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Abstract—In this paper, a multihop routing extension to IEEE 802.11 is large and movement is across subnets.
is presented. Multihqp gxtension preserves the traditional single-hop net— If the movement is within the same subset, IEEE 802.11 pro-
works where the service infrastructure is constructed by many access points . . . e
but it also adds the flexibility of ad hoc networks where wireless transfer tocol is enough since it supports mobility in the subnet. A MAC
through mobile stations is allowed in multiple hop. Multihop extension can  layer multihop standard only uses IEEE 802.11 protocol speci-
reduce the number of required access points and improve the throughput fication and does not need any pl’OtOCOl above MAC Iayer. As a
fnegg?ﬂﬁa;’ffészﬁgﬁ?dzriifggg é%';flog:gﬁgg:z.w"h the DCF and PCF - oqit, overhead of Mobile IP and ad hoc routing protocols are

not present.

These two approaches above are considered as decoded re-
laying schemes where each intermediate station decodes and
Wireless Local Area NetworK®VLANS) are designed in or- re-encodes the received signal from the immediately preceding
der to provide high speed wireless connections. IEEE 802.tetminal before retransmission. When the multinop protocol de-
is standardized in 1997 and revised in 1999 [1]. The data r&igned in the physical layer, diversity and undecoded relaying
goes up to 64Mbps in IEEE 802.11a. Although 802.11 coveredn be leveraged wherein the former transmissions of the same
locations are growing in size, it is still not enough for the nesignal from multiple transmitters can be used to estimate the sig-
madic users who seeks less disruption. Giving stations relaying on the other hand in the latter, analog signal coming from a

mechanism and enabling multihop routing is one of the wagfsinsmitter is amplified and transmitted without decoding [3].

of increasing the covered area. IEEE 802.11 is designed singlén order to consistent with the standard, decoded relaying
hop in the infrastructure mode wharebile stationzonnectto method is necessary. It also enables access point to know, man-
theaccess poinfAP9 directly however IEEE 802.11 allows toage and re-configure the network according to some load met-
extend the protocol to multihop in PCF and DCF modes withiics.

the standard [1]. The organization of the paper is as follows; | compare the

Multihop extension to the existing infrastructurasic service probability of error between multihop and singlehop case in Sec-
set (BSShllows the stations away from the access point rangen 2. | give a brief background information about IEEE 802.11
connect to the Internet. This increases the number of openatetocol in Section 3. | describe the multihop extension in Sec-
ing stations in the BSS. Transmission power of mobile statiotien 4. | introduce a link test method in Section 5 and conclude
and APs can be decreased. Multiple packets can be simultaine-paper in Section 6.
ously transmitted within a cell of the corresponding single hop
case [4]. Il. PHYSICAL LAYER ANALYSIS

The throughput of a multihop extension is analyzed by mod-
elling the packet departure process as a renewal process, in
which the renewal point is defined as the time point when all
stations in a sub-cell simultaneously sense that the channel i
idle[4]. The results lead to three important observations. Fir{ -, KTL —Q =R
the throughput of multihop is superior to that of the correspond= N - ~
ing single hop. Second, the throughput of multihop increases as
the transmission range decreases[4].

Several approaches can be taken when multihop protocol is
designed. Multihop protocol can be implemented in the network The system model for multihop wireless communication
layer or in the MAC layer or in the physical layer. channels is composed of a source terminal, a receiving termi-

In the network layer, a network layer multihop protocol usg#dl, and an intermediate relaying terminals[3]. In Figure 1 ac-
an ad hoc routing protocol (DSDV, DSR,..etc) for routing in agording to Table Il the source terminal is identifiedZs 77
hoc domain and Mobile IP for seamless connectivity across stiBpresent the set of intermediate terminals, pdepresent the

nets [2]. This type of protocol is efficient when the network siz&€t of destination terminals. Therefoff; represents the set of
all receiving terminalsT’p ;) represents the set of terminals that

Research supported by National Semiconductor. transmit a signal received by receiving termifial

