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A New IEEE 802.11 DCF Utilizing Freezing Experiences
in Backoff Interval and Its Saturation Throughput

Katsumi Sakakibara and Jumpei Taketsugu

Abstract: 1EEE 802.11 defines distributed coordination function
(DCF), which is characterized by CSMA/CA and binary exponen-
tial backoff (BEB) algorithm. Most modifications on DCF so far
have focused on updating of the contention window (CW) size de-
pending on the outcome of own frame transmission without con-
sidering freezing periods experienced in the backoff interval. We
propose two simple but novel schemes which effectively utilize the
number of freezing periods sensed during the current backoff in-
terval. The proposed schemes can be applied to DCF and its fam-
ily, such as double increment double decrement (DIDD). Satura-
tion throughput of the proposed schemes is analyzed by means of
Bianchi’s Markovian model. Computer simulation validates the ac-
curacy of the analysis. Numerical results based on IEEE 802.11b
show that up to about 20% improvement of saturation throughput
can be achieved by combining the proposed scheme with conven-
tional schemes when applied to the basic access procedure.

Index Terms: Carrier sense mechanism, contention window, IEEE
802.11 distributed coordination function (DCF), Markovian model
saturation throughput.

L. INTRODUCTION

IEEE 802.11 standard [1] is a world-wide and promis-
ing technique for wireless LANs. Two coordination func-
tions are defined in the standard: The mandatory contention-
based distributed coordination function (DCF) and the optional
contention-free point coordination function (PCF). The key fea-
ture of IEEE 802.11 DCF is the combinatorial use of carrier-
sense multiple-access with collision avoidance (CSMA/CA) and
the binary exponential backoff (BEB) algorithm.

In IEEE 802.11 DCF, each node controls its frame transmis-
sion with CSMA/CA and the BEB algorithm in a distributed
manner [1]. Before attempting to transmit a frame, a node is
required to insert a random backoff interval according to its cur-
rent contention window (CW) size w.! A backoff interval is rep-
resented by a random integer & (backoff counter) in [0, w — 1].2
The backoff counter k is decreased at every idle slot, while it is
frozen when the channel is busy and resumed when the channel
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1n the standard [1], the CW size w is defined to take an integer power of 2,
minus 1, in accordance with the physical specification. However, for the sake of
mathematical tractability, we assume that the CW size is an integer power of 2
as in the literature [6],[7],[10],[11].

2A set of consecutive integers {a, a + 1,...,b} is abbreviated to [a, b].

turns to idle for the distributed inter-frame space (DIFS). The
frame is transmitted when the backoff counter k£ equals zero.
The destination node sends back an acknowledgment (ACK)
frame following the short inter-frame space (SIFS), if it success-
fully receives the transmitted frame. After receiving the ACK
frame, the source node initializes the CW size w to the pre-
scribed minimum CW . On the other hand, if the source node
does not receive the ACK frame, it doubles the CW size w up
to the predefined maximum CWy,x and reschedules retransmis-
sion according to the similar backoff procedure.

