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Abstract—IEEE 802.11-based wireless local area networks
(WLANSs) are one of the most popular mediums for intercon-
necting portable devices. All the devices (stations) communicating
over WLANSs share a common wireless channel. In order to avoid
potential collisions an RTS-CTS handshake procedure is used to
acquire the channel. However, most of the existing channel reser-
vation protocols in WLANSs view the wireless channel capacity as
time invariant for each station and thus assign radio resources
accordingly. This results in poor channel utilization particularly
when channel gets assigned to stations that are in deep fading.
In this paper, we devise a novel handshake-based channel-aware
(HCA) media access control (MAC) protocol that assigns channel
according to its fading status observed by each station and thus
improves channel utilization. We give theoretical analysis of the
overhead due to handshake procedure and prove that the expected
value of handshake overhead is bounded as the number of stations
in the system increases. Our analysis and simulation results show
that the proposed protocol can ameliorate the contention among
multiple users as well as reduce the packet loss due to channel
fading. For example, in a system consisting of 16 stations when the
average probability of channel being “healthy” is 0.5, the proposed
handshake procedure reduces the packet-error rate (PER) to 8%,
which satisfies the minimum requirement of IEEE 802.11-based
protocols. However, this is without utilizing additional power.
Under the same channel conditions any standard implementation
of DCF would result in a packet error of 50% and would have
to significantly increase the power level to achieve PER above
8%. The improvement in channel utilization due to the proposed
protocol ranges from 11% to 460% depending upon channel
conditions and traffic load.

Index Terms—Channel aware, energy efficient, IEEE 802.11,
medium access control (MAC), wireless local area network
(WLAN).

1. INTRODUCTION

HE USE of wireless local area networks (WLANSs) in

home and enterprise network infrastructures is widespread
for interconnecting portable and mobile devices and providing
access to the Internet. The IEEE 802.11 standard for WLANS
defines two modes of function, namely distributed coordination
function (DCF) and point coordination function (PCF). In
the DCF mode, all stations compete for the communication
medium (in this case the wireless channel) in a fashion similar
to the regular LANs. The media access control (MAC) layer
protocol for DCF realizes the well-known carrier sense multiple
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access/collision avoidance (CSMA/CA) mechanism using a
two-way ready-to-send/clear-to-send (RTS-CTS) handshake
procedure. The PCF mode is used to provide prioritized ac-
cess to the communication medium. The MAC layer protocol
for PCF is based on polling, and access point (AP) centrally
controls access to the medium. In both the protocols and in
most of the research literature on throughput-delay analysis of
wireless LANs, the wireless channel capacity is assumed to be
time-invariant from the viewpoint of each individual station.
On the contrary, statistical models developed to capture the
temporal characteristics of wireless channels have shown that
fading in wireless environment, as perceived by individual
stations, makes the channel capacity vary with time.

Recently investigation of channel aware protocols has gained
significant interest [18]-[23]. In [22], it is shown that the
channel capacity of a CDMA cell can be maximized by as-
signing channel to the station with best channel status. In our
earlier work we have also reported similar results for infra-
structure WLANSs [13]. However, in most of these protocols,
it is assumed that channel information is already available.
We argue that collection of channel information is a nontrivial
problem. Although synchronization packets are broadcast
periodically and can be used to estimate the channel status,
the rate of synchronization is very slow in WLANSs. For ex-
ample, in 802.11-based WLANS, beacons for synchronization
are broadcast every 0.1 s. In this time frame, more than 100
packets of 1024 B can be transmitted over an 11 Mb/s physical
layer (802.11b). An intuitive method for collecting channel
information is to let AP poll all the stations one by one. This
elementary approach has a major drawback that the overhead
of polling would increase linearly with the number of stations
in the system. Further, if the channel is fluctuating fast, the
channel information polled from the stations in the beginning
may already be obsolete by the end of the pooling round, thus
making it useless for the channel allocation process. In this
paper, we propose an efficient channel aware protocol with a
novel handshake procedure. Our basic idea is to let stations
measure the channel status by themselves and compare to a
threshold. A station having data to transmit bids for the channel
only when its status is better than the threshold otherwise it
blocks itself.

