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Abstract— Opportunistic spectrum access and adaptive power ~ Three observations motivate this investigation. Firstl-mu
management are effective techniques to improve throughput tiple non-overlapping channels are available for the IEEE
delay performance, and energy efficiency for wireless netwks. 802.11 standard. For example, in USA, 11 channels are
In this paper, we consider the joint design of opportunistic - ' ' .
spectrum access and adaptive power management under the available for IEEE_802.11b and 12 channels are _avallable
setting of multi-radio nodes and multi-channel wireless leal area for IEEE 802.11a; in Europe, 13 channels are available for
networks (WLANS) under the distributed coordination function IEEE 802.11b and 19 channels are available for IEEE 802.11a.
(DCF) mode. This design problem is particularly challengiy Second, as the prices of RF transceivers (radios) havenfalle
due to the conflicting nature of the multi-radio capability of dramatically, it is feasible for us to consider using two @rem

a node, i.e., multiple radios improve throughput and delay L . .
performance at the cost of increased energy consumption. To radios in the same node, each of which can independently

address this problem, we propose a power-saving multi-charel  transmit/receive packets in a separate channel. Thirdjetesy
MAC protocol (PSM-MMAC), which is capable of reducing the in switching channels has been reduced to tens of micro-

collision probability and the waiting time in the ‘awake’ state seconds [3] [13] and the delay in switching power-states. (e.
of a node, resulting in improved throughput, delay performance,  gitching between awake state and doze state) is hundreds of

and energy efficiency. The key ideas of PSM-MMAC are the . d | h d icall lecti d
following: we first estimate the number of active links; given MICrO-S€CONAS Or [€SS; hence, dynamically selecting a goo

this estimation as well as queue lengths and channel conditis, Channel can help improve throughput and delay performance,
we appropriately select channels, radios, and power state.e., and changing power-states can help save energy on the time-
awake or doze state); then we optimize the medium accessscale of a packet level.

probability in p-persistent CSMA used in the data exchange. . - . . .
Another contribution of this paper is an analytical model that The aforementioned joint design problem is especially

characterizes the throughput performance. Simulation reslts ~challenging due to the conflicting nature of the multi-radio
validate the accuracy of our analytical model and show that capability of a node, i.e., multiple radios improve thropgh
our proposed protocol is able to significantly improve both and delay performance at the cost of increased energy con-

throughput and energy efficiency. sumption. For example, in the low load case, if each radio
of a node is in the awake state and participates in channel
contention (in different channel), the delay could be digni
With the tremendous popularity of wireless applicationd arcantly reduced; but the energy consumption will be incrdase
the increasing usage of battery-powered wireless commusince multiple radios of a node are in the awake state. On the
cation devices, people demand higher throughput and longéher hand, in the high load case, the increase of the number
“online” time, which boost the necessity to improve botlof radios potentially increases the collision probabjlgp, if
network capacity and energy efficiency. each radio of a node is in the awake state and participates in
It is known that opportunistic spectrum access has tiggannel contention, both throughput and energy efficieacy ¢
potential to significantly improve network capacity, ancpd be degraded. To address this problem, we propose a power-
tive power management is effective in saving battery-poweaving multi-channel MAC protocol (PSM-MMAC), which is
So, in order to improve both network capacity and energapable of reducing the collision probability and the waijti
efficiency, joint design of opportunistic spectrum accesd atime in the ‘awake’ state of a node, resulting in improved
power management seems very promising. In this paper, #tgoughput, delay performance, and energy efficiency.
investigate this joint design issue under the setting oftimul The key ideas of PSM-MMAC are the following: we
radic* nodes and multi-channel WLANs under the distributefirst estimate the number of active lifksgiven this esti-
coordination function (DCF) mode [1], which has not beemation as well as queue lengths and channel conditions,
studied, to the best of our knowledge. we appropriately select channels, radios, and power states
(i.e., awake or doze state); then we optimize the medium

This work was supported in part by the U.S. Office of Naval Resfe gccess probability inp-persistent CSMA used in the data
under Young Investigator Award N000140210464 and by théoNat Science
Foundation under Faculty Early Career Development Award-8083241 and
under grant DBI-0529012. 2An active link (directed) is defined as a node-pair with pegdpackets
10ne radio corresponds to one wireless Network Interfacel QMIC). for transmission from sender to receiver.
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exchange. To save the overhead, in our PSM-MMAC, the Beacon Interval

channel conditions are measured in a passive (eavesdg)ppin - ATIM g
manner and in a channel-hopping manner. The proposed PSM- Window
MMAC performs on the time-scale of a beacon-interval [1] Beacon

so that it can be more responsive to traffic dynamics and
channel dynamics; and the PSM-MMAC is able to achieve g 1. Timing Structure of IEEE 802.11 PSM in the DCF.
good performance under various traffic and channel comitio

One nice feature of PSM-MMAC is that it can cope with a

heterogeneous multi-radio system, in which each node mgy Power Management in IEEE 802.11 WLANs
have different number of radios. The implementation of PSM-

MMAC requires minimal modification of 802.11 hardware. To save power, IEEE 802.11 provides a power-saving mech-

o ; ) ) anism (PSM) called IEEE 802.11 IBSS PSM fifor DCF-
Another contribution of this paper is an analytical modgfaseq WLANS. The basic idea of IEEE 802.11 IBSS PSM is
that characterizes the throughput performance. The acallyt, reqyce the idle time as much as possible. As shown in Fig.

model is general in the sense that it is applicable t0 aRy time in IEEE 802.11 IBSS PSM is divided into identical
MAC protocol that consists of a channel-contention phase ageacon intervals. At the start of each beacon interval s

a data-exchange phase, where the channel-contention phase awake for an ATIM (Ad-hoc Traffic Indication Message)
precedes the data-exchange phase, and indicates theltradilcwindowy the size of which is static in IEEE 802.11 IBSS

or reserves the channel in the data-exchange phase. Smnulabsp When a node has packets destined for another node,
results validate the accuracy of our analytical model armvsh j; may transmit an ATIM to the intended receiver during the
that our proposed PSM-MMAC protocol is able to significantikr|n window. Upon receiving ATIM, the intended receiver
improve both throughput and energy efficiency. shall reply an ATIM-ACK. The (re)transmission of ATIM
The rest of the paper is organized as follows. In Section Follows the normal DCF access procedure. Following the end
we introduce the preliminaries and discuss the major desighthe current ATIM window, any node neither having sent an
issues. Then we discuss the related works in Section Il apgtiM nor having received an ATIM containing its own address
present our PSM-MMAC protocol in Section 1V, respectivelyduring the ATIM window shall enter the doze state. Any node
In Section V, we provide an analytical model to evaluate thghich has sent an ATIM or received an ATIM containing
throughput performance. In Section VI, we present resuits own address during the ATIM window shall remain in
and further discussions. Finally, we conclude the paper e awake state until the end of the next ATIM window.
Section VILI. Those nodes in the awake state transmit/receive DATA by the
conventional DCF access procedure.

