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The channel coherence time in indoor WLANs normally exceeds multiple frame transmission times. In
light of this, we propose a new rate adaptation scheme, termed as the Rate Adaptation using Coherence
Time (REACT), that has the following key features. First, without exchanging RTS and CTS frames, the
receiver in REACT informs the transmitter of the improved channel condition via altering the ACK trans-
mission rate, so that the transmitter increases the data rate for subsequent data frames. This enables the
transmitter to adapt to the time-varying channel conditions while inducing the marginal overhead. Sec-

(Siyr‘:evlirsis;_ AN ond, the transmitter in REACT can identify the reasons of frame losses by exploiting the feedback from the
Rate adaptation receiver and the estimated coherence time. Frame losses are assumed to be caused only by collisions for
Multi-rate the duration of the coherence time after receiving an ACK frame with the altered bit rate. The coherence
802.11 time is also used to enhance the adaptive RTS probing, so that the REACT can prevent the transmitter

from decreasing its bit rate when collisions occur. Extensive simulations reveal that REACT consistently
performs better than the other rate adaptation schemes (ARF, CARA, RRAA, and RBAR) in all the testing

Coherence time

scenarios.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The 802.11 standards specify multiple transmission rates at the
physical layer by employing different modulation schemes and er-
ror correction codes. Vendors and researchers have introduced a
number of proposals as the 802.11 standards do not mandate the
procedures of selecting the transmission rate [1-19], which are
collectively referred to as the rate adaptation. In principle, the high-
er is the received signal-to-noise ratio (SNR), the higher transmis-
sion rate can be used for communications. On the other hand, as
the received SNR becomes lower, the error-resilient lower trans-
mission rates will be more desirable. In fact, in order to maximize
the system throughput, a station must adjust its transmission rate
as a reaction to the dynamically changing environments.

Although the optimal transmission rate can be determined
when the value of the received SNR is given, making the decision
on the optimal rate is still challenging and complicated especially
in WLANSs due to the lack of channel status feedback. The 802.11
specification neither defines a separate channel for delivering the
channel feedback information nor states any feedback mechanisms
that need to be sent from the receiver to the transmitter. This
makes the rate adaptation of WLANs non-trivial compared with
cellular networks that separately employ pilot or control channels.
Moreover, if the radio environment rapidly changes due to fading
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and mobility, the channel quality that is seen by both mobile and
non-mobile users substantially varies over time.

Consequently, the rate adaptation algorithms in the 802.11
WLANSs either make the transmitter locally estimate the channel
status observed at the receiver without the status feedback (called
the open-loop approach) or use some portion of its bandwidth for
delivering the control messages for feedback (called the closed-loop
approach). The open-loop approach heuristically infers the channel
status of a receiver without the feedback information. Therefore, it
cannot accurately estimate the channel (especially when frames
are lost due to collisions), and cannot quickly react to the channel
variation because it requires some transmission history to estimate
the channel. The closed-loop approach can quickly react to the
channel variation by exploiting the accurate feedback from a
receiver. However, it usually suffers from control overhead, i.e.,
delivering feedback may severely waste precious bandwidth in
certain scenarios. Furthermore, the proposed frame formats do
not conform to the 802.11 standard, and this hinders its practical
deployment.

In this paper, we introduce a novel rate adaptation scheme,
called the Rate Adaptation using Coherence Time (REACT), which
has mainly two key features. First, the receiver in REACT informs
the transmitter of the improved channel condition via altering
the ACK transmission rate. The channel status information ob-
tained via the preceding ACK frame will be valid for the following
data frames because the channel coherence time in WLANSs
typically exceeds multiple frame transmission times. Upon receiv-
ing an ACK frame indicating the good channel condition, the
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transmitter increases the data rate to the next higher rate. Second,
REACT identifies the reason of frame losses by exploiting the feed-
back from the preceding ACK frame and the coherence time. After
receiving an ACK frame indicating the improved channel condition,
the transmitter can assume that the channel at the receiver will be
favorable for the higher bit rate during the interval of the coher-
ence time. Thus, the data frames that are lost during this interval
are deemed to be lost due to occurrence of collisions, and not by
channel errors.

We perform comprehensive simulations to evaluate the perfor-
mance of the proposed scheme. We compare five rate adaptation
algorithms, i.e., ARF [1], CARA [4], RRAA [7], RBAR [13], and REACT.
Our results show that REACT consistently performs better than the
other algorithms in all the simulated scenarios with varying the
distance, the number of contending stations, frame size, indoor
mobility, and Ricean model parameter.