Let us consider the MAC protocol for 802.11 infrastructure
networks shown in Fig. 1. The circle shows the communica-
tion area of the access point. In this network, each station can
communicate with the access point, but probably hidden from
each other. Since all the stations share a single radio channel,
only one station can communicate with the access point and the
station-to-station traffic is through the access point. Due to the

1536-1276/$20.00 © 2005 IEEE



690 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 4, NO. 2, MARCH 2005

<

Fig. 1. 802.11 WLAN with four stations. These stations can talk to the AP but
cannot hear each other.

presence of hidden stations, “carrier sense” cannot detect the
packet collision, so the only way to avoid collision is to ex-
change RTS-CTS packets between the stations and the access
point. The RTS-CTS exchange scheme for uplink works as fol-
lows: a station sends an RTS packet to the AP. When AP re-
ceives this packet, it replies to the station with a CTS packet.
Then, the station starts sending the actual data packet. All the
stations hearing the RTS and/or CTS packets (though may not
be both) postpone their transmission to avoid collisions. If RTS
from a station conflicts with an RTS from another station, the
RTS-CTS handshake procedure is repeated several times using a
binary exponential backoff (BEB) scheme until a collision-free
RTS-CTS exchange is achieved. If the system is heavily loaded,
almost all the stations send RTS packets to AP as soon as the
media is free.

As described earlier, in a channel-aware protocol, channel in-
formation from each competing station is used to decide access
to the channel. For example, AP can transmit a test packet and
let all the stations measure their channel by the receiving power
of this packet and compare it with a threshold. Only stations
with healthy channel status send RTS. The threshold should be
chosen carefully. If the threshold is set too high, then the prob-
ability of no stations satisfying the threshold is also very high.
This may result in no station getting the channel and eventu-
ally wasting the time slot. If the threshold is set too low, too
many stations may qualify to get the access thus increasing col-
lision among the candidate stations and eventually increasing
channel reservation overhead. Furthermore, the channel mea-
surement scheme should be unbiased so that each station has a
fair chance to reserve the channel.

In this paper, we design an efficient channel-aware MAC
protocol based on a novel handshake procedure. For the hand-
shake, we develop and analyze a threshold selection process

considering different traffic characteristics. We formally prove
the upper bound of the overhead induced by the handshake
procedure. We also analyze the channel capacity utilization of
the proposed protocol and compare it with the existing IEEE
802.11-based DCF implementations. Our simulation results
show that the proposed protocol significantly improves the
packet-error rate (PER), particularly under bad channel condi-
tions. For example, in a system consisting of 16 stations when
the average probability of channel being “healthy” is 0.5, the
proposed handshake procedure reduces the PER to 8%, which
satisfies the minimum requirement of IEEE 802.11-based
protocols. However, this is without utilizing additional power.
Under the same channel conditions any standard implementa-
tion of DCF would result in a packet error of 50% and would
have to significantly increase the power level to achieve PER
above 8%. The improvement in channel utilization due to the
proposed protocol ranges from 11% to 460% depending upon
channel conditions and traffic load.

The organization of the rest of the paper is as follows. In
Section II, we present the proposed handshake procedure for
different traffic load conditions and analyze its overhead. Sec-
tion III describes the analytical model of the expectation value
of the protocol overhead and formally analyzes the upper bound
of the overhead in terms of handshake rounds. The simulation
results are presented and compared in Section I'V. Finally, we
draw some conclusions in Section V.

II. HANDSHAKE PROCEDURE

We first introduce the channel model used in our analysis.
Channel Model: Let us now consider the channel propaga-
tion model. The total channel path loss is estimated as follows:

L(t) = Ls(£) L (2)

where L(t) is the total channel loss and consists of two parts, the
slow fading or shadowing L(t) and fast fading Lf(¢). We as-
sume that L (t) changes slowly so that it can be estimated by av-
eraging over several packets, i.e., Ls(t) ~ (1/T) ZiT:_Ol L(t -
1). The value of T should be chosen large enough such that
L(t) cancels out but at the same time it should be small enough
such that L,(¢) does not change significantly during that time.
This is indeed achievable since the speed of fast fading and slow
fading are relatively different.

We then use L¢(t) as the measure of channel status and esti-
mate it as follows:

_ L) _ L(t)
Lf(t) = Ls(t) - . Nil Lt L)
N '
1=0

Now, we concentrate on the packet level fast fading L;(¢). It is
modeled as Rayleigh fading, as in [13]. The channel envelope is
the square root of two orthogonal Gaussian variables with zero
mean and same variance

r(t) = \Je1(t)” + zq(1)%.
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Fig. 2. Diagram of uplink handshake procedure.

By normalizing the variance to one, we have the identical and
independent (i.i.d.) probability density function (pdf) for all the
stations as follows:

T

f(ry=re~ 7,

r > 0.

The channel fluctuation is characterized by the correlation of the
Gaussian variables

(zr)zr(t + 7)) = (v@t)zqt + 7)) = Jo(27faT) = p
(1)t + 7)) = (zqt)z1(t+7)) =0

where 7 is the time difference between two packets, f; is the
maximum Doppler frequency shift ,and Jy is the zero-order
Bessel function of first kind. Given the channel status r(t), we
can predict the channel status of next packet by the following
conditional probability:

_rit4n
i+ i) = )
PR+ (4 ) pr(t)r(t+7)
X exp 2(1 = p?) }IO< 1—p2 >

where I is the zero-order modified Bessel function of first kind.