I. INTRODUCTION

Single hop

Fig. 1. A Multihop Wireless Communication Channel



TABLE |

The calculation of probability of error is dependent on the
SYSTEM REPRESENTATION FORMULTIHOP AND SINGLE HOP

modulation scheme employed. For the special case of BPSK, the

| Multhop | Single hop | probability of error under fading conditions whelh = 0,k €
To= {Tv} {Tv} P(i) is given in [8] by
T]: {TQTN} {} 2K —1 1 -
TD: {TN+1} {TN+1} PE(VP(%),Z) = ( K ) H (2Pyk1)a’7k,z >> 1; (5)
TT: {TITN} {Tl} keP(i) ’
Tr=_ | {T5-Tny1} | {TNa} where¥;.; is the expected received signal to noise ratid;zor
Tpwy= | {Ti-1}, 122 | {Th}, i=N+1 branchk of the diversity combiner and is the cardinality of

P(i).

The channel model for the multihop is given by (1) through
Each terminall; transmits a signal with complex basebantB) with 5. = 0, T;. € Tp;). The received signal to noise ratio
amplitude given by at terminalT; is given by

o= Vet B (1) e a?e;_1]al? ) (6)
Pli).e (dﬁll,i/Li—l,i|Ri*1,i|2>No 7

whereeg; is the transmitted powey is the information sym-
bol during a particular signalling interval, art is propagated
noise. The propagqted noise termin (1) is zero for source termi- Pm=1- H (1- Pr[%‘(i), <) @)

nals as well as for intermediate terminals since we decode and
encode at eacli;.
Assuming flat fading, each termin@} then receives a set of whereP[yg, ;) ; < 7] is the probability of outage at termina)
signals with complex baseband amplitudes given by given a received signal to noise ratiodf,;, ;.
The total probability of decoding error ?Or the multihop is ap-

Ti = o/ (Lri/dy, ;) Rii(VERa + Br) + 21, o) proximated by

Ty € Tpa, Pra~1— [ (- PtyFu.a) 8)
T,€Tr

The total probability of outage for multihop is given by

T:€Tr

wherea? is the free space signal power attenuation factor be-
tween the transmitting terminal and an arbitrary reference dishereP."(vp(;) ;) is the probability of decoding error at termi-
tance, dy; is the inter-terminal distance relative to the refemal 7; given a received signal to noise ration-gf, ,. This
ence distancep is the propagation exponeni,, ; is a zero- approximation does not take into account the profaability of an
mean lognormal random variable with variam:@; . Riiisa even number of individual hop decoding errors in sequence re-
complex gaussian (Rayleigh) random variable with mean powsiting in correct decoding at the destination terminal.
E[pr(i)’i] = 1, andz, is a zero-mean additive white gaussian On the other hand, for the single hop case, the received signal
noise random variable with varian@é,. to noise ratio at termindl’y . is given by

Assuming maximal ratio combining, the received signal to

2 2
noise ratio aff; is given by s _ a’e,lal ’ 9
TP(N+1),N+1 ((d:ll)’N+1/L1,N+l‘Rl,N+1‘2)No) 9)
a?ey|a?| o . .
Yp(iyi = (— ), 3) The total probability of outage for single hop is
@ g@,) (& ./ Til Rie i P)No + [ B2

Py = Priipviy,ne < (10)

: 2 i i i i oy . .
where| Ry ;|* is an exponential random variable with Me3Rnd the total probability of error for the single hop case is ap-

20py =L _ proximately by
The probability of outage due to lognormal shadowing when

B = 0, Ty € Tp(; is given according to the method in [8] by P}~ Pe(Yp(n+1),N+1)s (11)

In order to provide a fair comparison with the reference chan-
), (4) nel, the transmit powers at each terminal are constrained so that
(1) the sum of the powers at each hop in multihop is equal to the
wherejp ;) ; is the instantaneous received signal to noise ratibhference power, in single hopgo = 31, ¢, €. For the de-
atT; averaged over the Rayleigh fadinigs;;7 is the expected coded relaying multihop chr_:mn_el, the optimal power distribution
received signal to noise ratio & averaged over the Iognormalbased on the upper bound is given by