It has been pointed out that throughput can be improved by
properly updating the CW size, in particular, under heavy traffic
[2]-9]. In the legacy DCEF, a small fraction of successful nodes
might repeatedly grab the channel for a moment while other
nodes back off their frame transmissions for a long time. Upon
this observation, a number of modifications have been proposed
[2]-{10]. In [2], multiplicative increase linear decrease (MILD)
was proposed, in which a successful node linearly decreases its
CW size. Natkaniec and Pach [3], [4] proposed double incre-
ment double decrement (DIDD), where a successful node rather
halves its CW size than initialization. An equivalent algorithm
was independently proposed by Wu et al. [5]. Then, a number of
generalizations of DIDD were proposed, for example, by Song
etal. [6], Nietal. [7], and Ki er al. [8], which are referred to as
exponential increase exponential decrease (EIED), slow CW de-
crease (SD), and binary negative-exponential backoff (BNEB),
respectively. In EIED, the CW size increases and decreases with
some prescribed exponential factor, r; and rp (not limited to
two). In SD, a successful node decreases its CW size by a factor
277, where 7 is a positive integer. In BNEB, a colliding node
maximizes its CW size and successful transmission halves the
CW size. Wang er al. [9] proposed gentle DCF (GDCF) where
a successful node keeps its CW size unchanged until it consec-
utively succeeds ¢ times. Cali et al. [10] proposed a dynamic
tuning algorithm of the CW size, which is adaptively adjusted
by mean of the frame transmission probability. It should be no-
ticed here that the CW size of MILD, EIED and the algorithm
in [10] may be beyond the BEB policy, that is, their CW size
may take an integer other than 2"CW,,;, for some integer m.
Also, the CW size should be shared among nodes in MILD
and the algorithm in [10]. Among these modifications, DIDD
[31,[4] is known as a simple and effective one which is subject
to the BEB policy. Note that DIDD is equivalent to EIED [6] for
rr=rp =2,SD [7] for j = 1, and GDCF [9] for £ = 1.

However, in most modifications in the literature [2]-[9], a
node updates its CW size depending on the outcome of own
frame exchange and makes no use of the freezing experiences in
a backoff interval. A node should suppose that more number of
nodes might contend for the channel in the case that it has ex-
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perienced freezing many times in the backoff interval (from the
update of w to its own frame transmission) than the case of no
freezing. Hence, a node involved in collision after experienced a
large number of freezing periods in the backoff interval should
increase its CW size much more in rescheduling retransmission.

In this paper, we propose two novel schemes which effec-
tively take into account the number of freezing experiences dur-
ing the current backoff interval. The proposed schemes can be
applied to any conventional backoff algorithms, such as DCF
and DIDD. Saturation throughput of the proposed schemes is
analyzed by means of Bianchi’s Markovian model [11]. The
accuracy of the analysis is validated by computer simulation.
Hereafter, we consider DCF and DIDD as conventional backoff
algorithms.

The present paper is organized as follows: The algorithm to
update the CW size for the legacy DCF and DIDD is summa-
rized in Section II. The proposed schemes are described in Sec-
tion III in conjunction with the legacy DCF and DIDD. Sec-
tion IV provides the system model. Saturation throughput is an-
alyzed in Section V by means of Bianchi’s Markovian model
[11] and the accuracy of the analysis is verified in Section VI
Section VII concludes the present paper with further studies.

II. CONVENTIONAL SCHEMES

The update of the CW size w at each node can be expressed
by the following equations according to the outcome of its frame
exchange; success or failure.

A. Legacy DCF

Upon a successful frame exchange, a node resets its CW size
w to CWyy, and it doubles its CW size until it reaches CW ., if
its frame exchange fails. Hence, the relation

success,
1

Cwmina
w =
min [2w, CWpy,], failure

holds [11,[11].

B. DIDD

In DIDD [3]-[5], a successful node halves its CW size rather
than initialization, until it reaches CWp;,. A node doubles its
CW size when its frame exchange fails. Thus, we have

w
max [5, CWmin} , success,

min [2w, CWya],

w =

@

failure.

III. PROPOSED SCHEMES

The key idea of the proposed schemes is that a node involved
in collision should increase its CW size much more in reschedul-
ing retransmission, if it has experienced a large number of freez-
ing periods in the current backoff interval.

Let b and ¢ denote the number of freezing periods and the
number of frame collisions experienced in the current backoff
interval by a certain node (from the update of the CW size w to

its following frame transmission). It is clear that 0 < ¢ < b <
k < w, since an initial backoff interval k& is randomly chosen in
[0, w — 1], where w is the current CW size. In the following, we
describe two proposed schemes, named as Schemes Busy and
Coll, which take into account b and ¢ in updating the CW size,
respectively.