Il. PRELIMINARIES AND DESIGN |SSUES C. Design Issues
In this section, we discuss the major design issues on power-
A. Channels, Radios and Power-States saving multi-radio MAC protocol. In comparison with single

radio single channel wireless LANs, multi-radio multi-cims|

We assume a wireless LAN provides multiple channels fofireless LANs give much larger design space. For example,
free use. To determine which group of channels are availatike the idea introduced by Nasipuri et al. [6], each node may
for a specific wireless LAN is another interesting issue,alhi listen to all channels concurrently and opportunisticatject
is out of the scope of this paper. Depending on physicane or several idle channels to transmit packets if each node
capability of a node, one node may have one or several radiBas enough radios to sense all channels; or similar to tre ide
One radio can be dynamically switched to one channel fiitroduced by Wu et al. [9], we may use one channel for
either transmit or receive or sense. A radio can be in the awdontrol messages and other channels for data; or following
state or the doze state. In the doze state, a radio consume$gdEEE 802.11 PSM timing structure illustrated in Fig. I, a
power. In the awake state, a radio may be in one of thré@des stay awake on a default channel during ATIM window
different modes, namely, transmit, receive, and idle mpdder exchanging control messages and switch to negotiated
and consumes significantly more power than the doze stsBannel(s) for data after ATIM window [14].

In the doze state, a radio cannot transmit or receive or sensdn our design, we advocate IEEE 802.11 PSM timing struc-
and consumes very little power. For instance, a Cisco AlRure for power-saving multi-radio MAC because of its potint
PCM 350 802.11b radio consumes 1.875 W, 1.3 W and 1.68 save energy and its flexibility to support heterogeneous
W in the transmit, receive and idle modes, respectivelyh tmulti-radio system. Next, we discuss major design issues fo
awake state and consumes only 0.045 W in the doze state? power-saving multi-radio MAC protocol under the IEEE

Since even the idle mode consumes significant power, tR&2-11 PSM timing structure.
basic DCF access procedure in IEEE 802.11, which requireg

h de t i IV listen to th h L t Since only one radio is considered in each node in IEEE 80R3M, the
each node 1o conunually listen to the channel, 1S no energr)ﬁwer-state of a node means the power-state of the radicainnthde when

efficient. we discuss IEEE 802.11 PSM.



1) Channel negotiation during ATIM window: During A. Ad-hoc Multi-channel MAC protocols

an ATIM window, all nodes stay in a common channel and A di her there | | ch land h
follow DCF process to exchange ATIM. A winning node- /\cCOrding to wether there Is control channel and how many

pair (including a sender and a receiver) shall decide whiéﬂcggsv\feancak;]ec:’;;?f f(gxiiﬁt]a iﬁ%@?g:ig?on?gl:rregé IgriiasCh
radio and which channel to be used to transmit/receive da{3%¢’ ] y g 9
following the ATIM window. There are a few of issues need N the first category of multi-channel schemes [6]-[8], each
to be considered in channel negotiation. node can listen to all channels cqncurrently and opportianis
Heterogeneous radio®ifferent node may have diﬁerentca”y select one channel to transmit packets. These schames
* numbe? of radios. A node with onl on)é radio can Onldistinguished by channel selection algorithms which adersi
) ' y ¥hannel availability and/or channel condition. These qrols
switch to one channel for data exchange. However,

node with multiple radios can wake several radios ngquireC transceivers for each node, whefeis the total
P mber of channels.

o - u
multaneously for transmitting and/or receiving data, each .
y 9 9 In the second category of multi-channel schemes [9]-[11],

of which runs in a separate channel. This is beneficial . : .
especially when the incoming traffic to the node and/Qe dedicated channel is maintained for control messages an
the outgoing traffic from the node is high. othgr chann.els are allocated for data. Each .node_ has two
. Channel quality For a given node-pair, the achievabid@dios, one is for control channel and another is switched to

data rate(bits/sec) and power efficiency (joules/bit) iane selected channel. These schemes are distinguishethin da
different channel band may be quite different channel selection algorithms according to channel avititigb

. Traffic load To balance traffic in different channel bandéraﬁic load and/or channel condition. One consideratiothis

can reduce contention overhead (considering DCF ba (:ea}}egoré/thof SOIUtr']O”S ITdthg't' 'I E?Ch chatmrllel has the sams
channel access is used for data exchange), improve f pnawictn, one channet dedicated for controf messagesean

ness and increase channel utilization. costly when the number of channels is small, and one channel

) i ) ) ) dedicated for control messages may not be enough when the
2) Updating ATIM window size: The ATIM window size number of channels is large.

