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Abstract—Opportunistic medium access (i.e., multiuser diversity) and
MIMO techniques (i.e., multiple-antenna techniques) are two effective ways
to achieve a substantial throughput gain in a multiuser wireless system. In
this paper, we propose a medium access control (MAC) protocol with oppor-
tunistic medium access and multiuser MIMO techniques (MAC-OMA/MM)
in Multi-channel Multi-radio Wireless Local Area Networks (WLANS) to ex-
plore the utility of the joint design of these two techniques for the challenging
MAC design. Specially, in addition to utilizing multiple channels simultane-
ously and multiple radio transceivers dynamically, multiuser spatial multi-
plexing and multiuser diversity are employed in each frequency channel to
improve system performance. The key ideas of MAC-OMA/MM can be sum-
marized as follows. By utilizing ATIM (Ad-hoc Traffic Indication Message)

windows as in IEEE 802.11 power saving mechanism (PSM) under the dis-

tributed coordinate function (DCF) mode, user selection and channel negoti-

ence reduces the degrees of freedom, smart interference manag
ment should also be implemented to efficiently harvest the spatial
multiplexing gain.

Another effective way to improve system capacity is to exploit
multiuser diversity. Since not all users are likely to experience
deep fading at the same time in a multiuser system, the total
throughput of the entire multiuser system is resilient to different
users. Thus, diversity occurs not only across the antennas within
each user, but also across different users. This type of diversity is
referred to as multiuser diversity[2]. It lessens the effect of chan-
nel variation by exploiting the fact that different users have differ-

ation are conducted between the AP and users via ATIM messages on a com-ent instantaneous channel gains to the shared medium([6]. Oppor

mon channel. Multiuser diversity are employed to opportunistically schedule
among multiple candidate users to optimize data transmission. During data

exchange, on each frequency channel, the AP can transmit data to two dis-

tinct users simultaneously in the downlink with the help of multiuser spatial
multiplexing, and two users can concurrently send data to the AP by uplink-
downlink duality in the uplink, which creates an extra dimension in spatial
domain to further leverage the effect of multiuser diversity and multi-channel
gains. Another contribution of this paper is to provide an analytical model

tunistic medium access[8] utilizes the physical layer information
from multiple users to optimize the medium access control, in
which the users with poor channel condition yield the channel
access opportunity to the users with favorable channel quality so
that the overall network performance can be greatly improved.
The above observations encourage us to consider the MAC de-

to characterize the impact of our protocol on the system throughput and en- sign jointIy with these advanced techniques for a multi-channel
ergy efficiency performance. Extensive simulations have been conducted and . t N d IEEE 802.11 standard h ided
the results demonstrate that our protocol outperforms existing multi-channel env'ronmen' owa f’;lys, . standard has provide
MAC protocols with only minimal additional overhead and minor enhance- multiple non-overlapping channels for use. For example,
ments to the IEEE 802.11 PSM. channels are available for 802.11b wi#MHz apart in fre-
quency[9]. If at leas80OMHz apart in frequency spacing is used

g INTRODUCT'ON . . for efficient interference cancellatiohichannels are available for
Recent years have witnessed growing interests in multisncyrrent communications[9]. It is also feasible to equip a de-

channel multi-radio wireless networks which can utilize the mulice with two or more wireless network interface cards (NICs),
tiple channels dynamically or simultaneously to improve ovefe  multiple radio transceivers, each can independently switch
all network throughput. With tremendous popularity of varioug, anq transmit/receive data on a separate channel[8]. Our work
wireless applications[1], the ability of multi-channel networks t@| pe considered in the context of a multi-channel multi-radio
cater to a large number of users running applications with higiy AN. The main characteristics of the WLAN considered can
bandwidth and long lifetime requirements becomes increasingly summarized as follows. First, there are multiple orthogonal
important. The increasing demands have in turn spurred extgayyency wireless channels with the same bandwidth. Second,
sive research efforts to provide significant network capacity 8gdch node has multiple half-duplex radio transceivers which en-
high energy efficiency. o _ able them to receive from or transmit to different users simulta-
Multiple antennas, namely, multiple-input multiple-outpugeously on different channels. Third, each radio transceiver of
(MIMO) techniques, provide an effective way to boost up chaghe AP has a two-antenna configuration while that of each user
nel capacity significantly, along with more reliable communicgs configured with a single antenna. Antennas can operate inde-
tions[2]. MIMO systems can offer spatial diversity gain and Spgendently and simultaneously on different frequency channels to
tial multiplexing gain[3], [4]. Spatial diversity can be used t¢ ke each channel a MIMO lihk MIMO links are known to
combat severe fading and improve reliability of wireless links Vigroyide extremely high spectral efficiencies in multi-channels by
carrying duplicate copies of the same information along multipigmnyitaneously transmitting multiple independent data streams on
antennas, particularly useful for compensating against the effged same channel. Finally, we consider both the downlink traffic
of node mobility[5]. Spatial multiplexing creates an extra dimerefrom the AP to users) and its dual uplink traffic (from users to
sion in spatial domain, which can carry independent informatigre AP), which implies that the traffic originates from one remote
in multiple data streams. Spatial multiplexing is also applicgser destined to another user will be forwarded by the AP.
ble to multiuser MIMO systems, namely, multiuser spatial multi- | this paper, we propose a novel MAC protocol with oppor-
plexing. It makes possible to simultaneously communicate Wighnistic medium access and multiuser MIMO techniques (MAC-
multiple users at high data rates, thus greatly improves system@&g1A/MM) in Multi-channel Multi-radio WLANs. The key mo-
pacity[3]. Thus, it is desirable for a multiuser MIMO system t@yation is to leverage multiuser spatial multiplexing and multi-

operate in a spatial multiplexing mode whenever more than ag diversity to optimize data transmission in each frequency
users are active at the same time. Since the co-channel interfer-

1 A MIMO link here corresponds to a frequency channel in which the AP can
Research supported in part by US NSF grant number ECS-0427345, US A&Qultaneously communicate with multiple users both in the downlink and dual
grant number W911NF-04-1-0439 and New York State Sensor CAT. uplink with the help of spatial multiplexing in a multiuser system.



channel. In addition to the concurrent use of multiple channels  users | ATIM Window Data Transmission | ATIM Window |
and dynamic assignment of multiple radio transceivers, the ex- A rhnac [Pk ] 4 o

tra spatial reuse and opportunistic medium access control pro- 8 [P ' Dm# . Beacon Aan
vide further improvement on system performance. In particular, ATIM Doze Mode

the key ideas and main contributions of our work can be summa- ~ © e — - TV
rized as follows. (1) We employ a timing structure similar to that _ ‘

in IEEE 802.11 PSM to divide time into fixed beacon intervafd9: 1+ Basic mechanism of IEEE 802.11 PSM.

with a small ATIM window at the beginning of each interval tdirst sub-class assign one interface to a common control channel
indicate traffic, select users and negotiate channels for the swhile others dynamically switch among other data channels[13].
sequent data exchange. (2) All negotiations are processed or& schemes in the second sub-class allow different nodes to as
common channel during ATIM window. Radios and channels a$&n their “fixed interface” to different channels, thereby ensuring
all assigned in a dynamic fashion. (3) During ATIM window, wéll available channels are occupied while switching the remaining
utilize opportunistic medium access to formulate the problem ibterfaces ensures that communication between any pair of nodes
finding a schedule to send (or receive) data with the highest dig®ossible[20]. In fact, channel allocation and radio assignment
rate as finding a pair of users that can concurrently communicate@ mutually dependent and are always jointly considered. Our
with the AP at the maximum sum rate among multiple candida#oposed scheme belongs to the category of the dynamic assign
users. (4) During data exchange on each channel, in the downlagnt of multiple radios without a dedicated control channel. By
of MAC-OMA/MM, by processing data according to the chandtilizing the timing structure of IEEE 802.11 PSM, all nodes will
nel state which can be considered as transmit beamforming, f@&/rn to a common channel periodically. The common channel
AP can make the data for one user appear as zero at another @g%ras a control channel in the ATIM window and remains to be
such that it can send distinct packets to two users simultaneougligiata channel during other times.