A. Scheme Busy

In Scheme Busy, a node updates the CW size w depending
not only on the outcome (success or failure) of its own frame
transmission, but also on the value of b. Scheme Busy can be
implemented by adding a counter for freezing in a backoff inter-
val, since the freezing mechanism has already regulated. Note
that Scheme Busy is equivalent to the conventional one, DCF or
DIDD, if a node encounters no freezing, b = 0. An algorithm to
update the CW size w follows when we apply Scheme Busy to
DCF and DIDD.

A.1 DCF with Scheme Busy (DCF+Busy)

A successful node initializes its CW size according to the
legacy DCF in spite of the value of b. On the other hand, the
CW size is doubled b + 1 times on transmission failure. Hence,

we have
{cwmm,
w =

min [2F 1w, CWe|, failure

sSuccess,

3)

for the combination of Scheme Busy with DCF.

A.2 DIDD with Scheme Busy (DIDD+Busy)

A successful node halves its CW size after it doubles the CW
size b times. As a result, we have

, CWhin|, success,

2

min [2°T1w, CWia]

[min [2%w, CWina
max
w =

failure
“4
for the combination of Scheme Busy with DIDD.

B. Scheme Coll

In Scheme Busy, a freezing period due to successful transmis-
sion may urge a node to increase its CW size.

In Scheme Coll, a node uses the number of sensed collisions
¢, instead of b in Scheme Busy. It should be emphasized that
in Scheme Coll, a node needs to distinguish frame collisions
among other nodes from a successful transmission. It can be im-
plemented, for example, by overhearing the ACK frame during
the freezing period. A freezing node perceives that another node
succeeds in transmission if it can overhear the ACK frame. Note
that Scheme Coll is reduced to the conventional one, DCF or
DIDD, if ¢ = 0. Furthermore, Scheme Coll becomes equivalent
to Scheme Busy if a node can not distinguish a busy channel due
to frame collision from a successful transmission. An algorithm
to update the CW size w can be obtained by substituting ¢ for b
in (3) and (4) when Scheme Coll is applied to DCF and DIDD,
respectively.
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IV. SYSTEM MODEL

Consider a wireless LAN with N saturated nodes operating
in the ad-hoc mode, that is, each node always possesses a frame
to transmit (saturation conditions) and it can overhear frame ex-
changes among other nodes [5], [7]-[9], [11]. According to the
BEB policy, we let W,,, = 2™CW,, be a possible CW size
for m € [0, M|, where M is a non-negative integer [5], [8], [9].
Then, we have Wj; = CWy,, and every node can be modeled
by a two-dimensional Markovian process with its backoff stage
m and backoff counter & [7],[9],[11].

A node with the CW size w = W, is said to be in stage m.
Stage m consists of W, states, B(m, k), according to its back-
off counter k& € [0, W,,, — 1] [7],[9],[11]. Each node is always
in one of B(m, k) for m € [0, M] and k € [0, W,,, — 1] under
saturation conditions. We ignore frame discard due to the retry
limit. No channel noise is considered, so that a frame transmis-
sion fails if and only if it collides with simultaneously transmit-
ted frames from other nodes. The ACK frames are assumed to
be received with no errors.

Complete Markovian models under these assumptions for the
legacy DCF and DIDD can be found in [11] and [5], respec-
tively.

V. SATURATION THROUGHPUT

We denote by b,y 1 the ratio of nodes in state B(m, k) [11].
Then, the normalized condition

M Wp-1
S bmp=1 ©)

m=0 k=0

holds under saturation conditions. The ratio 7 of transmitting

nodes is given by
M
7= bmo, ©6)
m=0

since only nodes with ¥ = 0 are permitted to transmit their
frame. By assuming the independent operation among nodes and
the independence of transmission failure of stages [5], [7]-[9].
[11], the probability of transmission failure can be expressed by

e=1—-(1-7)N"1 (7

In the following, we evaluate saturation throughput by means
of the equilibrium point analysis (EPA) [12]. In the EPA, it is
supposed that an in-flow and an out-flow at each state are always
balanced.