REACT has the following key advantages.

e Compared with the existing closed-loop schemes, REACT incurs
the marginal overhead with respect to RTS/CTS overhead for
delivering the channel status information.

e REACT is a receiver-based and responsive approach. When the
channel quality is improved, the receiver monitors this change
while receiving data frames, and the receiver informs the trans-
mitter of this change at the time of ACK frame transmission via
altering the ACK transmission rate.

e REACT can accurately identify the reason of frame losses
(whether by channel error or by frame collision) by utilizing
the feedback time and the duration of channel coherence time.

e A station that employs REACT can communicate with legacy
802.11 stations since it does not modify the frame formats that
are specified by the 802.11 standards; however, other closed-
loop schemes modify the frame format.

The remainder of this paper is structured as follows. First, the
related work and the background are presented in Section 2. The
details of the proposed algorithm and its issues are described in
Section 3. Section 4 presents the simulation results. We conclude
this paper in Section 5.

2. Related work and background
2.1. Rate adaptation in the 802.11 WLANs

There have been many studies on rate adaptation in 802.11
WLANSs. The existing rate adaptation schemes can be categorized
into open-loop and closed-loop approaches, and this depends on
whether the channel status feedback from the receiver is delivered
to the transmitter or not.

Most of the schemes in the open-loop category estimate the
channel quality according to the MAC layer statistics (e.g.,
[1-10]). In the 802.11 standard, after successfully receiving the
data frame, the receiver transmits an ACK frame to the transmitter;
thus, the transmitter can regard the frequent (or infrequent) ACK
reception failures as signals of a degraded (or improved) channel
condition. Each scheme has its own heuristic algorithm to exploit
the MAC layer statistics for estimating a channel such as maintain-
ing consecutive success/failure counters [1-5], estimating an ex-
pected transmission time for each bit rate [6], calculating a frame
loss ratio for recent trials [7], and so on. Other schemes in this cat-
egory decide the transmission rate based on the local physical
layer measurement which is done while ACK frames are received
[8-12].

The most promising characteristics of the open-loop schemes is
that their operations conform to the 802.11 specification. Thus,

most algorithms that are implemented by vendors fall into this cat-
egory. However, open-loop solutions are inherently hard to quickly
react to fast channel dynamics since it takes some delay to collect
the MAC layer statistics to estimate the change of the channel
condition that requires non-negligible delay. In addition, the
open-loop solutions do not perform well in certain scenarios. For
example, although [1-3] presume that successive transmission
failures are due to poor channel conditions, frame losses can also
be caused by interference from hidden stations or collisions
[4,7,16,17,19,20]. Moreover, although [8-12] assume that the
wireless link between the transmitter and receiver is symmetric,
it has been known that wireless links are highly asymmetric
[21,22], especially in indoor environments [23].

In the closed-loop category, the receiver measures the channel
quality at the physical layer and gives back either the desired
transmission rate or channel status information to the transmitter
via non 802.11-compliant frames [13-16]. For example, when the
receiver in [13] receives an RTS frame from the transmitter, it
determines the desirable transmission rate for the next data frame.
Then this information is conveyed via a modified CTS frame. Due to
the accurate channel information provided by the receivers, those
schemes usually achieve a considerable performance gain when
compared with those of the open-loop algorithms. In addition,
the close-loop schemes naturally react fast because they do not re-
quire some delay to collect the transmission results.

Closed-loop proposals, however, should lose some portion of
opportunities to transmit more data because exchanging control
frames to deliver the feedback for each data frame can cause huge
overhead. Moreover, the overhead becomes more severe in certain
conditions where the transmission times of the control frames are
comparable with those of data frames [24]. Especially, they require
modifying the standard frame formats, which lacks the compatibil-
ity with legacy 802.11 stations.

In our previous work [18], we explored the possibility of
informing the transmitter of the improved channel condition via
altering the ACK transmission rate. Whereas it only focuses on
the issue of how to increase the rate, REACT completes a rate adap-
tation framework by dealing with both when to increase and when
to decrease the transmission rate. The notion of using coherence
time to evaluate rate adaptation algorithms was presented in
[25]. Whereas it only characterizes the coherence time sensitivity
of existing schemes, REACT proposes a new rate adaptation scheme
leveraging the coherence time of long duration in 802.11 WLANSs.

2.2. Coherence time in 802.11 WLANs

Now, we turn our attention to the channel coherence time in
802.11 WLANSs. The objective is to verify the conjecture that the
coherence time in 802.11 WLANs exceeds multiple frame trans-
mission times, so that the channel status information that is ac-
quired upon receiving of an ACK frame can help determine the
transmission rate for the subsequent data frames. The coherence
time of a wireless channel is a time interval over which the change
of the channel impulse response is considered correlated from its
previous value. Among several formulae of the coherence time,
we choose a somewhat conservative one in [26]":

[ 9 0.423
T~ \ism ™ f (1)

where f;, is the maximum Doppler spread.