We call such two users a pair of compatible users among e Enhancing IEEE 802.11 PSM

candidate users. In the dual Up“nk, two Compatible users W|“|EEE 802.11 standard provides a power-sa\/ing mechanism
concurrently transmit data to the AP. (5) Another contribution @bSM) [7] to improve energy efficiency by reducing the idle time
our work is to provide an analytical model that characterizes th€ much as possible. The basic idea is illustrated in Fig.1. Time is
throughput and energy efficiency performance ip-persistent divided into identical beacon intervals in IEEE 802.11 PSM and
CSMA system. all nodes are synchronized by periodical beacon transmissions
Il. RELATED WORK At the beginning of each beacon interval, all nodes stay awake

There has been much work that studied the benefits of différ an ATIM window with a constant duration. Nodé may
ent MAC protocols in a multi-channel multi-radio system, sefansmit an ATIM message to the intended receeturing the
for example, [8]-[24]. In the following, we briefly discuss thosé\TIM window if there are some backlogged packets destined to

most related to our work, which can be roughly divided into thred- Upon receiving the ATIM, nodé shall reply an ATIM-ACK.
categories based on their focuses. The (re)transmission of the ATIM follows the normal DCF access

A. Channel Allocation and Radio Assignment prqcedure. _ At the end of the current ATIM \_/vindow, any node

' i i ) ) neither having sent an ATIM nor having received an ATIM con-

_ Channel allocation and ragho a_SS|gnment have received a C{%ﬁ‘ﬁing its own address during the ATIM window (such as node
siderable amount of attention in recent years[9]-{23].  Th& g enter the doze state. Those nodes successful in ATIM
schemes of channel allocation can be roughly divided into tV&‘igchange during ATIM window shall remain in the awake state
categories. In the first category, a dedicated control channe(gj}.ﬁ” the end of the next ATIM window.
maintained. In this case, a dedicated radio is usually attached t@,, .o\t studies have extended the PSM to a multi-channel en-
the control channel. Though it is convenient to communicate Uonment and achieved some evident improvement. So and
ing control messages without any pre-negotiation, it may Wavg'dya [9], [10] proposed a protocol named multi-channel MAC

network resource when the control overhead is low. In the sec r\}iJMAC) protocol to exploit the timing structure of IEEE 802.11
category, there is no dedicated control channel. Channel hop to improve throughput and handle the multi-channel hid-

solutions[11] are always employed in this scenario. For ra n terminal problem in multi-hop ad hoc networks. Miller and

(i.e., NIC) assignment, there are three main strategies. The f’&gfdya [15] proposed Carrier Sense ATIM (CS-ATIM) that par-

one is static assignment. It assigns each interface to achannelﬁ%hs a short carrier sensing peridd, at the beginning of each

manently or for long intervals{12]. \_N_hen t_he ”“mb?r of '\_“CS 'RTIM window to detect whether there are data packets pending
more than the number of channels, itis a simple static assignm

¥-exchange. Nodes st ke only T, if Ket is t
This strategy does not require any special coordination and is exchange. Nodes stay awake only 0 if no packet is to

ticularl table for th hen the del finterf i “advertised. Wang, et al. proposed a power-saving multi-radio
ucuarly suitable for the case when the delay ot interface SWItCiy i channel (PSM-MMAC) protocol in [8] to further utilize the
ing is long. The second strategy is dynamic assignment, in wh

NIC b ianed t h | and lso f sing carrier period to estimate the number of active links (i.e.,
any can be assigned 1o any channel and can aiso Irequegiiq pairs with pending packets for transmission) instead of only
switch from one channel to another. In this case, two nodes t

. ) ) ) o giermining whether there is pending traffic. With the result of
intend to communicate with each other require a coordmaﬂggtimaﬂon the ATIM window size and the medium access para-
mechanism to ensure that they are on a common channel at s '

. . . ) fer (e.g., contention window size of the backoff algorithm or
start point[10]. Typically, the coordination mechanism needs e medium access probability of thepersistent algorithm) can
nodes to visit a common “rendezvous” channel periodically. TrB

: ) . . . j ingly. [ will he MA
third strategy named hybrid assignment allows a static assqﬁr: diusted accordingly. Our proposed protocol will use the MAC
b

_ : ing structure similar to IEEE 802.11 PSM. In order to kee
ment for some NICs and a dynamic assignment for other NICs Ing structure simi b

be further classified into t b-cl Th h : derate complexity, we will not consider the adjustable ATIM
can be further classiied into two sub-classes. The schemes N iifiow and the variable length beacon interval in this paper.



C. Using MIMO Technique and Opportunistic Medium Access

Although MIMO is one of the most promising techniques, it Aocess Point
imposes great challenges to the design of upper layer protocols. i ha
Sundaresan, et al.[16] proposed a MIMO MAC protocol with
closed-loop MIMO and ideal interference cancellation to achieve
the spatial multiplexing gain. Hu and Zhang[5] exploited spa-
tial diversity to combat fading and enforce robustness at the prgigé 2. The AP communicates simultaneously with two users over a single chan-
ence of user mobility. Moreover, they took a holistic perspe?:‘-a'
tives to investigate the impact of MIMO MAC on routing perfor- For simplicity, we usé; to denotdh;, h;2)T which is the vec-
mance. However, most existing schemes generally target potot-form of the complex channel coefficients between the AP’s
to-point MIMO and single channel wireless systems, while in owvo antennas and the remote usesver a given channel. We
work we will shift the focus to multiuser MIMO[25]-[27] and first consider the downlink from the AP to two remote users. Let
multi-channel systems. It exerts the role of multiple antenngge transmission vector bey[m] = Z4.1[m]us + Za2[m]uz,
in both the uplink (many-to-one) and downlink (one-to-many) afherez ;1 [m], Za4,2[m] are complex data destined for ugeand
a WLAN by using specific transmitting and receiving strategiegser2, u; = [u11,u12]7 anduy = [ug1,uss]? are the transmis-
while achieving spatial multiplexing gain simultaneously in allion signatures for the two users, that is, to s@md [m]ui; +
frequency channels. When the AP can concurrently commugijy [m]ug; on antenna 1 and to send; 1 [m]uszr + Zai2[m]uss
cate with two distinct users both in the uplink and downlink, then antenna 2. We can easily obtain the downlink received signals
spectrum resource is virtually doubled in the ideal case. for the two users