specified in 802.11 is static. However, as demonstrated by, iha third category of multi-channel schemes [12][15],

simulation in [21], the ATIM window size critically affects ,, jagicated control channel is needed and only one radio

throughput and energy consumption. If the ATIM window i?s available in each node. Tzamaloukas et al [12] propose a

large, it would leave less time for actual data transmissiofy.eiver-initiated channel-hopping scheme. Nodes cautyao
potentially degrading_thrqugh_put, and iF would cause a fot Peceiver-initiated collision-avoidance handshake teedeine
energy wasted for_ being idle in ATIM window. If the W'ndowwhich sender-receiver pair should remain in the present hop
size Is too sr_nall, It COUId. also degrade throughput becetuse?nl order to exchange data, while all other nodes that are not
may not provide enough time for ATIM exc;hang(_as. Remembghgaged in data exchange continue hopping on the common
all nodes need to exchange ATIM beforg intending to tr"’msnl'%pping sequence so that they can exchange control messages
d"?“a- To save energy Wh"e_ not degre_ldmg throughput, ATIML the same channel at the same time. Bahl et al. [13]
window Slzé must be adaptive to traffics. propose another channel hopping solution for multi-channe
3) Medium access control to exchange ATIM and ex- 44 hoc networks. Each node locally exchanges and updates
change data: In IEEE 802.11 IBSS PSM, CSMA/CA basediis qwn channel hopping schedule such that nodes desiring
medium access control is required for ATIM exchange and .ommunicate can keep on the same channel for certain
data exchange. As we know, the performance of CSMA/Cfne fraction, while disjoint communications mostly do not
based MAC, in terms of throughput and delay, is sensitive [Qerjap and hence do not interfere with each other. So et al.
medium-access parameters (contention-window size indficki1 41 hropose a MAC timing structure similar to IEEE 802.11
algorithm and medium-access probabiligyin p-persistent pgy 1o negotiate channel and handle multi-channel hidden
algorithm). Although, the de facto binary exponential BEEK o mina| problem in multi-hop ad hoc networks. Kanodia et al
algorithm is S|mple, it is not efficient and not fair(it alv_\a_y [15] propose a channel skipping scheme such that if the kigna
favor those who just win the channel) [34]. How to optimizg, \sise ratio on the current channel is not favorable, neobil
those medlum-ac_cess _pargmeters is an old question but stiljes can opportunistically skip to better quality frequen
deserves further investigation. channels which can enable data transmission at a higher rate
Similar to the third category of multi-channel schemes, the
forth category [17]-[19] also assume there is no dedicated
There are many studies undertaken on multi-radio multtentrol channel but there are multiple radios available in
channel system [4]- [20] and power-saving mechanisms [21§ach node for concurrent data exchange. Adya et al. [17]
[33]. So far, there is no existing work considering both ogropose a link-layer solution called MUP for striping data
portunistic spectrum utilization and power-saving intoltinu over multiple radios. The goal of MUP is to optimize local
channel MAC design. Next, we will review ad-hoc multi-spectrum usage via intelligent channel selection in a multi
channel MAC protocols and the enhancement of IEEE 802.hdp wireless network. The proposal does not use channel
IBSS PSM, which are most related to our work. switching, and for full utilization of available channessradio

Ill. RELATED WORK



is necessary for each channel. Kyasanur et al. [18] consideheme to estimate the number of active links. With the
the scenario in general multi-hop networks when multiplestimated number of active links, the ATIM window size
radios are available, but the number of available radios asd the medium-access parameter (e.g., the medium access
less than the number of available channels. A hybrid radiwobability of the p-persistent algorithm or the contention
assignment strategy is proposed so that some radios can stmdow size of the backoff algorithm) can be appropriately
in some channels while other radios can dynamically switadjusted.
to one of the available channels. Raniwala et al. [19] prepos Moreover, all the existing schemes basically target single
routing and radio assignment algorithms for mesh netwdtks.channel wireless system and have not investigated mulitdra
assumes traffic loads between all nodes are known, and usimgjti-channel networks which we will consider in this paper
the load information, radio assignment and route comparati
is intelligently carried out. IV. PROPOSEDPOWER-SAVING MULTI-CHANNEL MAC

Our scheme falls into the fourth category but could be ProTOCOL (PSM-MMAC)
more general in the sense that each node may have different

number of radios. In addition, it has carefully taken both 1P and Above

spectrum utilization and power-saving into our design. All 7y :
the aforementioned multi-channel MAC protocols basically ARP e
intend to improve channel utilization, while only one muilti v

channel MAC protocol, which incorporates transmit power PSM-MMAC <—1

control [20], aims to improve channel utilization by incseay
the spatial reuse.

v
B. Enhancement of IEEE 802.11 IBSS PSM

In [21], it is shown that a static ATIM window in IEEE Default
802.11 IBSS PSM does not work well for all traffic loads. Jung

et al. [27] attempt to dynamically adjust the ATIM windowsiz [ ] offthe-shelf Module
in single-hop networks (i.e., WLANS) based on indications ] Modified or Added
Module

such as the listening time at the end of the ATIM, the number
of packets pending for a node, and the number of packets that
could not be advertised in the previous beacon interval. Fig. 2. Proposed Firmware Architecture
In TIPS [29], the ATIM window is divided into two slots.
If a beacon packet is received during the first slot, it intisa i .
that nodes should stay awake to receive ATIMs later in tHe Firmware Architecture
ATIM window. If the first beacon packet is not received until The proposed firmware architecture is shown in Fig. 2.
the second slot, then the node can return to sleep sinceTi® design rationale is to optimize the spectrum efficiency
more advertisements will follow. and energy efficiency with minimal change to the standard-
Miller et. al [31] consider three techniques to improve theompliant IEEE 802.11 hardware. It also aims to ensure
802.11 PSM protocol. The first technique, Carrier Sense ATIMe inter-operability between heterogeneous nodes in twhic
(CS-ATIM) adds a short carrier sensing peri@d; at the different nodes may have different number of radios.
beginning of each beacon interval. Rather than every nodéNe implement PSM-MMAC in the link layer, which is
waking up for ATIM window at the beginning of every beacorover multiple independent NICs and under an unified IP-layer
interval, the nodes will only wake up fdf.; at the beginning Under the coordination of PSM-MMAC, multiple interfaces
of every interval when there are no packets to be advertisédne in a separate channel) can be opportunistically edliz
When there are packets to be advertised, the nodes will wakelistribute network traffic without any modification to dipp
up for an entire ATIM window after the carrier sensing perioctations or to the upper layers of the network protocol stack.
The second technique, D-ATIM adjusts the current ATIM Each node maintains one table for each neighbor to describe
window based on the traffic in the current beacon intervahe neighbor’s physical capability(e.g., the number of §)IC
The final technique, Per-Link Beacon Intervals, allows sendlink quality (per-channel link quality is maintained) andege
and receiver pairs to schedule their wake-up times indep@ndstatus (per-neighbor queue is maintained in the link-layer
from all the other nodes in the network based on past paclBssed on these information and the expected traffic load in
arrival times. each channel, channel and NIC will be appropriately sedecte
Similar to [31], we add a short carrier sensing period &ty PSM-MMAC for data exchange.
the beginning of a beacon interval to detect whether thereWe assume each node has at least one default NIC which
are data packets pending for exchange; if no, all nodes withn coordinate with PSM-MMAC to perform traffic indication
directly enter into doze state until the next beacon infeil@e and channel negotiation. A node may also have several extra
difference in our scheme is that rather than just deterrginilNICs, which could be the off-the-shelf 802.11 wireless NICs
whether there is pending traffic, we develop an efficieflo hide the complexity of multiple network interfaces from