Let us consider a system in which all the stations are power
controlled so that they have the same average receiving signal
strength. In such a system, packet decoding depends on the sta-
tion’s fading status. We use a simple threshold model. That is
the packet error probability is formulated as

- 0, r> Thaecode
Prerror(r) = { 1, 7 <Thgecode-

We say a channel is healthy if 7 > T'hgecode and define channel
health rate as the percentage of time channel is healthy. Given
the current channel status, we can predict the Pre,o, for the next
packet. Since Pr;,o, is monotone to 7, reserving the wireless
channel for the station with best channel status can minimize the
Prerror thus maximizing the channel utilization. Note that even
if the stations are not power controlled, the analysis of fading

L;&l

status is still valid. However, in such a case different stations
may have different PERs.

A. Proposed Handshake Based Channel Aware (HCA) MAC
Protocol

We propose a three-step channel reservation protocol based
on a novel handshake procedure. Step 1 is called the “Qualify”
step. In this step, AP sends a beacon and a threshold, all sta-
tions measure the signal level of this beacon and compare to the
threshold. The stations having channel status greater than the
threshold are qualified and send an RTS, other stations block
themselves. If more than one station qualifies, then Step 2, called
“Eliminate,” is performed. At the end, only one station wins the
channel and all others are blocked and postpone their transmis-
sion till the next slot. The diagrams of Step 1 and Step 2 are
shown in Fig. 2. Once the winning station has started transmit-
ting packets, Step 3, the “Rehandshake” step, is performed de-
pending on the channel conditions. In the following, we further
elaborate on these steps.

Step 1 (Qualify):

e After receiving the previous frame, a beacon (an ac-
knowledgement (ACK) signal in the case of uplink)
is sent to acknowledge the received frame as well as
to set the air free. The qualifying threshold Th, is
initialized. All the stations attached to the AP mea-
sure the power signal strength of this beacon by r» =
(L(t)/(1/N) Zf\zgl L(t —4)), where L(t) is the path
loss of this beacon. A station whose r > T'h, sends an
RTS, otherwise keeps silent.

o If AP receives no RTS frame, it implies that all the
stations are in relatively bad status. So, AP decreases
the threshold T'h, and broadcast the new threshold.
This process is repeated until AP receives at least one
RTS frame or the threshold reaches to a predetermined
minimum value.

Step 2 (Eliminate)

o If AP receives only one RTS frame, it sends a CTS
frame to acknowledge the successful reception of the
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RTS frame. The channel is reserved for that station and
the handshake procedure ends.

o If AP detects collision, then it knows that more than
one station is sending RTS. In this scenario, it sends out
a CTS-like control frame to start a p-persistence slotted
ALOHA procedure to resolve the contention. All qual-
ified stations of Step 1 are allowed to send a new RTS
frame with probability p. There are three cases:

* Case 1: No station sends a new RTS frame in
a slot. Then probability p remains unchanged in
the next slot.

* Case 2: Only one RTS is received. AP sends a
CTS frame to acknowledge the successful recep-
tion of the RTS frame and channel is reserved.
The handshake procedure ends.

* Case 3: RTS frame collision happens again.
Then, the new persistent probability p is set to
p/2 and Step 2 is repeated.

Step 3 (Rehandshake)

e The station currently occupying the channel keeps
track of its channel status and starts a new hand-
shake round by relinquishing the channel either when
the channel is not healthy (specified by a threshold,
Thiound)- To prevent a station from occupying the
channel forever, a threshold 7},.x is set. AP starts a
new handshake round after a station has occupied the
channel for 7)., seconds, regardless of the channel
status. The station can learn its channel status by
listening to the ACK frames from AP.

B. Computing Threshold T'hg for Fully Loaded Systems

In the case of full traffic load, we assume that stations al-
ways have packets to transmit when the air is free. Therefore,
the number of stations competing for the channel is fixed. We
choose T'h, to maximize the probability of successful hand-
shake, which is minimizing the number of rounds of Step 1. This
is because fewer the rounds the handshake needs, the more ac-
curate is the channel status. Also, this reduces the handshake
overhead. The condition of successful handshake requires that
only one station is qualified and all others are disqualified. Sup-
pose there are N stations in total. Given the threshold T'h, event
FE; of successful handshake can be formulated as

E.(3i,r; > Thy,r; < Thy,Vj #i,1<i,j < N).

Since the stations are randomly located, it is reasonable to as-
sume that all the stations observe change in their channel status
independently. Let the cumulative distribution function (cdf) of
r be F(r), where r is the fading envelope of current packet.
Then, the threshold 7'k, should be chosen to maximize the prob-
ability of event F

Th, = arg max [Pr(E,)].