Opportunistic medium access algorithms have been developed Yar.a[m] = (hiuy)F a1 [m] + (hiug)F g 2[m] + na[m]
to utilize the channel variation to enhance system performance. { yar,2[m] = (h3u2)Zai,2[m] + (hiu1)Zar,1[m] + na[m]
Ji, etal. [1] proposed a Medium Access Diversity (MAD) scheme gy nnose a proper selectionwef andus makesh*u, = 0 and

that leverages the benefits of rate adaptation schemes by jag;, — (. Then the two receivers obtain the following signals
gressively exploiting multiuser diversity over the single channe

WLAN. The sender obtains instantaneous channel state informa- { %;% - Eﬁlﬁgijim 1235 %
tion from multiple receivers and selectively transmits data to a re- ) ' 2 ’ )
ceiver with the best channel condition. Most of recent work on di- I this way, by processing the data according to the channel

versity in multi-channel systems primarily concentrates on mulfitate, the sender makes the data for one user appear as zero at
channel diversity. Kanodia, et al.[19] proposed a channel Skﬁg;_her user such that it can gend dlstlnct packets to two users S|mL_JI-
ping scheme such that if the channel condition is not favorabi@N€ously [26]. Each receiver can simply recover the data by di-
mobile nodes can opportunistically skip to other frequency chafiding ya.; by hiu;. In other words, the interference introduced
nels with better quality to enable data transmission at a higtthe peer in the simultaneous data transmission is minimized by
rate. Zhang and Zheng[17], [18] propose an opportunistic mMaARFoperly choosing the transmission signatures to maximize each
protocol in multi-channel ad hoc networks that exploits chaff the SINR's separately. o

nel variation across multiple channels to boost up system pertti €an be any vector lies iy which is the space orthogo-
formance. In our study, we will fully take the advantages of tH¥! t0h, however, to maximize the received signal strength,
effect of multiuser diversity in both the uplink and the downlinhould lie in the same direction as the projectiorhgfonto V.

to enhance channel capacity. In particular, in each channel, theShould be similarly chosen(3], [27]. Thus, the normalized

AP opportunistically sends out buffered packets to two compa?indu2 can be expressed as follows

User 1 (Laptop Computer) User 2 (Laptop computer)

ble receivers with the maximum sum rate among multiple candi- hy — SpLP22 . py hy — Sprhe> gy,

date users at the same time in the downlink, while two compatible Y"1 = by — <Biha> o U2 = [ho — SBuba> @

users with the maximum sum rate of the uplink are scheduled to <hz,hz> <hphi>

concurrently transmit data to the AP. Hence, the SINR for usér (k = 1,2) in the downlink is given by
I1l. SYSTEM MODEL AND DESIGN OVERVIEW SINR{ = Py [[uhg | _ Pellughel @

A. Multiuser Spatial Multiplexing on a MIMO Link No 32, By l[0f b |2 No

Consider a multi-channel multi-radio WLAN environmentvhere P is the transmitting power allocated to userin the
where the AP has multiple radios, each of which is with two adownlink andNj is the variance of the Gaussian noise.
tenna configurations and each user also has multiple radios, eadhince the total transmitting power is limited, to ensure that the
of which is configured with a single antenna. This is often a praavo receivers can be successfully served simultaneously, the fol-
tically interesting case since it is not difficult to equip the AP witlowing three criteria must be satisfied
multiple antennas. In fact, many wireless routers today have P,>P +P
multiple antennas. And another commercially appealing fact is { SINRY = Py - |luthy|[2/Ng > SIN Ry, (3)
that it does not need new hardware at mobile users. By utilizing SINRS' = P3 - |uzha|*/No > SIN Ryp,
the multiple radios and multiple antennas, MIMO links can bghere P; is the bound on transmitting powe§INR{' and
realized on all frequency channels. In each frequency chanrel N R are the downlink SINR of the two users respectively.
the AP communicates with two remote users simultaneouslytN R;;, are the SINR threshold for the base rate. For any possi-
any given time (i.e., one-to-two downlink and two-to-one uplinkple split P, + P, < P, satisfying above equations, the two users
This scenario is described in Fig.2. Without loss of generality, are called a pair of compatible users (or compatible pair) and de-
the following analysis, we focuses on a single frequency channeted adl < 2. Each of them is called the compatible peer of the
(i.e., The AP and users are with single radio transceiver). other.
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(Channel Estimation)
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Similarly, when the compatible nodes ugeand usee are the
senders simultaneously in the dual uplink, the received vgglor
at the two receiving antennas of the AP is as follows

User Table
Yutlm] = by 1 [m] + how 2[m) + o fm] e Gospaney (compatiie iy
wherez,,;; andx,; » are independent data from two users. The Henagemeny I 7 T
AP uses the receiving filters that are the transmission signa- (Defauit NIC
tures used in the downlink to demodulate the data stream. Since "™ I T oot
uth, = 0 andujh; = 0, the AP can obtain data, andz, as N[l |onoamems| | win2eriema
fO | IOWS configuration) configuration)

~ . . . Fig. 3. MAC-OMA/MM firmware architecture in the AP.
{ Z1 = ujyw[m] = uthizy 1 [m] + uing[m] TABLE 1
To =uj} m] =ulhsx m|+uing[m
2 = W3Yu[m] = uzhaeu,2[m] +uin(ml SUMMARY OF MAC-OMA/MM U SERTABLE IN THE AP
Field [ Notation | Description |
SINRU — Qrlluzhy|? _ Qrlluphg|? User i users’ index & its IP address
kT N+ > ik Qjlluph; B No Que-List | Q[i] ~ Qi + k] k (k") candidate traffic queues for current

. e . . (Qi] ~ Qi+ &) negotiation for downlink (uplink) traffic
where@),, is the transmitting power of usdrin the uplink. In [ ~cranoce TO ~TQ the cumulative occupancy duration

Hence, the SINR for usér (k = 1,2) in the uplink is given by

this case, the individual powerd, and @, to achieve the same distributed for successful negotiations
SINR’s are the same in the downlink and the dual uplink. Neg-Res ?Ownlinki eg. ) '\rl]egotiation result pairs \zvhich in(dit)tated
; g : S,D1,D2,¢c,r,Ts the communication pair (source(S) an

. The above analysis clea_lrly shows .th.at it is possible to ma’ke uplink: e.g. destination(D)), the assigned channel(c),
simultaneous data transmission to distinct users over the same {S1,52,D,¢,r,Ts} | radio(r), and the estimated start poifitf

channel with the support of multiuser spatial multiplexing. MAC layer and link layer. In essence, we take a cross-layer de-