10log(Vp(ay,i/7)

PrHP(z’),i <] = Q( oL

shadowing and Rayleigh fading _is the variance of the log- 7 I
. ! =), - . €04/ P(i),i/ P(i),i
normal approximation of (3) determined by Wilkinson‘s method 15P(‘) _ (12)
[9], v is an arbitrary threshold signal to noise ratio that must be ’ Srer /d%(j) 7,/Lp(j) j’
J R %" ’

maintained at every decoder in order to maintain communica-
tion, andQ(x) is éerfc(%)- 1For the proof of (12) refer to [3].



For the decoded relaying multihop diversity channel, the solu- o :
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IIl. BACKGROUND

IEEE 802.11 standard defines a network which is compos&d 3, ﬂ ——
of Basic Service Sets (BS$isat are interconnected withlis- — s=n® ]@L
tribution System (DS)Stations (STA)n a BSSgain access to
wired network through akccess Point (AR)EachBSShas an Fig. 2. DCF Access Procedure
BSS IDthat distinguish them from othé8SSs A STAaccess
the wireless medium via associating with the which it is al-
ready authenticated. stationcan be associated with only on
AP but it can be authenticated with more than @@ TheDS

supports mobility and the integration BES'sin a manner that achieve the polling function. A “poll bit”, if enabled, in th@F-

Is transparent to stations. Poll frame polls the destination of th@F-Poll frame. A station

The basic access method in the IEEE 802.11 MAC prot&— . . .
. U o . T ts f fter th t fa CF-Poll f th th
col is theDistributed Coordination Function (DCFyvhich is ansmis Irames arer the reception ot a ot rame Wi ©

. . . . .,poll bit enabled. The need for separate acknowledgements is
known asCarrier Sense l_\/l_ul'uple Access with Collision Avo'dévoided by “piggybacking” acknowledgements on subsequent
ance (CStMA/ CA):P ad?.'t'on to theDCtFH tgek standagmsllfo frames (by the setting of the appropriate bit). A station that has
Incorporates an aflernative access method known a no data frame to send following@F-Poll frame (addressed to
Coordination Function (PCF)PCF is an centralized scheme

. . . . it) does not transmit a frame and, therefore, the previéiesdoll
which uses goint coordinator PC(usually AP) to determine ) P

hich station has the riaht to t " frame is not acknowledged.
which station has the night to transmit. STA frames are transmitted after the channel has been idle

In DCF, a station, before starting its transmission, senses the - i intervalSIES as compared t€F-Poll frames that
channel to determine if another station is transmitting. The Slae

tion proceeds with its transmission if the medium is determin?ﬁe PC will transmit the nextCE-Poll frame in case there is no
to be idle for an interval that exceeds Bistributed InterFrame STA frame in time intervaPIES after the transmission of the

jpface ((jDkIJFSLIn case the ”.‘Ief]i“m iz b?s%/ the trapsmission geviousCF-Pollframe. To minimize collisions during the con-
_eerreA ydt e ;tanon lu?]“ t efenh Oft edongomght‘rain?fm ntion free periods, each station setdN&V equal to the maxi-
sion. A random interval, henceforth referred to as O mum allowable length of th€FP. However, a station resets its

interval is then selected. Thmackoff timeris decremented only \ n/if a CE-ACK frame is seen by it before iMAV has expired
when the medium is idle; it is frozen when the medium is busy. '