A. Equations in Equilibrium

Let p; ., be the stage transition probability from stage i to
stage m after frame transmission, where

M

> pim=1 ®)
m=0
for i € [0, M].
The in-flow to stage m is randomly divided into W,, states,
as shown in Fig. 1. Hence, the flow balance at B(m, k) can be
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in-flow =z,

out-flow = b {m, 0)

Fig. 1. State transitions in stage m.

equated as
bisr + -2, fork € [0, W, — 2],
bup =1 2 Wi O)
' m fork=W,, —1

Wy’
for m € [0, M|, where z,, is the average in-flow to stage m,
which is given by

M
Zm =Y Dimbio- (10)
i=0
Summing (9) on k, we have
Zm = bm,0- (1)
Also, the relation
W —k
bk = ;{sz (12)

for k € [0, W,,, — 1] can be derived from the recursive relation
in (9). Then, we obtain

Wn—1

— Wn+1

5 bm,k = = bm,O
k=0

13
5 (13)
for m € [0, M]. It follows from (10) and (11) that for given

Pi.m» we can obtain {bg o, b1,0, - - -, bar,0 } as aroot of the system
of linear equations

bo,o Poo P10 DPM.,0 bo,o
b1,0 Poi P11 Pa1 b1 o
. = . . . . (14)
baro PoM  PLM oy b
under the constraint condition
M
W, 1
> m; bmo =1 (15)
m=0

which can be obtained by substituting (13) into (5).

B. Stage Transition Probabilities

In order to solve (14) with (15), the stage transition probabil-
ities, pp, n, should be derived. Here, we separate p,, , into two
parts as

P = (1 —)pld), +epl) (16)

for m € [0, M] and n € [0, M], where pﬁ,fl, and pﬁ,% are the
conditional stage transition probabilities on successful frame ex-
change and on transmission failure, respectively, and ¢ is the
probability of transmission failure, given by (7). Due to the limi-
tation of pages, we show non-zero p,(;f)n and pSS, )n for six respec-
tive algorithms of DCF and DIDD with and without Schemes
Busy/Coll in the following.
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success collision

O —-CD>—GaD
Fig. 2. Stage transitions from stage m for legacy DCF.

success collision

@D-—-CD—@D
Fig. 3. Stage transitions from stage m for DIDD.

collision collision
(#coll=0) (#coll=1) (#coll=M-m-2)  (#coll>M-m-2}
success (#busy=0) (#busy=1)  (#busy=M-m-2) (#busy>M-m-2)

@D A

collision collision

Fig. 4. Stage transitions from stage m for DCF with Busy/Coll.

B.1 Legacy DCF

In the legacy DCEF, a successful node initializes its stage m to
zero and a colliding node increases 1 by one, as shown in Fig. 2.
Then, the non-zero conditional stage transition probabilities are
given by

(8) _ (©) .

Pmo = pm,min[M,m+1] = a7

form € [0, M].

B.2 DIDD

The stage transitions from stage m are shown in Fig. 3 for
DIDD. The non-zero conditional stage transition probabilities
are given by

(8) (&)

pm,max[O,m—l] = pm,min[M,m-l—l] =1

(13)
for m € [0, M].

B.3 DCF with Scheme Busy (DCF+Busy)

The stage transitions from stage m for DCF with Scheme
Busy are shown in Fig. 4. Similarly to the legacy DCF, a suc-
cessful node initializes its CW size, so that

S
pﬁn,)o =1

19
form € [0, M].