B. Design Overview sign approach to optimizing the network performance.

We implement MAC-OMA/MM at the link layer with the o Overview of the MAC-OMA/MM Protocol
firmware arch|tecture of the AP as ghown in Fig.3. MAC- Fig.4 gives an overview of the proposed MAC-OMA/MM pro-
OMA/MM circumvents the complexity introduced to the uppefocol, The timing structure in the MAC-OMA/MM is similar to
IP layer by exposing only one virtual MAC address in place gfe |EEE 802.11 PSM. Time is divided into identical beacon in-
the multiple NIC physical MAC addresses as [21]. Multiple ingeryals, each of which comprises of two sub-intervals i.e., ATIM
terfaces can be dynamically distributed to tune different channglg,qow and data transmission). During the ATIM window, the
while the default NIC will be assigned to visit a common channgkfayit NIC in each node will switch to the common channel for
during each ATIM window. Three functional modules in the ARggotiations. Note that the common channel is also used for send:
are necessary to support the operations of MAC-OMA/MM. Ongq data outside the ATIM window. ATIM exchange follows the
is the channel coefficient table (CCT) with the siz&bk K x 2, ), nersistent based (or backoff based) CSMA protocol. Nodes in-

whereC' and K represent the total number of available channelgyed in the successful negotiations stay awake until the end of
and users respectively, aadstands for the number of transmit-yext ATIM window while others can turn into doze state for the

ting antennas configured in each radio transceiver of the AP. CGdyt data transmission interval.
is updated periodically by the AP with the result of channel es- |t the AP captures the chance to access the common channe
timation by means of either passive overhearing or users’ actyyging the ATIM window, referred to as downlink negotiation,
reporting. In our work, we simply assume that the channel st@igyj| negotiate with multiple candidate users for the downlink
information is available at the AP. The second module is the COgpsffic to obtain multiuser diversity gains. The selection of multi-
patible table (CT) which is a two-dimensional list to record thgie candidate users (which also represent candidate traffic queue
current compatible peers of each user. CT is refreshed accordifige the AP maintains a separate queue for each user) may b
to the criteria in (1)-(3) once the CCT is updated. The third Mo@ased on QoS requirements of different users or other criteria.
ule is referred to as user table (UT), which maintains the infQfere, we use a simplesubset round robin policy. The basic idea
mation listed in Table 1. The AP maintains a separate queue {othat the backlogged users are arranged in a round robin queue
each user and the field “Que-List” represents a candidate qu@Ugiding window of sizel: advances along the round robin queue
list that is a subset of queues scheduled by the AP for the clyy step sizel. For each iteration of the downlink negotiatidn,
rent ATIM negotiation. The AP can opportunistically choose tWepnsecutive users within the sliding window are selected ak the
compatible users within the candidate list to achieve multiusgindidate users allowed to participate in the current downlink ne-
gain. Field “Chan-Occ” is also a list that records the current Clgiation. The objective of the MAC-OMA/MM scheduler in the
mulative occupancy duration of each channel (chanhelsC).  ap s to improve channel utilization while limiting the computing
It is initialized at the beginning of each beacon interval and Ugyerhead, implying that only a subset of users will be considered
dated once a successful ATIM negotiation completes via OV@ich time. A larger size subset means more diversity, but also
hearing on the common channel during ATIM window. With thig,eans higher complexity. Thu,should be set to a moderate
information, the AP itself can determine which channel has thg| ;e (e.g.k = 3 in Fig.4). The AP indicates the addresses of
maximum residual duration in current interval for data exchange candidate users, the selected channel and the estimated sta
Eield "‘Neg.—Res” records the result of successful ATIM negotizb-oim in the Group ATIM message (GATIM). Once receiving the
tions In pairs. query, the candidate users with available radio transceivers at the
IV. THE PROPOSEDMAC-OMA/MM P ROTOCOL estimated start point (called qualified candidate users) will take
In this section, we present the MAC-OMA/MM protocol in deturns to reply an ACK in the order of the listing rank specified
tail. The main components in our protocol span the physical layer,GATIM. With the knowledge of the compatibility among the
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Fig. 4. Overview of the MAC-OMA/MM protocol.

qualified candidate users and the channel state information, dosvnlink sum rate is achieved by compatible ugerg) that sat-
AP finally selects two compatible qualified candidate users wiitfy

maximum downlink sum rate and notifies them with the ATIM- tog (1. Paluih D2 4 pog (10 Filugmsl®
Reservation (ATIM-RES) message, which is a new type of packet ™" [ g1+ ) + °g< _+ Mo )]
introduced in [9]. The rule for choosing the compatible pair will for Py + Py < Py, ivdj, |t = j| <k, i#j andi,j € [1, K]

be explained in detail in the next subsection. When the negotppose the maximum transmitting power is feasible, Pe;

tion completes, the AP and the two compatible users will switdhy = P;. Considering the fairness among users, we assume the
to the selected channel at the estimated start point and starfkbequally allocates the transmission power to the two compati-
communicate by exchanging RTS/CTS packets. ble users, i.e.P, = P; = P, /2.

Similarly, if a user captures the access chance in the commomn the downlink data transmission dialogue, the AP will firstly
channel for uplink negotiation, the user will first send an ATINgend out an enhanced RTS control packet named Group RTS
message to negotiate with the AP for the uplink traffic. Then th@RTS) introduced in [1]. The main difference between GRTS
AP responds by sending out GATIM to make polling on otkler and regular RTS falls in that GRTS has two 6-byte RA (Receiver
users (called candidate peers) to inquire whether they currerijdress) fields which contain the addresses of the two compati-
have backlogged packets. The selection ofithpeers can also ble users. After receiving two CTS’s, the AP will simultaneously
simply obey thek’-subset round robin rules. Qualified candisend multiple data packets to usémnd; on the selected chan-
date peers with available radio transceivers will sequentially regigl. With the rate adaptation supported by the physical layer ca-
ACKs. By looking up the CT, the AP can decide the compatibilitpability of IEEE 802.11, the AP may send data in different rates to
between each qualified candidate peer and the user initializing the compatible receivers based on the independent channel state
request. The AP then selects the most suitable compatible peerfa® rate adaptation can be specified as
the user complying with the scheduling policy of maximum up- 0, if SINRy, . < Bo or NAVj, . > 0;
link sum rate. Finally, the AP indicates the two compatible users Rr(sInR,.) = { " iT_B’iSZSINJS’“;le Pit1,
in ATIM-RES. During data exchange, the two compatible users e ’

. . . . rar,  Otherwise
will concurrently transmit data to the AP in the uplink. where R(SIN Ry,.) is the function of the feasible data rate for

B. Selection of the Compatible Pair and Data Transmission yserk on channek, M is the size of the set of possible data

As mentioned above, during negotiations, the routine for settes. For instance, in IEEE 802.11b, the possible data rates are
lecting two compatible users among multiple candidate usersit®/ bps, 2Mbps, 5.5M bps, and11Mbps. Hence M is equal tot
serve in the downlink, and selecting the most favorable compati-this scenarior; is the matched achievable data rate tailored to
ble peer among multiple candidate peers in the uplink is one of the N Ry, ., 7, is the highest feasible rate, aggis the minimum
primary design issues in MAC-OMA/MM. Next we will discussSINR to achieve a certain bit rate. We choose the SINR thresh-
the selection of compatible pair in downlink and uplink negotiaids for different data rates based on the settingSafoco™ ™
tions, separately. 802.11b card.