applications and from the upper layers of the protocol staakode of an active link randomly selects one mini-slot to
PSM-MMAC exposes a single MAC address, which is ownedansmit busy signal (if a node has multiple output links, it
by the default NIC, in place of the multiple physical MAC ad¥andomly selects multiple mini-slots to transmit busy sin
dresses used by the wireless Network Interface Cards (NIC&h algorithm is developed in our paper to estimate the number
From the application perspective, the system operates a®fifactive links given the number of busy mini-slots observed
there is only a single wireless network interface (the défawhase I. If no active link is observed at the end of phase I, all
NIC). nodes enter into doze state directly and remain doze st#ite un
The proposed MAC timing structure is shown in Fignext beacon interval. Otherwise, all nodes go to phase Il to
3. Time is divided into identical beacon intervals. At th@xchange ATIM, for traffic indication and channel negotati
beginning of each beacon-interval, the default NIC swisctee (still in the default channel).
the default channel and remains awake for an ATIM window. ATIM exchange follows p-persistent based(or backoff
During the ATIM window, the default NIC performs traffic based) CSMA protocol. The number of active nodes estimated
indication(based on per-neighbor queue status), and ia¢gotat the end of Phase | is used to optimize the Phase I
channel and NICs (including extra NICs and the default NI@uration and medium-access probability(or contentionelwiv
to exchange data. Right after channel negotiation, theaexgize). Once ATIM exchange between a node-pair succeeds,
NICs can turn to be awake in the selected channel atitk winning node-pair will select a channel for data excleang
exchange data(we assume the extra NICs normally are pgtording to channel quality and expected traffic load irheac
in doze or off state and turned to be awake on-demand, thafgannel.
reducing power consumption). We propose a channel and NICpuring Phase 11, we enforce that each node must keep awake
selection algorithm so that the number of NICs available i the default channel to listen to traffic indication. But we
each node and the channel quality (for a given node-paiso allow those node-pairs who have exchanged ATIMs to
in each channel can be taken into consideration, and traffigchange data in other channels if they have extra radider Af
can be balanced in each channel. After ATIM window, thphase II, those nodes having exchanged ATIMs continue to be
default NIC will also serve to exchange data in the defaudivake until they have completed data exchange. Other nodes
channel if necessary. All the waken NICs may turn into th@vhich neither transmitted nor received ATIM go to doze unti
doze state after completing data exchange if the durat@m fr the next beacon interval.
the completion time to the next beacon-interval is longanth  For data exchange in Phase Il (in non-default channel)
certain threshold. and Phase lllp-persistent based (or backoff based) CSMA
As described in section II-C, there are several criticaléss i as0 used for RTS/CTS handshake. Since the number of
need to address in power-saving multi-radio multi-channghended transmission nodes in each channel could be known
MAC protocol. Next, we will first detail the proposed MACtg each node after channel negotiation, each active node can
timing structure. also optimize the medium-access probability (or contentio
window size) to resolve RTS/CTS collision. To take advaatag

i Beacon Interval > of channel dynamics on the time scale of packet level, link
ATIM Window adjustable adaptation is incorporated in our scheme. RTS/CTS not only
Phase!|  Phasell Phase Il serves as collision resolution, but also for channel prgpb#
L T, g node-pair can choose appropriate transmission rate os-tran
1] | '"ATﬁi Riﬁ’ji e mission power to exchange data after successful RTS/CTS.
+Tci+ ACK CTSY ACk RIS DATAs | Chalnnel
rroalDATA !-C'I'Si-!/;g(i« o C. Estimation of the number of active links
i annel
4!?{!;& T In order to estimate the number of active links, we divide

Phase | intoM mini-slots. Each mini-slot lastg..,, which is
set to be long enough for judging whether channel is busy
or not. If a link has traffic in current beacon interval, the
sender may randomly select one traffic-indication mint-slo
B. Overview of PSM-MMAC Protocol and transmit busy signal. By counting busy mini-slots, alll
As shown in Fig. 3, time is divided into identical beacomodes can estimate how many links intending to advertise
intervals. There are three phases in each beacon-intdteal araffic at the end of Phase I.
synchronization beacon. Phase | serves as the estimattha of Clearly, the number of intended advertising links is zero if
number of active links. Phase Il in the default channel seage no busy mini-slot is observed at the end of Phase |. However,
traffic indication and channel negotiation; Phase Il in ¢fele the number of intended advertising links could be largentha
other than the default channel can be used to exchange dHta.number of observed busy-slots if it is non-zero since two
Phase Il serves as data exchange. intended advertising links may select the same mini-slot.
Phase | consists a¥/ identical mini-slots. All nodes stay Denote the number of intended advertising links.a&iven
awake in the default channel during phase |. Each sendiff) and n, the probability that the number of observed busy

Fig. 3. Proposed MAC Timing Structure



TABLE | I . :
negotiation phase, each node follopspersistent algorithm or

NOTATION . .
backoff algorithm to exchange ATIM messages. The time du-

Parameter _ Description ration of channel negotiation phask,, is adjusted according
C The number of channels in the system to
K; The number of radios (NICs) at node . max 7 «
SINR; ;. The weighted average SINR from notléo node T> = min {T2 ¥ anl Ty (n,p7) ¢ (4)

j at channek
R(SINR) Achievat_)le data rate as a function of SINR. where TQmax is a system parameter to limif,, 6 is an
Tc The available time-allocation at channel adjusting parametef, is the number of active links estimated,
L The maximal packet length allowed in the MAC . . .

player to transmit as a burst. and T, (n,p;) is the minimal duration to complete an ATIM
Tover The PHY and MAC layer overhead to transmit exchange given the number of participating node:ig p-

a data packet.

y _ _ , persistent CSMA, to be explained in section IV-F.
Q] length The queue length in noddor neighborj.

