq.(4) holds also for the case shown in (¢) Saturated traffic demands. Finally, consider the case
Fig. 4(b). Hencel[U((t) is controlled by controlling/s(t).  wherein the high and low priority traffic demands are greater

Since GAP aims at preventing the high priority traffic fronequal toU$ and(1—~)U* U, respectively. As explained ear-
consuming all of the gateway capactty’, the service rate of lier, the low priority traffic will keep usingBp = vU* causing
the high priority trafficUs(t) will be always equal to the rate the high priority buffer controller to decrease its rak;
limit Rs(t) in the fluid system, i.e., until the high priority utilizationUs is equal to its minimum

uaranteed valu&%. Thus, the system enters a steady state
Us(t) = Rs(Oss0) (Rs(t) 2 U, =00 (7) i \hich Ui = Rs = Us < As and () o (1—~)U*. The jow
Consequently, the high priority system buffercan be always Priority utilization is min (Av(t), U, ), and thereby a 100%
considered empty (i.eqs(t) = 0, V ¢ > 0) under the utilization of the server capacity is possibledf(t) > Ux,,
fluid approximation of the controlled system. Thus, the queWvithout any losses whatsoever due to any type of overhead.
occupancy dynamic equations of the rate-controlled system

given by C. Stability of the Equilibrium Points
do(t) = As(t) — Rs(t)1gg.(t)>0); @ Here, we stud_y the s_tability o_f GAP described by the non-
() = Alt) = [(U* = Us(t)] 1 ©) linear ordinary differential equation in (10). More speiiy,
im M s {ar (>0} we examine the stability of linearizations about the efuiilim
points. Although such a technique does not lead to sufficient
B. Algorithmic Operation conditions for global stability (i.e., stability under érarily
For an AIMD rate adaptation model, the dynamic equatidarge perturbations), it does lead to necessary conditmals
of the high priority buffer controller is given by provides useful insights [9].
i Definition 1: An equilibrium point?g’ is said to be stable
Rs(t) = olwm<a-yu-yl{rs@m)<rs®} T if small perturbations from that point decay with time. This

—BRs(t)Lv()>a—ruv=yL{s)>vz}- (10) condition is met only if the Taylor series expansion of the
derivative of the right-hand side of equation (10) &f’ is
Wegative valued [9]. We refer to this condition e stability

9B terion.

The following two theorems characterizes the stability of
the equilibrium points of GAP.
Theorem 1. The equilibrium points of the proposed rate

%)ntrol framework are satisfying the stability criterion.

The first term in the right hand side of (10) corresponds
an additive increase in the rate whenever the feedbacklsi
implies U(t) < (1 —~)U*. Namely, the high priority traffic
increases its rate and correspondingly decreases that@tbc
rate to low priority traffic whenever the server utilizatios
below the(1 — ~)U* threshold. The constant is the additive

increase step size. The second term in the right hand s Sheorem 2: Perturbations of the equilibrium points of the

of .(10) corresponds_ to multiplicative decrease. 'I_'he C(]’.“'S.ta’system are exponentially decaying with time with constaet t
B is the multiplicative decrease factor. The high priority,

. s based on the equilibrium point.
buffer controller decreases its rate Bywhenever the server Due to space limitations we only state the theorems. The
utilization exceeds thel — »)U* threshold to allow low '

priority traffic demands to be served. The dynamic equationetalled proofs are available in [6].

for the high priority traffic rate controller (10), along Withe o
queue occupancy dynamics in (8) and (9), characterizes &ur APplications of the Model

rate rate-controlled system. In [6] we present some applications of the model. Here, we
Based on the offered load, the three following conditiorsverview such applications.
drive the system to a steady state point, ifes,(t) = 0. In our model we intentionally isolate the main 802.11