Thy

In networking theory, it is well known ([10, Sec. 4.2.4]) that the
channel capacity can be maximized if every station transmits
with a probability of 1/N and the maximal channel capacity that
can be reached is given as (1 — (1/N))V 1

Since the probability of a station attending the channel reser-
vation is Pr(r > Th,) = 1 — F(Th,), so we can set

1
Thy=F~! (1 - N) ) 00
Note that here we do not require /' being identical for all sta-
tions. So, AP can set different T'h, for different stations which
still satisfies the condition given in (1). If  is Rayleigh dis-
tributed, then F'(r) = 1—exp(—72/2), so the optimal threshold
isThy = \/2In(N).

In Step 1, if no RTS or CTS frame is received, the threshold
needs to be recalculated. This event implies that the signal
strengths of all the stations are below threshold T'h,. Let
Thgo = Thy denote the initial threshold setting and F, T'hg:
denote the cdf and the new threshold, respectively, for the
second iteration of Step 1. Then we have

0, r<0
Fy(r) = F(r|r < Thy) = % 0<7<Thy.
1, T Z T}Lq()

@)
By using the result of (2), the threshold of second iteration

needs to satisfy the following:
2
1
1-— .
(1-%) ] ®

By induction, we can easily prove that at the kth iteration of
Step 1, the threshold is Thy,_1y = F~'[(1 — (1/n))*] and
Thy-1y = +/—2In[1—(1—(1/n))*] for Rayleigh-dis-
tributed-fading channel.

This scheme can also be used for downlink channel access.
The difference is that for the downlink access, interference or
noise level may also fluctuate, so the fading of path loss may
not represent the channel condition correctly. In that case, we
can use the signal-to-interference ratio (SIR) instead. The SIR
distribution function may not be Rayleigh or even may not be
identical. Note that in the above derivations we do not use the
identical assumption. Stations can compute their own threshold,
the only condition need to be satisfied is F'(T'hy—1)) > (1 —
(1/N))*. Also note that we use downlink path loss to predict
uplink path loss, or vice versa, this is reasonable since in WLAN
uplink and downlink channels share same frequency and same
propagation path.

Next, we describe the handshake procedure for partially
loaded systems.

1
Thy = F7! (1 - N) Thy = F~!

C. Computing Thg for Partially Loaded Systems

In the case of partially loaded systems, we still assume that
there are IV stations in total but the overall bandwidth require-
ment of all the stations is less than the channel capacity. Let us
assume that each station has a bandwidth requirement of B;,
1 <4 < N, that satisfies B = Zf\;l B;, B < 1.

For sake of simplicity, first we assume that all the stations
have identical bandwidth requirement. In this case, the total
bandwidth requirement B = N x B,;. To avoid recursively
lowering the threshold to zero in Step 2, we wish to compute a
minimum threshold T h.,;, for the handshake. If no station has
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attended the handshake until the threshold has reached T'hy;,,
Step 2 ends. This means either no station has packets to send or
all the stations are having bad channel status. In such a situa-
tion, AP then waits for a time equal the transmission of a packet
of average length. In principle, the percentage of waiting time
should be equivalent to 1-B. After this time, the system can be
treated as fully loaded system except for the waiting time.

Let gmin = Pr(r > Thmin) = 1 — F(Thmin). The ¢min
is the handshake probability, i.e., the probability of a station to
attend the channel reservation procedure. Since all the stations
have same bandwidth we assume that all the stations have same
Gmin as well. Obviously, the probability of no station attending
reservation, (1 — gmin)”, should be equal to the channel idle
time 1 — B. So we let

(1 - qmin)N =1- B7
gmin=1— V1 -B and
Thmin :F_l(l - Qmin)~

For example, suppose there are 16 stations and B; = 0.05, so
B=1-16 x0.056 = 0.2 and gmin = 1 — V1 —0.8 = 0.1.
After determining T 'h.y;y,, the protocol described in Section I1-A
can be applied to reserve the channel.

If stations have different bandwidth requirement then the pro-
tocol needs to guarantee that the chance for a station to win the
channel is equal to its bandwidth requirement. In the case of
contention, if we assume that all the stations should have equal
probability of winning the channel, then the probability of a sta-
tion to take part in the channel reservation g; should satisfy the
following condition:

Ci k- 1) forall ¢

?r‘l»—l

where Pr(C; 1) is the probability of k—1 stations among N —
1 stations (except station 7) attending the channel reservation bid
and this is a function of all ¢;.