Let us suppose that a node in stage m fails its frame ex-
change after it has sensed b freezing periods in the backoff
interval. Then, the stage level of the node moves from m to
min[m + b + 1, M]. From the independent node operation as-
sumption, the probability that a node senses a frame collision is
given by

55 =1— B(N —1,0,7) (20)
where B(i, j, p) is the binomial distribution
o i\ . -
B(i,j,p) = (j.)p](l - 2n

for j € [0,4] and 0 < p < 1. The conditional probability that
the node in stage m senses b freezing periods, given that it has
selected the backoff interval & (k € [0, W,,, —1]),is B(k,b,6p)
for b € [0, k]. Averaging on k, we can evaluate the probabil-
ity that a transmitting node in stage m has detected b freezing

success success
{#coll=0) (#coll=1) (#coll=2) (#coll=M-m-1) {#coll>M-m-1)

(#busy=0) (#busy=1) (#busy=2) (#busyM-m-1)  (#busy>M-m-1)

@D—Codst@d o D D GO

success success success

[

collision collision collision collision

(#coll=0) (#coll=1) (#coll=M-m-2)  (#coll>M-m-2)

(#busy=0) (#busy=1)  (#busy=M-m-2) (#busy>M-m-2)
)

Fig. 5. Stage transitions from stage m for DIDD with Busy/Coll: (a)
Case of successful frame exchange and (b) case of frame exchange
failure.

periods as
W —1
m B(ka b’ 53)
b = —_ 22
g5(b | m) ; W 22)

for b € [0, W,,, — 1], since k is randomly chosen in [0, W,,, — 1].

Then, the non-zero conditional probability p£,?, 21 is given by

gg(n—m—1|m), forne[m+1,M-1],

- Z gs(b|m), forn=M
b=M—-—m-—1

(23)

so that (19) and (23) provide the conditional non-zero stage tran-
sition probabilities.

B.4 DIDD with Scheme Busy (DIDD+Busy)

The stage transitions from stage m for DIDD with Scheme
Busy are shown in Figs. 5(a) and (b) for a successful and a col-
liding node, respectively.

Let us consider a successful node in stage m with detection of
b freezing periods in the backoff interval. The probability dis-
tribution of b is given by (22). A successful node decreases its
stage level by one after increasing the stage level by b. Then,
for a successful node, the non-zero conditional stage transition
probability is given by
qB(0|0)+g5(0] 1), form=n=0,
gp(n—m+1 | m),

) form e [1,M]andn € [m—1,M — 2]

Pmn = and form =0andn € [1, M — 2],
W —1
Z qB(blm), forn=M — 1.
b=M-m

(24)
Note that no transitions can occur from m to M for any value
b, since a successful node lastly halves its CW size. In a similar
manner, we can obtain the non-zero conditional stage transition
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probability for a colliding node as follows:

gg(n—m—1 ‘ m),
form € [0,M —2landn € [m+1,M — 1],
W, —1
Pha=9 3 aslb|m),
b=M—m—1
form € [0, M — 2] andn = M,
1, form=M-1,Mandn =M

(25)
with the aid of Fig. 5(b).

B.5 DCF with Scheme Coll (DCF+Coll)

The probability p'a2, for DCF with Scheme Coll equals to
(19). Corresponding to (20), the probability that a node senses a
frame collision is given by

¢ =1-B(N —-1,0,7)— B(N - 1,1,7). (26)
Hence,
W —1
- B(k,c,0
gelc|m)y="3" iw—") @7
k=c m

provides the probability that a node in stage m has experienced
collision ¢ times in the backoff interval for ¢ € [0, W,, — 1].
Then, pg ), can be obtained by replacing g (b | m) in (23) by

qc(c | m) (see Fig. 4).

B.6 DIDD with Scheme Coll (DIDD+Coll)

Similarly to the previous case, the probabilities pg,‘f)n and
pﬁf, 21 for DIDD with Scheme Coll can be obtained by replac-

ing qp(b \ m) in (24) and (25) by qc(c | m), respectively.

C. Non-Linear Equations for T and ¢

At this point, we have obtained the stage transition probabil-
ity pm» as a function of 7. As aresult, bm,0’s are also evaluated
as a function of 7 by solving (14) with (15). The ratio of trans-
mitting nodes 7 and the probability of transmission failure  can
be obtained by solving the non-linear equations (6) and (7).