(a) Light high priority traffic demands. If As(¢) is below network properties driving our rate control approach. Hasve
the minimum guaranteed single-hop utilizatioi§, the strict the model allows for the incorporation of other aspects of
priority behavior of the system allows the low priority demla 802.11 networks for deeper understanding of the perforemanc
Am to be served up t6* — As. In this case, both terms of (10)of our rate control approach. For example, in [6] we extend
are equal to zero\s = Us < U < Rs, andAy < U*—)\s. the model to replace the fluid service model with the 802.11
A full gateway airtime utilization is hence possible. service model presented in [4].
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In this section, we use simulations to demonstrate that L iy HI
using elastic rate limiting, the GAP achieves the targett ° % gl = = ST tmepen 0
gateway sharing with close accuracy compared to idealized

802.11s-compliant algorithms, yet GAP incurs very litthe o  (a) Single two-hop branch. (b) Four two-hop branches.
no overhead and thus achieves higher utilization. Fig. 5. The instantaneous throughput of the two node Setsxd M and

the gateway utilization while varying the multi-hop setdoa
A. Simulation Setup

Simulations are conducted using the unmodified IEERUlti-hop node setM offered load is below its saturation
802.11 MAC implementation ims2 v.2.31 with default fair share, the single-hop node s8tincreases its rate for
parameters. The carrier sensing range and the transmis§ifi¢ient gateway utilization. However, the single-hopffica
range are set to 250m. The auto-rate mechanism is disaf@@not utilize the signaling bandwidth (which is 256 Kbpsl an
and the data rate of all nodes is set to 11 Mbps. EaéA2 Kbps in Fig. 5(a) and 5(b), respectively). Consequently
node is equipped with a single half duplex interface with awhen the offe_red Ipad of the two-hop nodes_mcreases, nodes
omnidirectional antenna. We disable the RTS/CTS excharifle/M transmit usingBp such that nodes ir§ infer the
in order to avoid the associated overhead. We use the tokdignge inM'’s offered load and reduce their rate accordingly.
bucket filter implementation ims2 to implement the rate Fig- 5(b) shows that tracking demand changes is doable,
limiters at the single hop nodes. We do not simulate tfven though more challenging, also when multiple singlg-ho
gateway utilization estimation scheme, rather, the gafewdcdes are competing, and the distributed AIMD mechanism
utilization is made available to each single hop nodes viagnerates higher throughput oscillations while keepimgoat
centralized estimator employing EWMA filter. We denatén  Unchanged the average and the aggregate utilization.

GAP(z) as the amount of signaling bandwidity, used in the
experiment. At saturation load conditions, we target man-mcC. Topological Factors

fair rates for the two sets' and M. We evaluate the performance of the GAP mechanism and

Ol;]r bgnchmark Is g(l)ezlnter-l_'ll'(APllFEilrness Algorithm (IIF'Al‘}he 802.11s-like algorithm under the impact of topological
[7] that is an IEEE 802.11s-like link-layer rate control alg, o615 such as the gateway degree, branch depth, and hidden

gorithm. In IFA, backhagl_ nodes periodically broadcasirthee ings. we use three performance metri¢sthe accuracy
demands and link capacities to adjacent nodes (every 300 he received throughpul' with respect to the targeted
in control messages sent at the base rate (we simulate bughputr™*, defined through the error

byte packets). Using such information, all nodes indivijua
calculate their fair shares, using the reference fairnesdein _ T = T3 Tpm — TRy
presented in [7], and communicate them to neighboring nodes 2 TS T34

in order for the fair share computation in a contention regio /i) the time 1 rise, .., defined as the time needed, for fully

to be coordinated. We consider an idealized "‘?‘“a!”_t of | backlogged single-hop nodes to reach the maximum allowable
that uses a global observer that measures the individual I'é'ateway utilization upon switching off all the multi-hopaid;
capacities needed for the fair rate calculations. iii) the time 0 decayueeay, defined as the time needed for