In the downlink negotiation, we employ the maximum sum Packet bursting is an efficient approach to opportunistically
rate scheduling policy to prioritize transmissions, i.e., the AP wiixploiting high quality channels when it occurs via transmis-
preferentially serve the compatible pair with the maximum dowsion of multiple back-to-back packets[6], [28]. Packet concate-
link sum rate. If in the rare case that no compatible pair existation (PAC)[1] further eliminates many ACKs and SIFSs. As
among all the qualified candidate users, the AP can chooseteesult, the expected overhead per packet can be reduced an
send to only one user with the highest feasible rate. Specificatlye channel utilization is potentially improved. In our work, we
among a pool of totally<” active users, in each iteration of downfollow the ideas of PAC that the maximum number of continu-
link negotiation during ATIM window, a subset @f candidate ously transmitted packets for a user in a data transmission dia-
users are chosen according to theubset round robin schedul-logue should b R(SIN Ry .)/Tbase| in order to maintain the
ing policy. With the channel state information and the repliemme temporal fairness characteristics as the single rate 802.11
from the qualified candidate users, the AP checks the compatiliherer,,.. is the base rate of the system. The transmission du-
ity of each pair among the qualified candidate users by lookingtion of userk in a data transmission dialogue on channéed
up the CT and derives transmission signatures of the compatipf SIN Ry, ) /rpase | - E(L)/R(SINRy,..), whereE(L) is the
pairs according to (1). Then the AP searches over all pairsefpected value of the packet length. Since there may be a little
compatible usersi, j) among the qualified candidate users andiscrepancy on the transmission durations between two compati-
any possible power fraction allocatidf) and B. The maximum ble users in a channel, the duration field in data packets should be



set to the maximum transmission duration of the two compatibdfeno such NICs are available, the node will check whether there
users, which is essential for other nodes in the network to set than assigned NIC that will be released and become available a
network allocation vector (NAV) accordingly. the estimated start point. If there is even no such NIC, the node
Similarly, in the uplink negotiation, if user initiates the re- will refrain from the current negotiation.
quest, the AP will assist to poll okf candidate peers to help se-
lect a compatible peer (e.g., us@ito concurrently transmit with V. PERFORMANCEMODELING
useri in the uplink. Useri with user;j will achieve the maxi-  In this section, we develop an analytical model to evaluate
mum uplink sum rate compared to with other compatible peete performance of MAC-OMA/MM in terms of system average
Utilizing the uplink-downlink duality, users andj can use the throughput and energy efficiency. To make our analysis tractable,
same transmitting power in the uplink during the data exchange first make following assumptions. (1) The AP and all the users
as those allocated to them in the downlink to achieve the sagays hold backlogged packets and the medium access follows
SINR’s. The AP uses the receiving filters that are the transmige p-persistent CSMA algorithm. (2) The failure of ATIM nego-
sion signatures for useisand j in the downlink to demodulate tiations is due to collision or no available radio transceiver in all
the data stream as explained in Section Il when it receives e candidate users, which implies that fading will not cause loss
data simultaneously from the two compatible users. In the rafEATIM messages. (3) The AP can be equipped with multiple
case that there is no qualified compatible peers, uigelf will  NICs (V;) equal to the available channels, which means that the
simply send the data to the AP during data exchange. AP can always provide available radios without switching. Even
The procedure of the uplink data transmission follows the samm@ugh this assumption is not absolutely necessary, it helps reduce
principles as the downlink. Once receiving the RTS from the rghe load and complexity of the AP. All the users are equipped
questing user, the AP will send out another RTS to help quemith the same number of NICs that are no more than the avail-
the selected compatible peer. With the reply from the compadble channels (i.elN; = N < C,i = 1,...,K). (4) With the
ble peer, the AP will notify the two compatible users with Groupformation of the estimated start point of each data transmission
CTS (GCTS) packet that also has two RA fields. After that, thalogue, data exchange can be considered collision-free. (5) The
two compatible users will concurrently transmit uplink to the AR\P s located at the center of a disk-like arewith radiusy and
C. Channel Allocation and Radio Assignment a total of K users are randomly distributed 4h For each itera-
Channel allocation and radio assignment are other two imp&@n of the negotiatiork candidate users @ candidate peers are
tant tasks of the negotiations during ATIM window. In our workinvolved in the downlink and uplink negotiations, respectively.
the AP dominates the channel selection because it has the ¢
plete knowledge of all the available channels and is involved
all uplink and downlink negotiations. For a successful negotia-During ATIM window, the time durations of uplink and down-
tion between the AP and usersind j, if channelc is selected, link negotiations are given by
the estimated occupancy duration is

%1 Average Throughput and Energy Efficiency

T =GATIM +k-ACK + RES + (k+1)-SIFS

suc

R(SINR; ) ul ’ ’
= el LLE(L) T4 = ATIM + GATIM + k' - ACK + RES + (k' +2)-SIFS
PHY+MAC) g4, | R(SINR; ) Thase sue
T = max{ (A | HEC JJJ R(SINRiJ,c) 7 Tfau = GATIM + Tiime_out
R(SINRJ c) “E(L) Tul —ATIM+GATIM+TterLe out
(PHY+MAC)pa, | R(SINR; ) { Thase J ( fail
Thase k- L ”‘bascj J + R(SINR; ) } Tcdffll =GATIM +T;
' T ATIM + T

col —

where(PHY + M AC) 4, represents physical and MAC head-

ers that are transmitted at the base rate while the data paylo#B8€ e, Tote, Toyy T, T4y, and T, are time durations

are transmitted at the achievable data rate. The cumulative &¢-successful, collided, or falled (no available NIC) downlink

cupancy duration of channeldenoted byZ’© is updated with @nd uplink negotiations, respectivelfliime_out is the defined

the value ofT’® + T accordingly. Denotd“ as total available timeout waiting period for replies from candidate usef&, is

duration for data exchange in Chan.e'Note that the values of the default time-slot size defined in 802.11. Assume each user

T* (c=1,...,C) are different. The value of the common charPas available NICs for the currently participating negotiation with

nel is only the period length of data transmission interval whirobability P,. For simplicity, we assume each radio in a user is

those of others are the whole beacon interval. In order to balag&gially likely to be busy during data exchange period. For each

the traffic loads among different channels, the AP will indicate thSer.F is the probability that not all itV NICs are busy at the

preferable channel with the smallest valugt/ T for the com- €estimated period of data exchange and it can be approximately

ing successful negotiation. This criterion implies that the chanrf@liculated as follows

with the lightest load is always most favorable to be used for data, = 1 — P{all NICs in a user are not available for the current negotigtion

exchange. ~1-(S)- (TL)N . (C;N) o
As the switching delay has been dramatically reduced to mi- m m )

croseconds or even less, we consider dynamically switching aswereZ;,, is the beacon interval duration ands the approxi-

dio from channel to channel within each beacon interval rath@ate time duration for a data transmission dialogue which can be

than fixing it to a certain channel once it is assigned. This type st toE(L) Since the AP and all the users always have buffered

assignment has more benefits especially in the situation thatplaekets ‘In each negotiation, a totalfof+ 1 nodes participate in

number of radios in each node is less than the number of chdre contention with the medium access probabglign the com-

nels. The principle of radio assignment in our work can be summon channel. Based on thepersistent CSMA algorithm, the

marized as follows. For each node involved in a negotiation, theccess probability of downlink and uplink negotiatiBff . and