D. Computing Rehandshake Threshold

The value for 1" h;ounq should be chosen such that the overall
channel utilization is maximized. If the threshold T h;oundg 1S set
too high, then the frequency of handshakes will also increase.
If the threshold T'h,ounq is set very low, then the PER would be
very high thus wasting the channel resources. Assuming that in
the initial handshake when we admit the admit a station, we can
always pick up a station with channel status better than T'h,ound,
then the probability of next handshake occurring, phandshakes
can be computed as

Phandshake = Pr [’I”(t + T) < Thround | ’I”(t) > Thround] .

The average PER, on the other hand, can be computed as fol-
lows:

PER = Pr [T(t + T) < Thde(‘,ode |T(t) > Thround]

where T'hgecode 18 the threshold for correct decoding, as defined
in Section II.

The total channel capacity utilization can be computed as

Tpackot

Ototal X phandshake(Thround) + Tpacket
%[l — PER] (4)

Utilization =

where T}, cket, 18 the time duration for transmitting a packet and
Oiotal 1s the average handshake overhead as computed in Sec-
tion III. Since phandshake 1S monotonously increasing and PER
is monotonously decreasing function of T'hyoynd, it is easy to
search for the maximal value of Utilization by computing the
first derivative of (4).

III. PERFORMANCE ANALYSIS OF THE PROPOSED HANDSHAKE
PROCEDURE OVERHEAD

A. Protocol Overhead

In this section, we analytically compute the overhead intro-
duced by the handshake procedure proposed in Section II. The
overhead is measured in terms of number of rounds. A “round”
is defined as an RTS-CTS packet exchange, which include time
spent on sending an RTS frame, receiving the corresponding
CTS frame, and propagation and processing delays. We com-
pute the handshake overhead for each step separately. The over-
heads for Step 1 and Step 2 are denoted as Ogtep1 and Oggepo,
respectively. In Step 1, the handshake procedure identifies all
the qualified stations. If only one station qualifies to participate
in Step 1, then Step 2 is not performed. If more than one station
are qualified, Step 2 consisting of p-persistent BEB procedure
is performed to eliminate multiple contesting stations. The total
overhead is Ototal = Ostep1 + Ostep2-

1) Overhead of Stage One: Suppose there are N stations in
the system. In Step 1, the probability of a station not qualifying
for admission is (1 — (1/N)). Since channels are fading inde-
pendently, the probability that all the stations fail to qualify is
Qs = (1 — (1/N))N. This probability is same for each round.
So the average number of rounds for Step 1 can be computed as
follows:

%tepl

B Qf
Z ka Q

We show that this overhead converges as N approaches infinity.
Lemma 1: Ogtep1 (V) converges as N approaches to infinity.

Proof:
. n\v 1 . et
Nh_r}éO (1 — N) =e = Nh_n)éO Ostepr = Ty ~ (0.582
|

2) Overhead of Step 2: In Step 2, qualified stations compete
for the channel by performing a p-persistent backoff procedure.
The initial persistence value for p is set to 1. Step 2 can be mod-
eled as an infinite state machine, as shown inFig. 3. The transfer
rate among the states depends on n, where n is the number of
stations participating is in Step 2 at any given in time. So, we
first compute (Q(n), the probability of n stations participating
in Step 2. The probability Q(n) is the probability of n stations
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Fig. 3.

participate handshake conditioned on at least one station partic-
ipating
Ny (1)\n 1\N-n
() (%) (=)
N
1-(1-%)

Q(n) = ; I<n<N. (5

Then, the average overhead of Step 2 Ogcp2 can be formulated
as

N

Ostep2(N) =Y Q(n) x O, 6)

n=1

Where O,, is the average overhead of Step 2 for n stations.
Now, we compute the average handshake overhead O,,. By
using total probability equation, the summation of

Op = Z SLOng (7)
k=1

where Sy, is the probability of handshake pass state k& and Ony,
is the average reside time of state k.

To formulate Sy, first we define the following probabilities in
state k.

1) Sk_idle 1 the probability of the channel to be idle in
a round, i.e., no RTS is sent. Si_jg.e = (1 — p)* =
(1 — 2'=F)"_ where p is the persistence in state &, so
p = 21—k‘

2) Sk_resolve 18 the probability of contention resolved in
state k, i.e., only one station sends RTS. Si_resolve =
np(1 = p)"~t.

3) Sk_collide 18 the probability of collision happening in
state k and state transfers from & to k + 1, i.e., more
than one stations send RTS. Sy _contide = 1—(1—p)" —
np(1 —p)"~L

The average reside time of state k, can be formulated as

1
1— Sk idle

Ong = 1% (Sk_iae)' ™ (1 = Sk_iate) = ®)

=1

The probability of handshake process pass state k is the proba-
bility of the handshake procedure not resolved in all k£ — 1 states

handshake
Succeed

State machine for Step 2. The labels on the arcs represent the number of stations participating in the channel reservation procedure.

preceding state k. Since procedure must pass States 1 and 2, So
Ony; = Ony = 1, and the probability of the procedure not re-
solved in state [ is

Sl_collide —1_ n X 21_l X (]_ _ 21—l>n—1
Sl_resolve + Sl_collide 1-— (1 — 21_1)]\7
k—1 S
l_collide
and Sy = )
H Sl_rosolvo + Sl_collido

=2

By substituting (8) and (9) into (7), we have

1 — 1
Op=14 .t
+1_2—n+21_(1_21—k)n
k=3
k—1
n X 21—1(1 _ 21—l>n—1
1-— , 1. (10
U( -2 ) ne b o

By substituting (5) and (10) in (6), we can compute Ogtepo.