Decrementing theackoff timeresumes only after the medium ‘
has been free longer th&iFS. To reduce the probability of col- swe \ s,
lisions, after each unsuccessful transmission attemptydlok- sz fmweesr  gomen
off time is increased exponentially until a given maximum is
reached. IEEE 802.11 frames contaifaration field which .
is for STA to set itsNetwork Allocation Vectoto the duration s*?~ W ‘
specified in the frame in order to suspend its transmission fof=a ﬂgt
period until the medium is busy. ‘
After a successful reception, the standard describes an ac- Fig. 3. PCF Access Procedure
knowledgement frame afteBhort InterFrame Space (SIFS)
which is less tha®IFS immediately following the reception of
the data frame.This access method is summarized in Figure 2.
ThePCF is built using theDCF through the use of an access We classified the multihop network into three region® &%
priority mechanism that provides synchronous or asynchronolistive RegionOverlap Region DCF Active Regioras seen in
data frames contention free access to the channel. In this c&Sgure 4. Entities in the network afccess Point, CF-Pollable
contention and contention free periods alternate with each otl8aiA, Non-CF-Pollable STA
as shown in Figure 3. A&ontention free period (CFRduring CF-Pollable STAis a station that is registered to be in the
which PCF is active) and the followingontention period (CP) polling list of Access PointWe assume that aBTAsthat hear
(during whichDCF is active) alternate. ThEoint Coordinator AP’s beacon are willingly to be in the polling lisBTAsthat are
(PC) when it senses the channel idle seizes the control of theable to hear beacons but wa® service are considered as
channel by transmitting after it (the channel) has been idle foNon-CF-Pollable STA
time intervalPriority Interframe Space (PIFSpat is chosento  PCF Active Regioroccupies theAP and CF-Pollable STAs
be smaller thaIFS but larger thars8IFS The transmission of a Overlap Regionoccupies CF-Pollable STAsand Non-CF-

time

CF-ACK frame is an acknowledgement by tR€ andCF-End
Srame marks the end of the contention free periodPy
The PC sends data to stations @F-Poll frames which also

IV. SYSTEM ARCHITECTURE



TABLE Il

Pollable STAghat are one hop away from tHRCF Active Re-
ROUTING TABLE FOR STA2

gion. DCF Active Regiofis a region wher®CF rules apply and
occupies onlyNon-CF-Pollable STAs | Gateway Node [ MAC Addr. of STA1 |

Destination Next Hop
MAC Addr. of STA3 | MAC Addr. of STA3
MAC Addr. of STA4 | MAC Addr. of STA3

order to remember hiSTAsunder his serve AP sendsAsso-
ciation Responspacket which containdssociation IDof the
STAIn either broadcast or unicast to tateway STAf Non-
pollable STAIf a Gateway STAjet a packet of one of its chil-
dren, by looking at th@o DSor From DS fields of the packet,

it forwards the packet to the AP or to the corresponding child
respectively.

Medium Access Rule for the multihop communication re-
lies on DCF. Non-CF-Pollable STAsre allowed to send in
the CP of CFP. Non-CF-Pollable STAare also responsible for
advertising theBSSto the DCF Activeregion by sending pe-
riodic Beacon frames. This beacon frames indicate the mul-
tihop service in theProtocol Version Fieldof Frame Control
Field of Beacon Frame. The distinction between the AP beacon
and beacon of other STAs in DCF Active Regidvultihopl,
Multihop2, MultihopN is introduced as &rotocol Version
o ] Non-CF-Pollable STAn the Overlap active region starts with
Overlap Regiorintroduces rules that prevent interference tR1ultihopl frame andSTAsN theDCF ActiveRegion increments

the PCF Active RegiosinceNon-CF-Pollable STAare hidden  {he Multihop level. A STAchooses always the lowest multihop
terminal for AP. Non-CF-Pollable STA& Overlap Regiorare |gyel.

also able to to detect lnfrastructure BSSy monitoring the
PCF related packets in the medium. These kind of packets
containsBasic Service Set ID (BSSImhich is MAC address

5]

-

Fig. 4. Network Architecture

A STA keeps a routing table same as in Table Il that contains
its children and next hop to reach them and its gateway . A STA