NICs that never been distributed in the current beacon intenft! , the collision probabilityP?, and P, the failure probabil-

col col?

have the precedence over other NICs to be selected by the ndIgteP]‘!}m andP%“ and the idle probability”;; are




Sy, E(L)

Ti

Pl =p(1—p)* - [1-(1-Pa)¥] Thara = RTS+CTS+ max {

/ data }+ACK+351FS
Pul =K -p(1-p)K[1—(1—Pa)*] ie[1,M)]

Pl —p(1—p)K - (1— Po)* Tiowa = GRTS +20TS+ max, [EEB 240K +551FS
’ €[, N
Pul K op(1—p)K (1= Py)* 1 s B
fail ¢ Tyre =RTS+CTS+ “h 2+ ACK +3SIFS
Pl =pll—(1=p)<] . dota E o
(U — - .
Py =1=p[1-(1=p)* = Kp(l—p)*~1] Ty =2RTS+CTS+GCTS+ max {22} 4 2ACK +65IFS
Pg=(1-p)&+1 ata i€[1,M] i

— L' it
Thus, the average total number of negotiations that take plé ve assum.ek__ k.’ Itis .cI(_ear that_ the number of succe;sful
during the ATIM window is uplink negotiations is statisticallx” times that of the downlink

negotiations. Thus, the average time duration and the average
ot _ Tatim_w number of transmitted data packets for a data transmission dia-

nego — 1l dl ul l dl dl 2 1 dl pdl ol 1 X
g P-;UCTg1lc+P&MTngc+PfailTfail+P}‘ailT}La'il+PcolTcol+Pé‘()lTét)l+PL‘165gue are glven
A

whereT a7 w IS the time period of ATIM window and the de-

) . . = _ 1 dl_ 1, dl_1 dl_2, .dl_2
nominator of (4) represents the average time duration of a nego- B(Tuata) = w7 - [P data F‘Cdat% J;P data Tzd“”l]Q
B B . . ub ub Ul ub
tiation, denoted by (7,.4,) in the following. Thus, the average R [Pdm Tiata tPista Laata ]
number of successful downlink and uplink negotiations denoted E(data) = 7 *Phta T 7T - Mabta

dl

suc

= —ul .
by i, andi,, can be written as Denoting:})}* as the maximum possible number of data trans-
sl stot ol _ 7ot pul mission dialogues that can be completed during a beacon interval,

Ysue = lnego suc)  lsuc = lnego suc we have

-ul

. . data_tran C Tdata,tran
As mentioned earlier, the common channel (e.g., chahnen imaT _ iy {iiﬁc fqul 21 c }

ata — T + T
be used as a data channel outside the ATIM window. The valid E(Taata) 2::2 E(Tdata)
period for data exchange of all the channels can be categorizetl@snow obtain the average throughput

data_tra _ E(n -E(L) -ivar

TC((Z:U " =Tarrv_ w +Tpara_rran — E(Tnego) S = (Rdata) - B(L) - iyt (5)
data_tran Tarimm_w +TDATA_TRAN

T, =TDATA_TRAN
a1 Denote PW,,, PW,, and PW;y. as the power consump-

%IenOte.Pdata as the a:j\{sr?ge probgblht()j/ thaﬁ.th|<e reis ?otgompq on for the transmitting, receiving and idle states, respectively.
ible pair among: candidate users in a downlink negotiation an rinw and Epara as the energy consumption for ATIM

. . [ _2
the AP will choose one user to serve during data exchaﬁé »  negotiation and data exchange can be calculated as follows
represents the average probability that there are compatible pairs

. . . . n _ dl dl l 1
and the AP will transmit data to two compatible users simultang- Zariv_w = {(5Wm + K- PWiro ) (Tue Piue + Tue Petuc
+T

. . o pdl L ul pul. K+1) PWigieTiaie P
ously. P~ ! represents the average probability that there is f‘;;Lf”CKtlfM; f‘“l);il: ). dle tidleidle
compatible peer amonkf candidate peers in the uplink negotia- 2= [( j )p (1—=p) G- PWe

HK + 1= 5)PWea)] - (T2, Py + Tey Pegy)} - inigo
data_tran

tion and the user initializing the request will simply send data tp _ I R
Epara=3_gNi - PWiate - &> i1 Te

the AP during data exchangel?;‘al;a2 represents the probability

1. e - . dal_2 _dl_2
that there exist compatible peers and two users will concurrently {1 (2PWea + 2P Wi 3PVZ;§£;’) legffta Paata
transmit to the AP in the uplink. Denote the average compatible +(1:<Wtz + PWoz = 2PWidte) - Tyqy, dazalJ2 o
probability between two users d3. The four aforementioned +xag  [2PWig + PWrp *3PV[iildlel) Zda{a Piata
probabilities are given as +(PWie + PWre —=2PWidie) - Tyarq Paata 1} - tdata

PU-l_(1_p Li(k—1) pll-2 _  pdi1 Finally, we can obtain the energy efficiency
{ el ALK pueh i) B Eariv_w + Epara 5
Pdata, = (1 - PC) ’ Pdata =1- Pdata eff =3 ( )

S (Tarive_w +TpATA_TRAN)

Supposes},,, andS? . represent the average number of trangiere, we do not consider the case of turning a radio into the doze
mitted packets in a data transmission dialogue that the AP caostate. Thus, the energy efficiency we derived in the above gives
municates with one user or two compatible users, respectivelyconservative performance estimation we can achieve with our
The average number of transmitted packets in a downlink or ypetocol.

link data transmission dialogug!! ,  andn¥, are given by B. Average Compatible Probabilit,
. A1 a A2 oz Denote the complex channel coefficient vectors between the
{ Mdata = Lagta, * Sdata + Paata, " Sdata AP and two users (e.g., useand userj) ash; = [a + jb,a’ +
Niata = Paata *Sdata T Piata * Sdata jv'1T andh; = [c+ jd, ¢ + jd']T, respectively. For independent

Suppose the physical radio suppofts data rates denoted adRayleigh channelsy, b, o’ andd’ are i.i.d Gaussian random vari-
T1.79,...,ma (M = 4 for 802.11b) and the sender transnfits, ~ables with the variance? andc, d, ¢ andd’ are i.i.d Gaussian
packets to a receiver in a data transmission dialogue atgam random variables with the va_rlaneéj. . _
our Work, S, = |7m /Tsase]). In fact, there is a little discrep- TO obtain the variance (without loss of generality, we derive
ancy among the transmission durations with different data rafgs as an example), denotg as the SINR of uset. Here, user

according to the principles of PAC. Hence, we can ngé\;al, 1 is the only receiver. The AP sends duplicated packets from the

dl_2 ul_1 wl_2 . . . two antennas destined to usewith the total transmission power
T T andT which are the maximum time durations . - .

data * = data data P, If free space propagation model is employeds given b
corresponding to the above four cases that one or two users would P propag ploygads 9 y

communicate with the AP in the downlink and uplink to represent ni =3P % (¢®+4¢"*)/No

the average time consumption. = 1P ||hi|?/No = 1Py - (a® + b2+’ +1'%)/No

@)