D. Saturation Throughput

Once the ratio of transmitting nodes 7 is obtained, saturation
throughput can be given by

. N7(1— 7)N~1E[payload]
[ A=)V Ty + Nr(1 = 7)1 %)
slot T(l T) Ts

+{1-(1-7)N - Nr(1l — )N

where Tyu, Ts, and T are the slot duration, the average du-
ration of a successful transmission, and the average duration of
frame collision, respectively [11]. For the basic access proce-
dure, T's and T are evaluated as

Ts = 2Tpuy + Tuac + E[payload|
+ Tack + Tsivs + Toirs
Te = Truy + Tmac + Elpayload| + Tprrs

(29)
(30)

47

Table 1. Values of parameters in numerical example.

Minimum CW (CW ,in) 32
Maximum CW (CW,.x) | 1024

Number of stages (M) 5

Channel bit rate (R) | 11 [Mbps]
Slot duration (Ty6¢) 20 [psec]
SIES (Tsn:s) 10 [MSCC]
DIFS (Tpirs) 50 [usecl
PHY header (Ippy) 192 [usec]
MAC header (TyacR) 28 [byte]
Payload length 1500 [byte]
ACK (Txcx R) 14 [byte]
RTS (tr1sR) 20 [byte]
CTS (tersR) 14 [byte]

respectively, where Tpiry, Tvac, Tack, Toirs, and Tgipg are
the duration of PHY header, MAC header, ACK frame, DIFS
duration, and SIFS duration [11]. Here, we ignore the propaga-
tion delay between transmitting and receiving nodes for simplic-
ity. For the RTS/CTS access procedure, we have

Ts = 4Tpuy + Tvac + E[payload]
+ Tack + Trrs + Ters + 3Ts1rs + Ipirs
Te = Teuy + Trrs + Torrs

3
(32)

respectively, where Tgrg is the duration of RTS frame and Trg
is that of CTS frame.

VI. NUMERICAL EXAMPLE

We examine the derived expressions through a numerical ex-
ample with the values of parameters shown in Table 1. These
values are chosen based on the basic access procedure in IEEE
802.11b standard [1]. We verify the accuracy of the expressions
by means of extensive computer simulations. The simulation
program was written in C language and 10% virtual time-slots
were simulated.

A. Probability of Transmission Failure

In order to validate the accuracy of the analysis, the proba-
bility of transmission failure ¢ is demonstrated with the results
of computer simulations in Fig. 6. Theoretical results obtained
as a root of the non-linear equations, (6) and (7), are indicated
by lines. The points denote the results obtained from computer
simulations. From Fig. 6, we can observe good agreement be-
tween theoretical and simulation results, so that the accuracy of
the system model is verified. The proposed schemes succeed in
reducing ¢ of the legacy DCF below the standard DIDD. Among
the six cases, DIDD with Scheme Busy exhibits the smallest ¢.

By applying the proposed schemes, a node with transmission
failure tends to expand its CW size much more than the standard
BEB algorithm. This may relax a possibility to re-collide with
other frame transmissions. As a result, the proposed schemes
can improve the probability of transmission failure. Note here
that the probability of transmission failure € is independent of
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Probability of transmission failure: &

Number of nodes: N

(@

0.7

0.6

0.5

0.4 [Standard DIDD 72

Probability of transmission failure: €

03
0.2
01 [f e
<

o DIDD+Busy
0.0

0 20 40 60 80 100

Number of nodes: N
®)

Fig. 6. Probability of transmission failure: (a) DCF with proposed
schemes and (b) DIDD with proposed schemes.

which access procedure is employed, basic or RTS/CTS, since
it can be obtained without relying on (29)—(32).

B. Saturation Throughput

Saturation throughput for the basic and RTS/CTS access pro-
cedures are shown in Figs. 7 and 8, respectively. The accuracy
of the analysis can be validated again.