Each winning link (node-pair) will select a channel for
data exchange. The queue status, the number of radios on
both sender and receiver, the channel quality and expected

slots equalsn, can be represented as traffic load on each channel should be considered together
to negotiate channel for transmit/receive data. We denote
M n—1 . S :
m m— 1 channel quality for link(s, j) at channet as the weighted av-
Pr(M,n,m) =

. (1) erage signal-to-interference-plus-noise-rafd N R; ; .. The
( n+M-—1 ) achievable data rat® is a function ofSIN R; ; .. The queue
M-1 length for link (i, j) is denoted a$)? .length. Other notations
Assumen does not change fast from one beacon interval ten be found in Table I. If channelis selected, the requested
another. Under this assumption, the statistical distidloubf time-allocation can be derived as
Fhe number of busy-slots obse_rved in current and past beacon {Qj-lengthw Q7 length
intervals can be used to estimate accurately. Denote? T = Tover | — 7 — :
as the PMF (probability mass function ) that the number of R (SINR;.)
busy-slots observed in and befdté beacon-interval equals DenoteT* as the available time-allocation in chanreand
i. Denotem* as the number of busy slots observediiit T2 —Tr< as the expected traffic load if channels selected
beacon-interval. Now we can estimate the number of intendgedt data exchange on linki, 7). SmallerT¢ — T4 means
advertising nodes in*" beacon-interval as heavier traffic load in the given channel. Clearly, choosing

(5)

e . n _ n i ;) 2 channel with smaller traffic load will enable a link to
no= aﬁ%gj,in {Zi:mk Pr(M;n,i) — Zi:mk p; } () transmit more data in current beacon interval and reduce tim
_k to complete data exchange, thus saving energy (we allow a
We updatep;” as radio to enter into doze state if it completes data exchange i
- 1 — wk pi_cq’ i #mk 3 current beacon-lnterval). _ _ _ o
p; = 1— ) pbt 4wk, i =mb ) The channel and radio selection algorithm is shown in Fig.

4. The selection criterion is to choose the channel with sl
where w* (0 < w* < 1) is the step size to update PMF.T® — T2 under the constraints that both sender and receiver
According to stochastic approximation theory [39], we cahave NICs which are available to run in the selected channel.
choose an appropriate step-size sequence to balance the Simice that a NIC can only run in one channel in each beacon-
vergence speed and smoothness. interval.

Now we discuss how the value setting 8f affects the  So far, we enforce that one active link (node-pair) can
estimation accuracy. As indicated by Eqg. (1) and Eq. (2nly use one channel even though both sender and receiver
larger M provides smaller estimation error. The tradeoff isave multiple radios. We note it is beneficial to allow such
that the overhead will increase wift. However, sincé; is an active link to use multiple channels if the traffic load of
short, we can still take larg®/. In the 802.11 specification [1] the given link is high while other links are not. However, it
for direct-sequence spread spectrum (DSSS), the cleanehamay degrade both throughput and energy efficiency if other
assessment (CCA) must be less tharu$5which meand., links are also highly loaded because it introduces morerutlan
can be set on the time-scale of the default time-slot definedntention and awake more radios. The other consideragion i
in 802.11 (a default time-slot in 802.11 DSSS equals:2p the out-of-order problem. Out-of-order problem ariseshia t
We assume that, even though the fading effect is countéidlk layer if the traffic distributed over multiple radios lbeg
the busy-signal strength is still strong enough for detecti to the same end-to-end flow (each radio contends for channel
whether channel is busy. independently).

k

D. Channel Negotiation E. Channel measurement

If the number of busy mini-slots is non-zero, all nodes will Rather than using channel probing technique to measure
go into Phase Il, the channel negotiation phase. In chanebbnnel, which may consume significant bandwidth and en-



Procedure Initialization at nodé
/*at the beginning of each beacon-intry

YN MwWN P

for (Isk <K;)
NIC’ . channel @inassigned ;
for (2< c<C)
T=T-T;
T =T-T-T;
K =K ;
G ={}

Procedure Channel and radio selection
/*for node-pair {, j )*/

{
1

B P PP O o
HRRBe ~No oA WN

14
15
16

18
19
20

21
22
23

24
25

26
27

28
29

Fi

¢

if ( > 0and «; > 0)

¢ =argmax{t -1} ;
1<csC
NIC/. channel €

NIC". channel €
K, =K, -1;

K %; -1
C'=CG0{c});
Cl=C'O{c}

else if ¢, > Oand «; < 0)
{ *
¢ =argmax{T -7} ;
ey
NIC". channel € ;
K =K -1,
C'=G'0L}
else if k< Oand«; > 0)
{ *
¢ =argmax{1: -7} ;
coc?
NIC". channel g ;
Ki *; -1;
c:=C'O0 L)
}else if &, < 0and«; < 0)
{ *
¢ =argmax{T’ -T*} ;

acrncr)

T2 =TT

. 4. Channel and radio selection algorithm

k as SINR; ; and SINRZ;}’,;, respectively.SINR; ; . is
updated as below

SINR; ;.= (1—a)SINR; ;. +aSINR!SY,  (6)

0,J,¢?
where« is the forgetting factor.

F. p-persistent CSMA optimization

Now we discuss how to optimize medium-access parameter
(e.g., the medium access probability of theersistent algo-
rithm or the contention window size of the backoff algorithm
to minimize the average time to complete an ATIM/ACK
exchange or complete RTS/CTS/DATA/ACK handshake.

The time of an idle slof}4, the time of collisionT,,;, and
the time spent for a successful contentifi. are given as

Tid =0
Ttim = ATIM + DIFS
Tam — ATIM + SIFS + ACK 4timn + DIFS

Tdata — RTS + DIFS -0
Tdate — RTS + CTS + DATA + ACK jaa
+3SIFS+ DIFS

whereo is a default time-slot size defined in 802.11.