TABLE 2 TABLE 3

NUMERICAL RESULTS OF THECONDITIONAL COMPATIBLE PROBABILITY NUMERICAL RESULTS OF THECONDITIONAL TRANSMISSIONRATE
(wiszj)  Pe(clzi,xj) (zi,25)  Pe(czs,xj) PROBABILITY
(50,50) 0.785 (100,150) 0.252 (x;,z;) 11M 5M  2M (zi,2;) 1IM  5M  2M
(50,100) 0.537 (100,200) 0.127 (50,50) 0.770 0.166 0.065 (150,50) 0.162 0426 0412
(50,150) 0.329 (150,150) 0.161 (50,100) 0.759 0.160 0.081] (150,100) 0.190 0.419 0.391
(50,200) 0.174 (150,200) 0.099 (50,150) 0.786 0.153 0.061 (150,150) 0.157 0.417 0.426
(100,100) 0.421 (200,200) 0.054 (50,200) 0.767 0.174 0.059 (150,200) 0.180 0.405 0.415

o L (100,50) 0.417 0.372 0.211] (200,50) 0.059 0.362 0.579
where G; and G, are the transmitting and receiving ante””a(100100) 0.382 0386 0231 (200,100) 0.058 0348 0594

gains,\ is the transmission wavelength? is a system loss factor (100,150) 0.394 0.361 0.24§ (200,150) 0.060 0.357 0.583
not related to propagation, agdindq’ are the small-scale fading_(100,200) 0.384 0.366  0.25@ (200,200) 0.058 0.363 0.579
parameters of the two Rayleigh channels between the AP’s two

Pe(clzs,xj) < P(Y > 2570) P(Z > 2N

antennas and the user. With the expectation of (7), we can finally 26N Ptoéng
btain th ion of2 do2 — 11 P, y-exp(—y/20; ‘)d 1 Py Zexp(— 2/202 J>d
obtain the expression of; ando =[1-fy i) W -fo B EoON 2
E(n:) - No E(nj) - No : _ _
2 2 _ J 2
%= o p 0 BT T p C. Average Number of Transmitted Packg}s,, and S5,

In fact,02, ando?  are the ratios of the average receiving power During data exchange, our protocol tries to improve the capac-
of usersi and] to'twice of the transmission power. The averagdy by matching the data rates with the channel conditions. As
receiving power of usersand; is determined by their distancesspecified in the rate adaptation, a user can only be assigned a dat
to the AP (i.e.;z; andx;), respectively. rater,, if its estimated SINR i§ above a threshalgd (m < 72 <
DenoteP.(c|z;, z;) as the conditional compatible probability -- < 7as)- In other words, we introduce ratg; , > r) and the
between user and user;. It can be expressed as follows accordcorresponding thresholgh 1 = oo so that the probability for

ing to (3) raterps41 is 0.
Pu(clai,a;) = P(m > €,m; > €) SupposeP(r,,|z;) denote the conditional probability of using
et . 1/2:Pyulhy |2 data rate-,, when uset with the distance to the AR; is the only
:P 'NOTV o 25’ /NU] ! 25

sender (or receiver) in a data transmission dialogue.
=P (fi(a,b,a’,b',c,d,c',d") > &, fi(a,b,a’ b c,d,c’,d") > €)

(Tm\xz)— ( <m <77m+1) P (nm < §Pel[hil|?/No < 1m+1)

where¢ is the SINR threshold for the base rate, afydand f; " o 2 2

m < 2Pi(a® 4% +a? + %) /No < 1m
are the functions of the channel coefficients, which represent the 2nm+1 2 (@ + ta +V7)/No < “)
expressions af; andn;. Due to the complex channel coefficients, = Lo iy %@
itis difficult to derive the exact expressionBf(c|z;,z ;). Hence, P

we employ the numerical Monte Carlo method that is known tgence, for the case that users are randomly distributed over the
be effective to find solutions to mathematical problems that majsk-like area with radius;, the average number of transmitted

have many variables and cannot be easily solved. The numeriggdkets in a data transmission dialogue with a single $gr,
results of the conditional compatible probability with some giveg

x; andz; are shown in Table 2. S e = /W (ZM 1P(rm\$z)57m) Ix (i) da; (10)

In the case that the users are randomly distributed over the d ¢
like area with radiugy, the locations of all the users are mutuall
independent and are equally likely to be anywhere over the a
9. Denote the distance between the user and the AP Ber the
p.d.f., we have

'ﬁyhen userg and;j are compatible users in a data transmission
%lalogue letP; (7, |zi, z;) and Pj(ry, |x;, x;) denote their prob-

ities of using data rate,,, respectlvely ThenpP; (rp,|z;, x;)
andP;(rp,|z;, ;) can be written as

P m L, m S i < Nm
fx(z) = 2J:/fy2 0<z <y (rm|z; w]) ((77m <17lpf||17u;{11|)|2/N0 < "7m+1)

Now, we can finally obtain the average compatible probability P(nm < ﬁ.(c;,@ a Ve, d') < mst)

_ P m | L, P mS i ’bv /7b/7 7d7 /7d/ m

PC:/’Y /’Y Pe(clwi, ;) f(@:) f(x;)daida; (8) (rml :B]) (m < fj(a,b,a", V', ¢,d,¢’,d) <7m+1)

The average number of transmitted packets in a data transmissior
For a given topology, the average compatible probability can Balo ue with two compatible usef., is
simplified to 9 P ta
P. — ) - # data =0 JJ'l EM Tm|mZ7IJ)STm+

i, JEK,i#£]

Next, we give an upper bound for the conditional compagor a given topologySdata andS?,,, can be simplified to
ible probability. According to Cauchy-Schwartz inequality,

[ush || < [Jug]|?][hi|2 = ||by]|? (u; is the current transmitting | Sgata = Ziex Fm=a Prmlzi)Sr, ) -1/K
. ! . . . . FIED K ik] [E _ P(rm|x1,:rj)Srm+ (12)

signature of usei which is a vector with a unit length). The ata e iFGL = Prmlas i) Se 12/ K (K — 1)

inequality of the conditional compatible probability below will LT e

hold. Again, we use numerical Monte Carlo method to obtain some
Polclesa;) < P (Hh 2> 2§N0) p (||th2 > 2§PNO) numerical results of the_condltlonal transmission rate prqbabmty

‘ t P;(rm|zi,z;) as shown in Table 3, where the base rate is set to
—P(a2+b2+a2 402> 2§N0)~P(c2+d2+c’2+d’2 > 2§N0)
( = P = P 2M.
LetY =a2+ b2+’ +v?andZ =2 +d? +? + d'%. Hence, VI. SIMULATION RESULTS