From Fig. 7(a), saturation throughput of DCF for the basic
access procedure combined with the proposed schemes exceeds
that of the standard DIDD. In particular, DCF with Scheme Busy
can achieve the highest saturation throughput. For large NN, the
proposed schemes can improve throughput up to about 20%.
Scheme Coll may exhibit little effect for small N, since packet
collisions may hardly occur. Thus, it will be rare for a node to
detect frame collisions among other nodes in a backoff inter-
val. For small N, e.g., N = 2,3, Scheme Busy provides a little
worse throughput than the legacy DCF, since successful trans-
missions of other nodes may eventually doubles the CW size.

In the case of DIDD, it follows from Fig. 7(b) that Scheme
Coll can improve saturation throughput for any N and that it
can keep high throughput for up to about N = 60. However,
DIDD with Scheme Busy degrades the performance for small
N, although it can achieve the smallest probability of transmis-
sion failure, as shown in Fig. 6. In DIDD with Scheme Busy, one
can easily expect that the CW size at a node may rapidly reach
to the maximum CWp,,, even for small N, since every freezing
experience in a backoff interval doubles the CW size regardless
of success or collision. Enlarging the CW size not only reduces
the probability of frame collision, which may improve through-
put, but also increases the number of idle time-slots at a time,

0.7
@
H oy
§ 06 ,,A~— P N
3 \ - Y “<>‘~--<.>_\_'<3£:F+B“5y
< H —— —
= A Y S
5 T e
'g 05 e DCE+Coll
2 Ry
[ T RS R e A
Legacy DCF Bl 1';
04
0 20 40 60 80 100
Number of nodes: N
(a)
07
9
G 0.6 [T i L
?_, /,  DIDD+Busy
< .
£ dl '''' Leeeen Ao, A
2 ) Standard DIDD " Ao
g 0.5 7
g v
1%l
04
0 20 40 60 80 100
Number of nodes: N
®)

Fig. 7. Saturation throughput for basic access procedure: (a) DCF with
proposed schemes and (b) DIDD with proposed schemes.

0.7 T
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S, 06 Legacy DCF -------- A A
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=
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Number of nodes: N
@
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'g'_ DIDD+Busy —-——— <
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= :
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9 g
B 05 T =
E -
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o P DIDD+Busy
04 1L
T o 20 40 60 80 100
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()

Fig. 8. Saturation throughput for RTS/CTS access procedure: (a) DCF
with proposed schemes and (b) DIDD with proposed schemes.

which may decrease throughput.
Next, saturation throughput for the RTS/CTS access proce-
dure is presented in Fig. 8. Notice that the RTS/CTS access
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Fig. 9. Ratio of idle duration for basic access procedure: (a) DCF with
proposed schemes and (b) DIDD with proposed schemes.

procedure may introduce excessive overhead, since no hidden
nodes are assumed in our system model. In fact, saturation
throughput for small N in Fig. 8 is lower than that in Fig. 7.
It is apparent from Fig. 8 that the gain obtained from the pro-
posed schemes for the basic access procedure vanishes for the
RTS/CTS procedure. This is because in the case of the RTS/CTS
access procedure, the reduction of the collision period T has
a more effect on saturation throughput than the control of the
CW size. It follows from Fig. 8(b) that saturation throughput for
DIDD with Scheme Busy also decreases for small N similarly
to Fig. 7(b).

In order to reveal the reason for this degradation of DIDD
with Scheme Busy for small N, we first present the ratio of the
idle duration, which gives the probability that no frame trans-
missions occur at any time instance, for the basic and RTS/CTS
access procedures in Figs. 9 and 10, respectively. The theoreti-
cal results can be obtained from

(1 - 7_)NTslot
(1- T)NTslot + Nr(l - T)N'lTS
+{1-1-7)N - Nr(1l - 7))V T

(33)

It follows from Fig. 9(b) and Fig. 10(b) that in DIDD with
Scheme Busy, the idle duration occupies an extremely large part
of time for V < 20, compared to the other five schemes, where
the ratio of the idle duration is less than 10%. Such a large
amount of the idle duration deteriorates saturation throughput
of DIDD with Scheme Busy for small V.