Next, we show that Ogepo also converges when N, the
number of stations, increases. In order to prove this, first we
show O,, increases no faster than logarithm.

Lemma 2: O,, < C'log(n), where C is a constant.

Proof: First, we show 1 — (nx 27 (1—27H)"=1/1—(1—

27hm) < x 2L

Forn x 27! > 1, it is trivial since the left side is less than 1.
Forn x 27! <1

We have
1-(1— 27l)n _ Z(_l)iq M g-ixi
i=1 ¢
Let I; = (7)271x%

Soli/Iii1 = ((i+1)/(n—i+1)x27)) > (1/(nx271) >
1.
Sol—(1—2"Hn =32 (-1 (N2 X <nx27l.
Using this result, we have
nx 2741 - 27"t
1-— 1-
T—(1—20n  °
=1-(1-

nx 2741 -2t
nx 2!
27 e (m—1)x2<nx27l,
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Then
1 = 1
0O,=1
MY +;1—<1—2—k—1>n
k
nx 271 —27HntL
1—
<1 )
=1
" Eeg] 1 )
1—(1—2"k-1)n
k=1
= 1
f o T
k:flfgﬂ
k
nx 271 —27HntL
1—
< (- )
=1
<2+ logy(n) % ! + i !
ogs(n
82 l—e ™t £=px27kt
o k1 TCE)
<Cy ln(n) + Z INCESET)
=12 2
<Cyln(n) +Cy » ol
k=1
< Cln(n)
where CC, C7 and C5 are constant. [ ]

Lemma 3: The overhead of Step 2 is bounded.
Proof: Since log(n) < n < 2" forn > 1
By using lemma 3, we have

So

lim Oggepz < lim C
n— oo n—oo

Theorem: The overhead of the proposed handshake proce-
dure Oyotal = Ostep1 + Ostep2 is bounded when the number of
stations approaches infinity.

Proof: By Lemmas 1 and 3. ]

B. Protocol Robustness

In this analysis, we have assumed that the control frames (i.e.
RTS, CTS, and ACK) are always received error free. Although

this assumption is reasonable since these frames are transmitted
with protection. In the following, we outline our treatment in
case of errors.

If an ACK frame is lost, then the transmitter treats this as a
transmission failure and buffers the transmitted packet for future
retransmission. Other errors in control frames are skipped and
the stations and AP execute the procedure as if no control frames
were received. For example, if an RTS from a station is lost and
AP receives no valid RTS in Step 1, it just lowers the threshold.
If the last CTS frame to acknowledge the successful channel
reservation is lost, then the corresponding station is unable to
send data. In such a case when AP detects no data transmission
at the expected point in time, it generates a handshake error and
sends out a beacon to restart the handshake. The performance
degradation caused by such errors is examined in Section I'V.

IV. NUMERICAL AND SIMULATION RESULTS

In this section, we provide the numerical and simulation re-
sults of the proposed handshake-based channel aware (HCA)
protocol and study its performance. For comparison purposes,
we also give the performance of IEEE 802.11 protocol and a
polling-based channel aware (PCA) protocol [13] that sequen-
tially polls through all the stations for handshake. The simu-
lations have been carried out in MATLAB using communica-
tion toolbox. In these simulations, we simulate Rayleigh-fading
channel and the behavior of handshake procedure. A first-order
Markov model is used to characterize the temporal relationship
of the fading envelop. The channel correlation factor p is set to
be 0.8. For a physical layer of 2.4 GHz and the time difference
T = Tqata, this channel correlation factor corresponds to a max-
imal moving speed of 10 m/s or 22.4 mph. The success/failure of
each transmission is decided based on the channel fading status
and the given threshold.

Our simulations assume a system consisting of 16 stations
that are placed along a circle and AP is placed at the center
of the circle. Therefore, each station has the same mean path
loss. Since in this setup the only way to learn the contention is
to listen to AP due to the hidden problem, our formulation of
the handshake overhead consisting of RTS-CTS rounds is valid.
In our simulations we compute the overhead for each round as
follows:

Tround = Trrs + SIFS + Tcrs + STFS

where STF'S is the transmission-to-receiver turnaround time.