! As the chosen definition may be too conservative (i.e., the coherence time may be
too short), we will later introduce a flexible version of this definition in Section 3.3,
which is adjustable depending on the dynamic channel condition.
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On the other hand, from [27], let T, be the expected amount of
time to complete the successful transmission of a data frame with
considering all the channel states: successful transmission, idle,
and collision

1Py 1
T,=Ts+0 P.D, +T°<Fs_1> (2)
where T; and T, are the average times the channel is sensed busy
due to a successful transmission and a collision, respectively, P is
the probability that a transmission occurring on the channel is suc-
cessful, P, is the probability that there is at least one transmission
in the considered slot time, and ¢ is a slot time. (Refer to [27] for
details.)

Table 1 summarizes the coherence time and the expected time
to finish a successful transmission, which are calculated as we vary
the mobility of a terminal (») and the number of contending sta-
tions (n). We consider the transmission rate of 6 and 54 Mbps in
the 802.11a OFDM PHY. At the pedestrian walking speed of 1 m/s
(3.6 km/h) [28], the coherence time is approximately 25.39 ms,
and it is reduced to 12.69 ms, and 8.46 ms for the mobility of
2 m/s (7.2 km/h), and 3 m/s (10.8 km/h). In addition, the expected
time to successfully transmit a data frame with a 1500 bytes pay-
load at 6 Mbps is 2.23 ms, 2.56 ms, and 2.78 ms as the number of
contending stations becomes 1, 5, and 10, respectively. From this
calculation, we can verify that the coherence time in 802.11 WLANs
normally exceeds the expected time of the successful transmission of
multiple data frames, and this motivates us to exploit the channel sta-
tus feedback for the subsequent data frames via the preceding ACK
frame.

3. Proposed rate adaptation scheme

In this section, we introduce a new rate adaptation approach,
called Rate Adaptation using Coherence Time (REACT). We first ex-
plain a design rationale for the new rate adaptation scheme, and
we then describe the details.

3.1. Design rationale

We explain the central ideas of REACT in two aspects: when to
increase and when to decrease the transmission rate.

« When to increase: The existing open-loop schemes that locally
estimate the channel quality (e.g., maintaining a consecutive
success counter or calculating the loss ratio in the estimation
window) cannot quickly react to an improved channel condition
since they need to receive a number of frames to verify the
channel status. On the other hand, the closed-loop schemes that
deliver the feedback of the channel information via separate
frames can quickly react to the channel dynamics, but they
induce the non-negligible MAC overhead. Therefore, the pro-
posed rate adaptation scheme should be able to timely exploit the
channel status information without inducing the excessive over-
head of delivering the feedback.

Table 1
Coherence time and expected time for a successful transmission.
v (m/s) Te (ps) n Ty (ps)
6 Mbps 54 Mbps
1 25388.5 1 2226.1 448.4
2 12694.3 2 2320.0 438.3
3 8462.8 3 2411.7 444.5
4 6347.1 5 2556.7 460.7
5 5077.7 10 2784.1 491.0

o When to decrease: Switching the rate to the next lower rate
after two consecutive transmission failures (e.g., ARF [1]) can
quickly catch up the deteriorating channel condition. However,
this decision can be misled if the collision losses cannot be dif-
ferentiated from the channel-error-induced ones when there
are either many contending stations or hidden stations in the
network. Therefore, the proposed rate adaptation scheme should
be able to identify the reasons of frame losses whether they are
due to channel errors or collisions.

3.2. When to increase: opportunistic feedback from the receiver

The 802.11 standard requires that the ACK frames be transmit-
ted at the maximum bit rate that is constrained by two rules: (i)
the transmission rate of an ACK frame should be less than or equal
to that of the preceding data frame, and (ii) the ACK frame is trans-
mitted at a rate selected from the basic rate set [29].2 For instance,
the basic rate set in 802.11a typically comprises 6, 12 and 24 Mbps,
and the legacy stations that are receiving a data frame at a rate of
36 Mbps will respond with an ACK frame at a rate of 24 Mbps. We
call the ACK rate that conform to the above two rules the legacy
ACK rate hereafter.

The rationale behind these rules is that the ACK frames should
be transmitted as fast as possible while ensuring the error-free
receptions of the ACK frames under the current channel conditions.
The receiver, however, can transmit an ACK frame at a rate other
than the legacy ACK rate. Therefore, the receiver can use an ACK
rate other than the legacy ACK rate, which is henceforth referred
to as the altered ACK rate, to inform the transmitter of its channel
status information for the following data frame transmissions.