Y and Z follow the chi-square distributions and the conditional We have conducted an extensive suite of experiments to eval-
compatible probability can be further derived as uate the performance of the proposed MAC-OMA/MM protocol
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Fig. 5. (a) Compatible probability vd<. (b) Throughput vs. ATIM window size. 9-6. (a) Throughputvsk (k). (b) Throughput vsp.
and compare it with the MMACI9] protocol discussed in Sectioof data exchange to the most extent. When the ATIM window
Il. size is small, the number of successful negotiations is limited.
The scenarios and parameters of the simulations are set asTok total time consumption of the corresponding data transmis-
lows. We consider a generic network where the AP is locatedsin dialogues is much less compared to the available time for
the center of a disk-like area with radiysvhile each user is ran- data exchange. Thus, time is wasted during data exchange in eac
domly distributed if no specified topology is indicated. There istzeacon interval, which severely lowers the achievable throughput.
total of C available channels in the system. The AP is equipp€&2h the other hand, when the ATIM window size is large, some ne-
with C radio transceivers witB-antenna configuration and eaclgotiations become meaningless and cost time waste because th
user hag radio transceivers with a single antenna. The AP maiavailable time duration for data exchange becomes saturated an
tains a separate queue for each user and schedules them irttb@nnot accommodate all successful negotiations. Hence, we
k-subset round robin manner. The number of candidate uBgersdan see that when the ATIM window size becomes larger than
in each downlink negotiation and the number of candidate pe@iisbms, the average throughput gradually declines. These ob-
(k") in each uplink negotiation are both set 3ounless stated servations are also applicable to the cases wieis equal to
otherwise. All the nodes always have backlogged packets witther values. In addition, Fig.5(b) also demonstrates that the op-
the average packet length of 1000 bytes. The beacon intervdinsal ATIM window size that can achieve the maximum through-
100ms and the ATIM window is fixed t®20ms. Rate adapta- put gradually enlarges as the number of ud€rscreases. This
tion is employed in the mechanisms we investigated and the baseeasonable since the number of successful ATIM negotiations
rate is set t& Mbps. The output transmitting power of the APdeclines when the collision probability increaseskadecomes
in the network isl5d Bm and the radio sensitivity for differentlarge.
data rates are configured accordingtainoco” ' 802.11b card. ¢, Optimal Values of and &’
The power consumed by a radio in the transmitting, receiving andrg gain some insight on the effect of multiuser diversity, in this
idle state are set .81, 1.3W and1.0W, respectively. Unless g of simulations, we attempt to experimentally answer the open
specified otherwise, the medium access probahility0.1. The g estion that what is the optimal number of the candidate users or
main performance metrics considered in our studies are averggeys that the AP should query in the downlink and uplink nego-
netwqu throughput and energy efficiency. Six sets of s!mulatlcﬁlations_ We assume thatandk’ have the same value; varies
experiments have been carried out and the results are given bel{gWn, 100m to 250m to represent different cases of WLANs. The
A. Average Compatible Probability of the Overall Network  results are plotted in Fig.6(a), from which we can draw some ob-
The average compatible probability of the overall network iservations. First, the optimal values bfand k¥’ increase with
simulations is defined as the ratio of the number of compatilitee radiusy. Second, the throughput improvement becomes less
pairs to the total number of pairs amoliig active users in the obvious wherk andk’ are larger thar3, and the throughput de-
network. Fig.5(a) shows the variation of the average compatiltieases in all the cases whiemndk’ are larger thad. Largerk
probability whenK varies fromb to 25 in scenarios where the ra-andk’ mean more diversity, but the overhead of the control packet
dius~y of the distributed area is equalidm, 100m, 150m, 200m  negotiation and especially the computing and comparison com-
and 250m, respectively. We can see that the average compatlexity introduced to the AP will sharply increase to overshadow
ble probability drops as increases. This result is intuitive sincehe multiuser diversity gain.
the probability of a user with good channel condition drops asp. |mpact of the Medium Access Probability

increases even us_ing the optimal transmit beamforming_ to COMEjg.6(b) shows the impact of the medium access probability
pletely cancel the interference introduced by the compatible pegt.ihe average network throughput when the number of Users

We can also observe that as the increase of the active usersidhe 19 90, and30, respectively. The number of the available
average compatible probability maintains relatively stable Withannelsc is 3 and~ is 200m. It reveals that a largp leads

small fluctuations. to a high collision probability while a smafl makes more time

B. Impact of the ATIM Window Size slots idle and causes long time delay, which will both severely
Fig.5(b) plots the average network throughput of MACdampen the throughputimprovement. Thus a proper setting of the

OMA/MM obtained with the ATIM window size varying from medium access probability is crucial to the system performance.

5ms to 50ms when K is equal to5, 10, 20 and30. v is set to The figure also shows that the optimgrdecreases as the number

200m and(' is set to3. Taking the curve with = 10 as an ex- of usersK increases.

ample, the maximum throughput occurs when the ATIM windofy. Impact of the Radius of the Disk Arga

size is aroun®7.5ms. The throughput improvement is largely Fig.7 depicts the network throughput and energy efficiency of

due to the fact that with this setting of the ATIM window size, th&IMAC and MAC-OMA/MM for various radii of the disk area. In

number of successful negotiations can fit into the time duratitiis set of experiments, the number of uskrss set tol0 andC
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Fig. 8. Simulation results vs. analytical results. [9]

is set to3. ~ varies from50m to 250m. As the channel condition [10
gets worse (i.esy increases), the performance of the both mecha-
nisms degrades. However, we can see that MAC-OMA/MM Siﬁ'l]
nificantly outperforms MMAC in all cases. In terms of average
throughput, MAC-OMA/MM achieves at leas9% improvement
over MMAC. Also, MAC-OMA/MM enhances the energy effi-
ciency by up to180% with respect to MMAC. These improve-[13]
ments are due to the benefits of multiuser diversity gain and si-
multaneous data transmission with the help of spatial multipleﬁz‘]
ing in the multiuser network.
F. Simulation Performance vs. Analytical Performance
In this set of experiments, we compare the simulation results
with the analytical results of MAC-OMA/MM in terms of the [16]
average network throughput and energy efficiency. In order to
simplify the computation, we consider a given topology, whet#’]
5 aligned users are locatédm ~ 250m away from the AP, and [18]
every two adjacent users &@m apart. The available chann@l
is set tol and2, respectively. And or 2 radios are used by each
node in the corresponding case. Fig.8 shows that the analyt'ﬁgjl
and simulation results match quite well.

(12]

(18]

VII. CONCLUSIONS [20]
In this paper, we have studied the joint design of oppor-

tunistic medium access (multiuser diversity) and MIMO techsy)
nigue (multiuser spatial multiplexing) for multi-channel multi-
radio WLANs. This design effectively improves the spectrur[ﬁ2
utilization via spatial reuse and aggressively optimizes the data
transmission by opportunistically serving the users with favde3]
able channel conditions. We have proposed a MAC protocol with
opportunistic medium access and multiuser MIMO techniqupsg)
(MAC-OMA/MM) in Multi-channel Multi-radio WLANs. Be-
sides the concurrent use of multiple channels and dynamic 5231
signment of multiple radio transceivers, two compatible users
with maximum sum rate are always selected from multiple cal¢!
didate users to simultaneously communicate with the AP in each
frequency channel, resulting in virtually enriched spectrum rg7]
source, improved throughput and high energy efficiency. Another
contribution of the paper is to provide an analytical model to chgsg
acterize the performance of MAC-OMA/MM. Extensive simula-
tion results reveal that our protocol performs much better than
other multi-channel MAC protocols with only minimal additional

overhead and minor enhancements to the IEEE 802.11 PSM.
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