In the p-persistent CSMA, the idle probabilit{;,, the
success probabilit¥’s,,. and the collision probability’.,; can
be represented as

Pg=(1-p)" )
Psuc =np (1 - p)ni . (8)
Pcolzl_Pi _Psuc
The average time for a successful transmission inthe
persistent CSMA is

Hd Pcol

—Tiqg+ 5—Teor- 9)
PSU.C ! PSU.C 0

The optimalp in terms of minimal average service time can

be derived as

Ts (nap) = Tsuc +

p; = argmin {7, (n,p)} . (10)
0<p<L1

To save processing energy, optimalcan be achieved by
looking up table instead of computing online. Now we discuss
how to update: so that optimap in terms of minimal average
service time can be selected for channel access. We first
discuss channel access procedure during channel negotiati
phase, Phase Il. We note there may be several links in a node
attempting to advertise traffic. In our protocol, each a&ctiv
link emulates as a logical node to perform channel access
procedure. As we mentioned earlier, each node can estimate

ergy and require the coordination of each node-pair to kethe number of active links at the end of Phase I. In addition,
in the same channel for channel measurement, we let a nedeh link needs only one successful ATIM exchange. So the
estimate the SINR of the link originating from a neighboremaining number of active links needing to exchange ATIM
by measuring the SINR of all the messages sent by tben be updated each time after a successful ATIM exchange
neighbor during the awake time of the node. In additioiis observed.

we let the default channel for ATIM exchange keep hopping For channel access procedure for data exchange, the idea to
from one channel band to another in beacon-interval wisgpdaten is similar. Each node knows how many active links
Since each node follows the same hop-sequence, each node channel after channel negotiation phase, Phase licH ea
will keep awake in the same channel at the beginning data exchange (RTS/CTS/DATA/ACK) can piggyback queue
each beacon-interval. Denote the weighted average SINR atatus in the ACK, other nodes can also update the number of
the newly observed SINR from nodeto node; at channel remaining active links.



V. PERFORMANCEMODELLING the total number of active incoming links and active output
In this section, we provide an analytical model to chara@-nks in each node is not larger than the number of radios in

terize how the throughput scales as the number of radios, &t node, the initial number of active “nké,l;am in channel
number of channels and the number of active links in tHeCa@n be represented as
saturated case (each link always has packet for transmjssio (1; _

To make analysis tractable, we make the following simpli- 9% . ,
fication. All channel have the same bandwidth, and have the{ W ~D/Cl+ 1, . l<e<i-|i-1/0]C (12

. L |i/C|, Otherwise

same and constant channel quality. Each active link observe
the same traffic load. Active links contend with each other (wherei,;,, is the number of active links having successfully
contention graph) as long as they are in the same chanmeichange ATIM via contention in Phase II, aadis the total
For those nodes who have several active output links, eauhmber of channels. In another saturated case, if all links
active link acts virtually as an independent link (with indewinning in Phase Il are the input links and/or output links
pendent sender and receiver) to resolve channel contentidrihe same nodm(%am is represented as
(to exchange ATIM or data). All data packets have the same ’
length with L. bits. Data transmission is error(collision)-free n((;,l,iam =
after RTS/CTS exchange. 0, ¢c>K

In addition, we do not consider Phase Il for data exchange [i—1)/K|]+1,1<c¢<i—|(i—1)/K|K ,
even in the channels other than the default channel. In other [i/K], Otherwise
words, all data packets are exchanged on Phase lll. Thus the (13)
throughput we derived in the following gives the consemeti Where K is the number of radios in the bottleneck node (We
performance estimation we can achieve with our protocol. assumek is not larger tharC).

A. Basics ofp-persistent CSMA B. Saturated Throughput

-

We modelp-persistent CSMA in one channel as a random Denote P (iiayim, Patim, T2) (abbreviated ad"*™) as
sequence. Each stage in sequence represents one roundhéprobability that active links successfully exchange ATIM
successful contentiom®) and p(*) represent the number ofvia contention in channel negotiation Phase II, given the in
participating nodes and medium access probability in stagetended advertising link number sequentg;,,, the medium-
respectively. access probability sequengg:;,, and Phase Il duratiof>.

DenoteX (n®), p() (1us) as the MAC layer service time atBOth 7iasim andpis, arel x igli vectorsigi' is the max-
stagek by p-persistent CSMA withn(®) nodes and medium- imal possible number of active links which can successfully
access probability®. X (n*), p®) is a random variable. exchange ATIM.

Sy X (n )fp( )) is the total service tlrr(f) from stageto i Ty + DIFS 14

stagei (including stagel and stage). Let ;" be the proba- tmax = M1 Tatim e (14)

bility that X (n(*), p(*)) equalsj (s, in the discrete manner). H < the initial | ber of intended advertisi

Denote ¢~ as the probability thaty™ _ X (n®, p®) where n is the initial total number of intended advertising
J k=1 1= links.

Let PO (7, gata, Pe.data, T5) (@bbreviated a®” ") be
the probability thati data packets are successfully exchanged
on channet in Phase Ill, given the number sequentegi ..

X(n® p*)) depends only on(n® p®*). p*) is set
k k) i i i ;
based _On”( )‘_If_"( ) is determined once stage indéxis he medium-access probability sequept@a:. and Phase I
determined X is independent random process, which 'mp“eéurationT3. Both 7, gata @Nd Py dara are 1 x 4% vectors.

that X (n®,p(")) and X (n'?), p?)) are independent random,data is the maximal possible number of data transmission

max

variables. Denote'") as the number of intending advertisingyhich can be completed during Phase Il

links at stagek in channel negotiation phase, Phasenl/’)

tim
is shown as below sdata _ {T3 —i—thIFSJ
T ata

max
suc

equalsj (us, in the discrete manner). BOW}E’“) and q;
are derived in Section V-C.