We assume an IEEE 802.11b 11 Mb/s physical layer, which is
the major type in the products currently in the market. However,
the relative performance of the methods studied is independent
of speed of the physical layer. According to the protocol, the
RTS frame has 20 bytes and CTS frame has 14 B, both are trans-
mitted at a speed of 1 M b/s, and the SIFS is 10 ps. So the time
for a single handshake round is

Tround = 160 + 10 + 112 + 10 = 292 HUS. (11)
We assume fixed data frame length of 2200 B, which is close to
the maximal length allowed by IEEE 802.11 protocol. The time
to transmit a data packet (TTyansmission) 18 1600 us. Since the
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Fig. 4. Comparison of handshake overhead.

ACK frame also has 14 B, so the total time to transmit a data
packet is

Tdata = TTransmissi on T SIFS + TACK +DIFS

=1600+ 10+ 112450 = 1772 us (12)

The term DIF'S refers to the inter frame duration that must
be observed between any two successful transmissions. To begin
with, we assume that control frames such as RTS and CTS are
error free. The case of error in control frames is discussed later
in this section.

First, we compare the handshake overhead of the proposed
scheme given in Section II-A with the overhead incurred in an
IEEE 802.11 DCF protocol and the pure BEB protocol [24].
The initial persistence value for is set to 0.25 for BEB. Each
data point in our simulations is averaged over 10000 accesses
for each setup. From the simulation results shown in Fig. 4, we
see that the number of rounds for pure BEB increases logarith-
mically with the number of stations in the system while that of
our scheme the number of rounds converges to about 2.6. This
verifies our analytical analysis in Section III and shows the pro-
tocol efficiency of proposed HCA protocol.

Next, we analyze the performance of HCA for fully loaded
systems in terms of channel capacity utilization and PER. For
fully loaded systems, we assume that a station always has data
to transmit. We compare the performance of our scheme with
both the standard IEEE 802.11-based protocols and PCA pro-
tocol. The IEEE 802.11-based protocol is simulated as follows.
Each station maintains a counter and initializes it with a random
number in the contention window (CW). In each round, stations
decrease the counter by one. If the counter is equal to zero, an
RTS is sent. If RTS contention happens, the station doubles the
contention window and resets the counter. Meanwhile, if an-
other station sends an RTS, it stops the counter and resumes it
in the next round, as defined in the protocol.

The PCA protocol is simulated as follows. At the beginning of
each transmission, each station send an RTS, then AP measures
the receiving power from each station and picks up the station
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Fig. 5. Channel utilization for fully loaded system.

1 T T T T T T

09F
—— 802.11

| —-©- PCA
0.8 —— HCA

0.7r
0.6

rror Rate

505¢

et

204t
@
0.3}
02t

01r

0 01 02 03 04 05 06 07 08 09
Channel Health Rate

0

Fig. 6. Packet-error rate for fully loaded system.

with the best channel condition. So, in this case, the handshake
overhead is

TPCA =16 x (TRTS + SIFS) +TCTS +SIFS = 8.5Tr0und

Fig. 5 compares the channel capacity utilization and Fig. 6
compares the PER. The channel utilization is measured as
the portion of time used to transmit data packets. In the IEEE
802.11-based protocol, if a packet is lost, the packet is retrans-
mitted until it is received successfully. In the HCA and PCA
protocols if packet error happens, first another round of hand-
shake is initiated. The PER can be computed numerically by
using the conditional probability equation derived in Section II,
or evaluated by simulations. From Fig. 5, we find that the HCA
proposed in this paper yields much higher channel utilization
compared to the IEEE 802.11-based protocol and PCA protocol
for all channel health rates considered. Specifically, the im-
provement in channel utilization due to the proposed protocol
ranges from 11% to 460% depending on the channel conditions.
Even when the channel is perfect on the average, improvement
in channel utilization is 11%. This is due to the fact that the
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handshake overhead is reduced as not all the stations attend
channel reservation.

The PER of the proposed HCA protocol is also much better
than the IEEE 802.11-based protocol. Our simulations show
PER improvements in the range of 43% to 92% depending on
the channel conditions. Interestingly, when the channel health
rate is set to 50%, the PER of the proposed scheme is 8%,
still satisfying the minimum 8% PER requirement of the IEEE
802.11 physical layer. This is because in our scheme only sta-
tions with healthy channel condition participate in the trans-
mission. Where, as in IEEE 802.11-based protocols, the PER
will be proportional to the average channel condition in a fully
loaded system. In IEEE 802.11, in order to achieve 8% PER, the
power level is increased. This also implies that under the same
average channel conditions, the system employing the proposed
HAC protocol can achieve same performance as IEEE 802.11,
but with less power consumption on the part of stations, which
is an attractive feature for battery-life aware equipments such
as laptops and PDAs. Note that the PER of the proposed pro-
tocol is also better than the PCA protocol. This is because in the
PCA protocol by the time polling is complete, the channel in-
formation gathered may already be stale due to the large delay
incurred in sequential polling, thus inducing incorrect channel
reservation decisions.