X is responsible to take action to the packets that are destined to or
of AP of theinfrastructure BSSNon-CF-Pollable STAUthen- ,jiinated from its children. If a STA gets a packet whereTbe

ticates with thePollable STAby open systenor shared keyn  pgig set, STA forwards the packet to gateway On the other

which they use shared key that is assigned by the administra],g%d If a STA gets a packet whefFeom DSis set, it forwards

to the STAs. ) _ the packet to next hop of the STA according to its routing table.
Non-CF-Pollable STA® Overlap Regiorare also capable of the characteristic of the IEEE 802.11 protocol is that stations
detectingCFP andCP by looking intoRTS/CT$ackets. When qac¢ 19 all type of packets even if it is not destined for itself.

aNon-CF-Pollable STAn Overlap Regiordetects 8SSID he  Therefore decoding and inspecting each packet does not cause
waits until the CP period and sendPeobe Requegiacketto the ,ch overhead.

CF-Pollable-STACF-Pollable-STAs theSTAwho is supposed
to sendProbe Respongeacket which includeBeacon Interval
Capability Informationand SSI01]. Beacon Intervais help-
ful for Non-CF-Pollable STAm Overlap Regiono predict the ~ Multihop Network Management can be done by inspecting
CP.Capability Information Fieldndicates that there is no pointthe internal loss behavior of each station. The network organi-
coordinator atAP and if it is the rightSSID the STAsendsAs- zation is designed to construct as a tree. AP, the root of the tree,
sociation Requegb the AP via the CF-Pollable STAndicating is capable of determining the lossy links by usigpectation

that theSTAis CF-Pollable not requesting to be placed on thélaximization (EM) Algorithnj10].

Polling List by setting theCapability Information Fielcbf Asso- Determining link level loss characteristics of a network is es-
ciation Requedrame format[1]. This registration type allows tosential in detecting congestion areas, routing faults, anomalous
activate in the future by reassociation to be placed in the pollingffic for dynamic routing and video coding applications. Per-
list when it moves to th€CF Activeregion. CF-Pollable STA forming these measurements at each station may not be feasible
forwards the packet to tha&P in the CP or in CFP when it is because of the heterogeneous nature and the lack of centralized
polled. AP registers th&sTAas aNon-pollable STAand remem- control. Even if this is possible, computing and communication
bers theCF-Pollable STAas a gateway for thBTA CF-Pollable overhead may not be tolerable.

STAalso keeps the MAC address of than-pollable STAnN

V. MULTIHOP NETWORK TOMOGRAPHY

3|EEE 802.11 packet structure specifies the direction of the packet by the To
2Data, Data+CF-ACK, Null, CF+ACK, PS-Poll, Association Request, Rea®S and From DS fields. Distribution Service (DS) is supported by the AP in
sociation Request, Probe Request, Authentication, Deauthentication order to handle the wireless network in an Extended Service Set[1].
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ities in each link can be estimated by using Expectation Maxi- ular Technology

mization algorithm [10].
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Fig. 6. Convergence of EM with 2-state Markov linksgef; = p1; = 0.8

We simulated the network with Markov temporal characteris-
tics of equal transition probability @f.8 with the EM algorithm
for independent link losses. We observe from Figure 6 that the
convergence rate decreases and the convergence value is almost
equal to the stationary distribution.

By this method, low performance links can be determined and
changed with new links in order to increase the performance of
the network and have the network under control.

VI. CONCLUSION AND FUTURE WORK

We have presented a brief outline of IEEE 802.11 MAC pro-
tocol and cited the motivation for a multihop extension. We
designed the multihop extension to the IEEE 802.11 protocol
compatible with the standard. We introduced a multihop man-
agement scheme which finds lossy links and reconfigures the
network.

REFERENCES

[1] IEEE, “Wireless LAN Medium Access Control (MAC) and Physical Layer
(PHY) specifications” IEEE Standard 802.11, June, 1999.

[2] Mustafa Ergen, Anuj PurMEWLANA-Mobile IP Enriched Wireless Local
Area Network Architecturd EEE VTC, Vancouver, September, 2002.