We present results for TCP traffic upload traffic. Oth Ully backlogged single-hop nodes to decrease their aggeeg

traffic matrices including mixes of UDP and download traffig, e 1 the minimum guaranteed single-hop bandwidth, after
are available in [6]. The reported results, except for ttstain- switching on fully backlogged multi-hop nodes.... and

taneous behavior results, are the average of 10 simulation%decay define theconvergence timef the selected mechanism.
_ ) ) ) Impact of gateway degree First, we study the impact of

B. Tracking Changes in the Multi-hop Traffic's Demands  the distributed nature of the network on the performance of

In this experiment, we demonstrate the ability of the singldoth GAP and IFA. To address this issue, we vary the gateway
hop node setS to track changes in the offered load ofdegreeN while having all nodes it in range of each other
the multi-hop node setM. We consider both a gateway of(in order to isolate hidden terminals effect and utilizatio
degree 1 and 4 with two-hop branches. Single-hop nodes caggtimation accuracy). Fig. 6 depicts the aggregate thiqouigh
backlogged traffic. The offered load of the two-hop node sef the two node sets and the total gateway utilization for
M is initially 1.2 Mbps (higher than the saturation sharepateway of degree of 1 and 8 and two-hop branches. Table
Every 30 seconds, we decrease the offered load of the twdists the error with respect to the targeted rates and e ri
hop node setM in 300 Kbps steps until it reaches zeroand decay times for these two topologies.
then increase it again starting at 150 seconds with the samé&or a single branch topology, GAP closely converges to the
step (in the 4-branch topology, we turn off/on a two-hotargeted rates (with 6.7% error) with a signaling bandwidth
node every 30 seconds). As shown in Fig. 5, as long as e low asBp = 256 Kbps (7.6% of U*), as shown in the

} ; (11)



@

=
o

Bp =20% err,=0% M;(2-hop) — 100% Bp =20% err,=40% M;(2-hop) —
Si(1-hop) T S4(1-hop)
Sy(1-hop) Sy(1-hop)

_ 80% 2 1 80% 2 1

100% -

~
»

w
w

60%

40% M

20% N 20%

60% f ity

Throughpu
Throughput

40%

Throughput [Mbps]
~

H
Throughput [Mbps]
~

o » ¢
o ok N v w &

o
o Bk N o w @

|

0% L 0% L
GAP(256 Kbps)  GAP(512 Kbps) IFA GAP(256 Kbps)  GAP(512 Kbps) IFA ? 0 100 200 300 400 500 600 700 ? 0 100 200 300 400 500 600 700
Time [sec] Time [sec]

(a) Single two-hop branch. (b) Eight two-hop branches. (a) No estimation error. ()40% estimation error.

Fig. 6. Throughput of the two node sefsand M, and aggregate gateway Fig. 7.  System behavior due to the GAP mechanism with andowith
utilization under saturated demands. estimation uncertainty.