Next, we compare the performance of the protocols assuming
partial traffic loads. In our simulations, we are using Poisson
process to generate traffic. The probability of & packets arriving
in time 7" is modeled as Pr(k) = (AT)*e=*T /k!, where ) is
the packet arrival rate in a station.

Fig. 7 compares the channel utilization. We can see that all
three protocols have ideal congestion control performances. i.e.,
when traffic load is low, the channel utilization increases lin-
early with respect to the traffic load and all the protocols main-
tain their performance when the channel is overloaded. How-
ever, the HCA protocol reaches at its saturation point when the
traffic load is close to 65% of the channel capacity. This is an im-
provement of more than 50% compared to the saturation point
of IEEE 802.11-based protocol and 40% compared to the PCA
protocol.
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Fig. 9. Average delay for partially loaded system.

Fig. 8 compares the PER assuming that channel is healthy
50% of the time. As expected, when channel condition is kept
fixed, all the protocols have constant PER regardless of the
traffic load. However, the PER of the proposed HCA protocol
is lowest. This also implies that the energy wasted in retrans-
mission is minimized by HCA.

Fig. 9 presents the delay performance of the proposed HCA.
In IEEE 802.11-based protocols, the delay is primarily due to re-
transmissions. In the case of HCA and PCA protocols, the delay
also includes the time for a station to reach to a good status. The
delay is computed by comparing the time a packet arrives in the
transmission buffer and the time it is received successfully by
the AP. The data points are averaged over all the successfully
transmitted packets. For most of the traffic loads, the average
delay of the proposed HCA protocol is better than both the PCA
and IEEE 802.11 protocols.

Next, we analyze the performance of our proposed HCA pro-
tocol assuming different threshold values of (T'hyound) used to
decide when to start the next round of handshake, given that the
channel condition is deteriorating. We believe that setting this
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threshold lower than the T'h, (the threshold used to compete
for channel access) will improve channel utilization and reduce
the number of handshake rounds. The performance results are
shown in Fig. 11 for channel utilization, handshake frequency,
and PER, assuming different values of the handshake threshold
(Thyound)- In the simulation, we fix the maximum time dura-
tion (50 packets) a station can use the channel. We show that
by applying the handshake threshold, channel utilization can be
improved to a maximum of 78%, which is 20% more than the
case when this threshold is not applied under the same average
channel condition of 50% (see Fig. 7). Our simulation results
are very close to the numerical results shown in Fig. 10, which
is computed based on (11)—(13).

Finally, we examine the robustness of our protocol. We allow
the control frames (RTS, CTS, and ACK frames) to be lost
with certain probability. We study the robustness under the fol-
lowing two channel conditions: perfect channel condition (with
no packet error) and channel health rate of 50%. In both the
cases, we assume the systems are fully loaded and handshakes
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Fig. 12. Protocol robustness. Channel utilization versus PER of control
frames.
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are performed before each transmission. The simulation results
are shown in Figs. 12, 13, and 14. Fig. 12 shows the channel
utilization. When the loss rate for control packets is 20%, the
channel capacity degrades down to 51% for perfect channel con-
dition and down to 47% for channel health rate of 50%. The
degradation in channel utilization is linear with respect to the
loss rate. Fig. 13 shows the PER. In the case of perfect channel
condition, the packet error is solely due to the loss of ACK
frames. Whereas in the case of channel health rate = 50%,
the packet errors are caused either by transmission itself or the
ACK loss. Our results show that the PER is linear with respect to
the control frame loss rate for both the cases. Fig. 14 shows the
average number of handshake rounds, the number of handshake
rounds increases since more contention and handshake failures
happen when the control frame loss rate increases.

V. CONCLUSION

In this paper, we have developed an efficient channel access
protocol for WLANS based on novel handshake procedures for
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different traffic loads. We derive an analytical model for the
handshake overhead and prove that the overhead is bounded
regardless of the number of stations in the system. Our simu-
lation results verify the accuracy of our analytical model. Fur-
thermore, we show that the channel utilization (throughput) of
the wireless network can be improved by applying the proposed
HAC protocol. The maximum channel utilization achieved by
the proposed protocol is 78% when the channel healthy rate is
50%. This is 20% improvement over the standard IEEE 802.11
protocol operating under perfect channel condition. Indirectly,
this result further implies the proposed HAC protocol provides
better throughput than IEEE 802.11 while using much lower
battery power, a very attractive feature for power-constrained
devices such as laptops and PDAs.
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