(15)
n® ka1, 1<k <iotim, (11)

atim max

To derive saturated throughput, we need to calculate

: - : i (o > “data [~ -
as the number of links remaining active at stag&™""™ (flatim Patim, T2) and Py (fic data; Pe,datas T3) A
¢ general formulation of; (7, p, T') is shown as

Denoten(k)

c,data

k in channelc. In the saturated casa(k) is a constan

c,data
However, in the non-saturated casé(fjam reduces by one P, (i,p,T) =
once after an active link completes the data transmission. Pr (e X (n®), ph)) < T), i = imax
The initial number of active links assigned to each channel ; * (k)
(negotiated in Phase Il) depends on the number of channels, Pr Zk:l X (” P ) T)
the num_b_er of rad_|os in each node and_ the resource consraint = Py (P, T), 0 < i< imax
as specified in Fig. 4. For example, in the saturated case, if (16)

IN



Note thatX (n®), p(F)) (1 < k < imay) in Phase Il and Phaseone; similarly, the branch gain from state 1 in current stage

Il (for saturated case) are independent random varialles. to the beginning of next stage+ 1 is also one. There are two

Pr (2221 X (n(k)’p(k)) < T) can be calculated as self loops for state 0 in current stage: one loop corresptmnds
the channel being idle (no transmission), and the other loop

i T (1:1) corresponds to an occurrence of collision. The transittomf
Pr <Zk_1 X (n( ) ( )) < T) Zg 19 (@7 state O to state 1 indicates a successful transmissign7..,;,
(14) . ] Tsuer Pia, P.ol, Psuc are indicated by Eq. (7) and Eqg. (8).
whereg; is derived in Eq. (21). Note that the tim&l}4, T..;, andT},. are integers and have
F|naIIy, we obtain the throughput as units of us. Based on the signal-flow graph in Fig. 5, we can

L P (R im s Datim, T2) X use the general gain formula (Mason’s rule) [37] to obtain
§= Z ic S jpedete 7 Ts) H™(2) as below
T‘int c=1 ; J j Ne¢,datay Pe,datas 13 ’ t

%

(18) H(k)( ) PschT we (20)
where T}, is the length of beacon-interval, which equals 1 — PigzTia — PoyzTeor”
Ty + T> + T35 (we do not consider the time for beacon

synchronization). Then, we can obtanq using the inverse z-transform. We

refer the above approach to achlevé ) ) as the generalized
C. MAC service time distribution gf-persistent CSMA state transition approach, which can also be found in [38].[3
We use the probability generation function (PGF) approachWe notice that the first derivative di;(z) at z = 1 equals
[38] to derive the probability mass function (PMF) of MACthe average MAC service time as shown in Eq. (9), which
service time distribution. We first focus on the MAC serviceonfirms the validity of Eq. (20).
time distribution of one particular stage. Then we discuss Now we discuss how to derive the total MAC service time
how to derive the MAC service time distribution of multipledistribution of multiple successive stages. From stage 1 to
successive stages (one stage represents one round offutcestage:, the probablllt(y generation function of a probability
contention) if all stages are independent. mass function (PMFy; 1=1) (wherez q(l:”) 1) is defined
For stagek, the probability generation function of a proba-
bility mass function (PMF)]§k) (whered” qlgk) = 1) is defined
J

Z q(k) (19

; (k) . } .
It is clear )thath (z) is thez trans(g))rm of the discrete se- 1o general gain formula (Mason's rule) [Sthl (2)
quenceq Hence, once we knO\Ht (z), we can calculate -gn pe derived as

the inversez-transform ofH ( ) to obtain the PMqu

H(ljl) Z (liz) (21)
by

Itis clear thatiT' =" (z) is the z-transform of the discrete se-
quencey(lm) If one stage is independent from another, based

=)\ _TT (k)
I OES | O (22)
Stage k
Then, we can obta|q =) using the inverse z-transform.
Paz™
Stage k-1 Stage k1 VI. RESULTS AND DISCUSSIONS

) * P, 2 @ We compare our protocol with the enhancement of IEEE
802.11 PSM (indicated as 80211-PSM+ in our figures), which
uses the same timing structure and channel access mechanism
P 2™ (binary exponential backoff based CSMA/CA) as IEEE 802.11
HO (2) PSM but can balance traffic over multiple channels.
' We set parameters for analysis and simulation as follows.
The transmission rate for both control messages and data
Fig. 5. The signal flow graph for obtaining(z) packets is 2Mbs. The data packet length is fixed at 512 bytes.
The beacon-interval is 100m45,,,.: IS 20ms. The ATIM
In deriving Ht(k)(z), we use the signal-flow graph shown inwindow for 80211-PSM+ is fixed at 20ma:* is set tol/k.
Fig. 5 to portray the transitions of the system state froretiee 7. is 40us. M is 25. 3 is set to 1.2. The simulation results
of the last stagé — 1 to the beginning of next staget 1), and provided are the results under the stable state. We vary the
the respective branch gains (characterized by the prdatyabihumber of active links from 2 to 20, traffic load from 1
of transitions and the associated delay) within currengestapacket/sec/link to 10 packets/sec/link, the number of nbén
k. In Fig. 5, the probability of the transition from the end ofrom 1 to 5. For brevity, we only consider the scenario under
last stagek — 1 to the state O in current stageis one and which the total number of active incoming links and active
the delay is zero, and hence the corresponding branch gaimwuggoing links in each node is not larger than the number of




radios in that node. The power consumed for a radio in the 26X 10°

transmit state, the receive state, the idle state and the doz

state are set to 1.8 W, 1.3 W, 1.0 W and 0.05 W, respectively. 2457

A link in the transmit state means the radio in the head of 22

the link is in the transmit state and the radio in the tail of &

the link is in the receive state. A link in the receive state, i & 2 xR e T

the idle state, and in the doze state means both the radio in 3 1.8+ .-~ ? /;f;: Egm:mmg gj

Fhe head 01_‘ the link :?md thg radio in the ta_ll of the link are E‘ 16 A+ Sim 80211-PSMs O=1

in the receive state, in the idle state, and in the doze state, = -+- Ana PSM-MMAC C=2

respectively. SaP;;, Pr:, Piaqie and Py,.., which denote the 214 —5- Sim PSM-MMAC  C=2

power consumption of a link in each state, equal 3.1 W, 2.6 "~ % Sim 80211-PSM+ C=2

W and 2.0 W, and 0.1 W, respectively. Other parameters are

set to the default values in 802.11b ns2. B A S S S
We compare simulation results with analytical results st th 0.8 e ‘

the accuracy of analytical model can be validated. S et A
Fig. 6 and Fig. 7 show the throughput and energy efficiency Hmher o active fnks

in the saturated case, respectively. Note the number ofimgnn

active links within the ATIM window in our proposed protocol Fig. 6. Throughput in saturated case.