Next, for the basic access procedure with the values given in
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Fig. 10. Ratio of idle duration for RTS/CTS access procedure: (a) DCF
with proposed schemes and (b) DIDD with proposed schemes.

Table 1, the distributions of the CW size at transmitting nodes

bm,O
Z b0
1=0

for m € [0, M| are shown in Fig. 11. From Fig. 11, the follow-

ing observations can be found:

1. The distribution of the CW size for the standard DIDD
(Fig. 11(b)) is slightly inclined to larger CW sizes in com-
parison with that of the legacy DCF (Fig. 11(a)). It follows
from Fig. 7 that this slight inclination due to slow decrement
of the CW size can succeed in improving saturation through-
put.

2. Applying the proposed schemes to DCF, we can observe
from Figs. 11(c) and (e) that the CW sizes tend to distribute
into two extremes; CW i, and CW,y,«. This separation might
facilitate short-term unfairness reported for legacy DCF [13],
since a node with large CW size has to wait to transmit a
frame for a long time during which a node with small CW
size may succeed many times. However, it can actually im-
prove saturation throughput, as shown in Fig. 7(a), at the cost
of short-term fairness.

3. From Fig. 11(d), the combination of Scheme Coll with
DIDD increases the CW size at transmitting nodes. In par-
ticular, for large NV the CW size of most transmitting nodes
is 512 or 1024.

4. The tendency shown in Fig. 11(d) is stressed for DIDD with
Scheme Busy, as shown in Fig. 11(f). Most nodes in DIDD

Priw = 2™CWpy, | transmitting node] = (34)
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(e) DCF+Busy, and (f) DIDD+Busy.

with Scheme Busy transmit their frame with w > 512 even
for small N. This observation is caused by the combinatorial
effect of DIDD and Scheme Busy, that is, only a successful
node can halves its CW size and every freezing experience
in a backoff interval doubles the CW size in Scheme Busy.
This effect enlarges the CW size at a node as a whole. Such
a large CW size enhances a long idle period of the channel
for small N, as shown in Fig. 9(b), even though it decreases
the probability of transmission failure. Therefore, saturation
throughput of DIDD with Scheme Busy degrades for small
N.

In consequence, the proposed schemes are effective in im-
proving saturation throughput of the basic access procedure for
DCF with any number of nodes and for DIDD with large number
of nodes. However, the performance improvement of the pro-
posed schemes is reduced when they are applied to the RTS/CTS
access procedure. Also, Scheme Busy should be carefully incor-
porated with DIDD, since excessive doubling of the CW size
may introduce more idle slots, in particular, for small networks.
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VII. CONCLUSION

We have proposed two novel schemes for IEEE 802.11 DCF,
which can improve saturation throughput, by effectively utiliz-
ing freezing experiences in a backoff interval. One is called
Scheme Coll, which makes use of the number of collision pe-
riods among other nodes, and the other is called Scheme Busy,
which counts the number of freezing. The proposed schemes
can be applied to any conventional backoff algorithms, such as
DCF and DIDD. Saturation throughput of the proposed schemes
has been analyzed by means of Bianchi’s Markovian model. The
accuracy of the analysis has been validated by computer simula-
tions. Numerical results based on IEEE 802.11b have indicated
that up to about 20% improvement of saturation throughput can
be achieved for the basic access procedure by combining the
proposed scheme, except for DIDD with Scheme Busy for small
number of nodes. However, the performance improvement of
the proposed schemes is reduced when they are applied to the
RTS/CTS access procedure.
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Further studies on the proposed schemes include evaluation of
i) the energy efficiency, since Scheme Coll needs to distinguish
a collision period from a successful period, ii) fairness issues,
since the proposed schemes may enhance short-term unfairness,
particularly applied to DCF, and iii) robustness against non-ideal
scenarios.
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