leftmost set of bars in Fig. 6(a). A¥ increases, the amountscaled to the gateway capacity* as follows: Bp = 0.2U",
of signaling bandwidth needed for the GAP algorithm t&/s = 0.5U%, o = 0.01U*, and3 = 0.9.
accurately converge to the targeted rates increases astetbpi The error-free case depicted in Fig. 7(a) shows the through-
in Fig. 6(b). Note that the accuracy and stability of botput oscillations typical of an AIMD rate control algorithm.
GAP and IFA algorithms decrease withN. However, only After the warm up phase, i.e., soon after the last flow enters
IFA causes the gateway utilization to decrease wiNthSuch the network, single-hop nodes never go below their guaeante
performance degradation of IFA is attributed to the incedasrate 5% of U*), and the two-hop node stays close to its
overhead of the periodically exchanged control messagér share (that is25% after considering that two-hop node
Moreover, GAP converges to the target rate faster than IFaroughput consumes about two times the gateway airtime
as more nodes cooperate in rate control (Table I). In IFAf single-hop throughput). In the error-prone scenario of
nodes need more time to convey the changes in their loadd-ig. 7(b), we can observe larger oscillations in the thrqudh
the gateway to compute the fair rates and communicate & expected due to the large estimation errors. However, the
rates back to different nodes. peaks in each throughput curve are quickly recovered by the
Impact of branch depth and hidden nodes.Our results AIMD mechanism adopted by the GAP. Note that the average
presented in [6] extend the validity of the results presgéntéhroughput of each node remains closer to the selected share
here to network with more than two hops, and with differerigite, i.e.,25% for each node. Therefore, the GAP is shown to
degree of coordination between nodes. Our experiments sh@@vrobust to very high estimation errors.
that the required signaling bandwidth increases with tia@din
depth, and decreases when nodesSirare not coordinated E. Per-node vs. Aggregate Minimum Guarantees
(i.e., hidden. In fact, the presence of hidden nodes slows Finally, we investigate the performance of the GAP when
down the transmission rates of single-hop nodes, therebyly using a per-node minimum guaranteed rate (Fig. 8(a),
more transmission opportunities occur for multi-hop nodies representing results obtained with Algorithm 1), versus a
contrast, the throughput of the IFA system further decr®as@odified GAP version using an aggregate single-hop min-
with both the branch depth and the presence of hidden nodesum guaranteed rate (Fig. 8(b), representing the outcome
of an algorithm in which the gateway utilization indication
D. Robustness of GAP Ig _is gvalgatgd i_n conjgnction with an aggreg.ate single-hop
utilization indicationig, i.e., the binary valudy is replaced
The gateway utilization indication can be affected by esropy (1, && Is)). As well as forl;; (see Sec. IV-A), the value
due to the utilization estimation process performed eithyer of the indication variablds can be either estimated by each
the gateway or by each single-hop node independently. $n thiode or simply notified by the gateway with an extra signaling
set of experiment we want to observe the behavior of twgt or also encoded together withy. In our experiment, we
single-hop nodes; andS:) and one two-hop node\(1) (s consider a 4-branch topology in which all nodes are injtiall
in Fig. 2(a)), when the gateway’s resource estimation @E®cey|ly backlogged; then, every 30 seconds, one single-ha@no
is affected by a random error. is switched off after the other, until only multi-hop nodes
We numerically evaluate Algorithm 1 in a scenario iRemain active.
which all nodes are fully backlogged and single-hop nodes ar As can be seen in Fig. 8, when the offered multi-hop traffic
controlled by the GAP. In particular we compare the resulfs saturated and the load of the single-hop set is asymratyric
obtained under error-free estimation and unde#a’% uncer- distributed among different nodes &, the adoption of per-
tainty in each estimation. The parameters for the simulai®@ node utilization guarantees can cause the algorithm based
only on the maximum single-hop allowable utilization tol fai

TABLE | realizing the targeted gateway sharing objective betwhen t
CONVERGENCE TIME AND ACCURACY OF DIFFERENT ALGORITHMS . . .
, _ two setsS and M, but it conservatively advantages the multi-
Single Branch Eight Branches h d t whilst t starvi th inale-h d t
Parameter 1T GAP- T GAP T TFA GAP | GAP | FA op node set whilst not starving the single-hop node set.
256K | 512K 256K | 512K This is because the backlogged demand.df keeps the
Lrise [S] 0.9857] 1.0341] 0.3040]] 0.0170] 0.0224] 0.3564] signaling bandwidth fully utilized, and thereby, nodesdn
tdecay [S] || 0.0645] 0.0484] 0.3867 [ 0.0332] 0.0024] 0.4045] cannot increase their rates above their individual minimum

[E1%] [ 6:7035] 5.7925] 563 | 32.226] 15.075] 1339 ] guaranteed rate.
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Fig. 8. The instantaneous throughput of the two competirtg $Seand M,

and the gateway utilization with different available infaation.

VII. RELATED WORK

There have been significant research efforts investigating
rate control in wireless multi-hop networks. This reseanets

GAP framework. Finally, we use simulations to show that
GAP achieves comparable performance with overhead-prone
algorithms without deteriorating the system’s throughpiat
explicit rate control messaging.
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