is almost the same as that in 80211-PSM+; so it is a fair

comparison for the saturated throughput and energy eftigien x10°

Both the throughput and the energy efficiency of our proposed e Sim PSM-MMAC  C=1

protocol are higher than that under 80211-PSM+, especially — Sim 80211-PSM+ C=1

51 = SimPSM-MMAC C=2 i
->- Sim 80211-PSM+ C=2

when the number of active links is small. As the number of
active links increases, the throughput and energy effigienc
gain of our proposed protocol over 80211-PSM+ shrinks. This
is mainly due to the fact that ATIM window in 80211-PSM+ is
fixed. But the ATIM window in our proposed protocol can be
adaptive to the number of intended advertising links. In1862
PSM+, the less the number of intended advertising links, the
more time and energy are wasted for no use in ATIM window.
We also notice that, given the number of active links, both
throughput and energy efficiency are doubled as the number .
of channel increases from 1 to 2. This is reasonable since the 0 e
number of contending links in each channel is reduced to half 2 4 6 8 10 12 14 16 18 20
. Number of active links

as the number of channel increases from 1 to 2. We do not
provide results for the cases when the number of channels is 3
4 and 5, respectively, due to the space limit. But we has done Fig. 7. Energy efficiency in saturated case
extensive simulations, which show that both throughput and
energy consumption have the similar scaling behavior when
the number of channels increases. We also observe that AiéMs to stay in the awake state during the whole beacon-
proposed analytical model is quite accurate in charadteyiz interval even after it has completed data exchange. Third, o
the saturated throughput. protocol optimizes the medium access probability for both

Fig. 8 and Fig. 9 show the energy efficiency and dela4TIM exchanges and data exchanges so that energy wasted
performance in the non-saturated case, respectively. Né&beidleness or collisions is reduced. We notice that thegne
the total throughput in our proposed protocol is almost thedficiency for 80211-PSM+ improves significantly when traffi
same as that in 80211-PSM+; so it is a fair comparison ftvad increases and the energy efficiency for our proposed
non-saturated energy efficiency and delay performance. Quiotocol is relatively stable. This is reasonable. We caiddi
proposed protocol significantly improves energy efficieang the energy consumption per payload bit into two parts; one is
delay performance as compared to 80211-PSM+, especiabynsumed in ATIM window and another is consumed in data
when traffic load is low. The energy efficiency gain is due texchange. For 80211-PSM+, under the low traffic load case,
three factors. First, our protocol adapts ATIM window siee tenergy efficiency of both parts improves when the traffic load
be just enough for exchanging all ATIMs so that energy cancreases (the throughput increases as the traffic loadases
be saved; otherwise, it wastes energy to stay in the idle stander the low traffic load case) since less energy per payload
after all links complete ATIM exchanges. Second, our protocbit is wasted for being idle in ATIM window (after ATIM
allows each link completing data exchange to enter the doechanges) and in data exchange phase (after data exchanges
state while 80211-PSM+ requires each link with exchangé&ar our proposed protocol, the energy efficiency maintains

Energy Efficiency (joules/bit)




relatively stable since the energy consumption per paytiad traffic load increases until the system becomes highly Idade
for ATIM exchange reduces as the throughput increases (whtore channels give larger non-saturated throughput region
the increase of traffic load) even though the energy consunifiie energy consumption per payload bit of 80211-PSM+
tion per payload bit for data exchange increases as thectraffecreases as the traffic load increases until the throughput
load increases (since more active links keep awake for @lanbecomes saturated. The energy efficiency of our proposed
contention). The improvement of delay performance under gprotocol maintains relatively stable but varies slightlythw

protocol is mainly due to the two aforementioned factorsstii traffic load. The reason of this has been given in the previous
our protocol adapts ATIM window size to be just enough foparagraph.

exchanging all ATIMs. Second, our protocol optimizes the

medium access probability for both ATIM exchanges and data x 10°
exchanges. -5 PSM-MMAC C=1
35 -3- 802.11-PSM+ C=1 A
5 | —+— PSM-MMAC C=2 T
¢ 110 4+ 8021LPSM+ C=2 P
e g | e o
- Sim 80211-PSM+ 9 gl 27 B0 PONY b7 |
5% 7 a - \ | ‘
= \ 3 f ! |
o) \ =
@ 5 2 o o+ o+ %
o | g
S 4+ | <
S \ 315 ]
> \ b=
2 \ =
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L 0.5 g
> 2 AN 4
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0 ; ; ; ; ; ; : : Fig. 10. Throughput vs. traffic load and number of channele Mumber
12 3 4 5 6 7 8 9 10 of active links is 10.
Traffic load (packets/link/intenval)
0-5
Fig. 8. Energy efficiency in non-saturated case. The numbeactive links 6 x 1
is 10. The number of channels is 5.
0 —©- PSM-MMAC C=1
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Energy Efficiency (joules/bit)
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10 s s s s ‘ ‘ ‘ \ Fig. 11. Energy vs. traffic load and number of channels. Thaber of
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VII. CONCLUSIONS
Fig. 9. Delay in non-saturated case. The number of actides lim 10. The . . .. . .
nugmber of cthneIs is 5. In this paper, we studied the joint design of multi-channel

medium-access and power management for heterogeneous
Fig. 10 and Fig. 11 provide more results on throughput amdulti-radio wireless LANs. This design problem is parteuly

energy efficiency as a function of traffic load and the numbehallenging due to the conflicting nature of the multi-radio
of channels. The throughput increases almost linearly as tapability of a node. To address this problem, we proposed



a power-saving multi-channel MAC protocol (PSM-MMAC),[17] A. Adya, P. Bahl, J. Padhye, A. Wolman, and L. Zhou. A Nt&adio
which is capable of reducing the collision probability ahe t
waiting time in the ‘awake’ state of a node, resulting in im-
proved throughput, delay performance, and energy effigiengis]
One nice feature of PSM-MMAC is that it can cope with a

heterogeneous multi-radio system, In which each node y] A. Raniwala and T. Chiueh. Architecture and Algorithiies an IEEE

have different number of radios. The implementation of PSM-

MMAC requires minimal modification of 802.11 hardware
Another contribution of this paper is an analytical modeltth

[20]

characterizes the throughput performance. Simulationltses
validated the accuracy of our analytical model and showat! tt21]
our proposed protocol can significantly improve throughput
and energy efficiency and reduce delay in fair comparisoh wit2]
IEEE 802.11 PSM.
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