Exploiting the above trick, the receiver in REACT transmits an
ACK frame at the altered ACK rate if the channel condition mea-
sured by the received data frame is estimated to be good enough
to increase the data transmission rate. If the channel condition is
not good enough to raise the transmission rate, then an ACK frame
will be transmitted with the legacy ACK rate. The transmitter in-
creases the data transmission rate to the next higher rate or retains
it depending on the bit rate of the received ACK frame.

There are two possible options for the altered ACK rate: either
the next higher or next lower rate than the legacy ACK rate. If a
lower ACK rate than the legacy ACK rate is used, the ACK transmis-
sion time will be a little increased. Since the ACK frame is only 14
octets, increasing the transmission time will have a marginal
impact on the system performance. Thus, the receivers in REACT
primarily choose the next lower rate than the legacy ACK rate as
the altered ACK rate. Note that there is no next lower ACK rate
available if the legacy ACK rate is 6 Mbps. For these cases, the next
higher rate than the legacy ACK rate will be used for the altered
ACK rate in REACT. One might be concerned that this may result
in unsuccessful ACK frame transmissions. However, the size of an
ACK frame is far smaller than that of a data frame; thus, with the
same bit error rate condition, the ACK frames are likely to be suc-
cessfully delivered compared to data frames. In summary, the next
lower ACK rate is used when the data rate is faster than or equal to
12 Mbps, and the next higher ACK rate is used when the data rate is
6 or 9 Mbps.

The feedback operation of REACT is illustrated in Fig. 1, and it is
compared with the ARF scheme. Assume that station S; transmits
data frames to station S,, and that the channel condition is time-
varying and 802.11a is used for the physical layer. The backoff
intervals are omitted for simplicity. Successful transmissions are

2 The 802.11 basic service set (BSS) maintains a basic rate set, which is a list of rates
that must be supported by every station joining the BSS. {6 Mbps, 12 Mbps, 24 Mbps}
is the set of 802.11a mandatory data rates, so it will be assumed to be the BSS basic
rate set in this paper.
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Fig. 1. Illustration of REACT and ARF in the time-varying channel. A station in REACT is able to transmit more frames at higher rates; thus being able to transfer 21 frames

earlier than AREF, i.e., t; < to.

depicted by blank rectangles and, transmission failures due to
channel errors are depicted by crossed rectangles. At the begin-
ning, both schemes lower the transmission rate to 24 Mbps after
experiencing two consecutive transmission failures at the rate of
36 Mbps. After a while (after four data transmissions), the channel
quality becomes better so as to allow the transmission at 36 Mbps.
However, ARF cannot timely increase the transmission rate be-
cause it needs some history of frame statistics (i.e., 10 consecutive
successful transmissions) to raise the bit rate. On the other hand,
REACT can promptly adapt its rate to the channel by using the
feedback from the receiver. In REACT, station S, sends an ACK with
the altered ACK rate to station S; to increase the transmission rate
for the subsequent frames. Note that, the feedback mechanism in
REACT operates in an opportunistic manner. The altered ACK rate
is used only once when the channel allows the transmissions of
the next higher rate; thus, the feedback overhead is marginal. As
a result, a station in REACT is able to transmit more frames at high-
er rates whereas minimizing the overhead of bandwidth for the
feedback.

3.2.1. Issues on the altered ACK rate

The next lower rate. When the next lower rate than the legacy
ACK rate is used as the altered ACK rate, the ACK frame transmis-
sion time is slightly prolonged. Since the ACK frame is only 14 oc-
tets, the increased ACK transmission time is only 4.67 pus (when
data rate is faster than or equal to 24 Mbps), or 9.34 ps (when data
rate is 12 or 18 Mbps). At the cost of slightly increased ACK trans-
mission time, the throughput gain of REACT is much higher.
Assuming that the MAC data payload size is 1500 bytes, the short-
ened data frame transmission time by increasing data rate ranges
from 27.78 ps (when the data rate is increased from 48 Mbps to
54 Mbps) to 666.67 pus (when the data rate is increased from

6 Mbps to 9 Mbps). Since multiple data frames will be delivered
at the increased rate, the performance gain of REACT will be even
higher. There is a concern that ACK frame transmission might be
interfered by other stations accessing the channel as soon as their
Network Allocation Vector (NAV) timers expire. In reality, stations
can attempt to transmit after the DIFS (34 ps) when frame trans-
missions has completed. Thus, even hidden stations cannot inter-
fere with the increased ACK transmission.

The next higher rate. When the next higher rate than the legacy
ACK rate is used for the altered ACK rate in REACT, one might be
concerned that this may result in unsuccessful ACK frame trans-
missions. However, the size of an ACK frame is far smaller than that
of a data frame; thus, with the same channel condition, the ACK
frames are likely to be successfully delivered compared to data
frames. For example, after receiving a data frame at 6 Mbps, the re-
ceiver will respond at the altered ACK rate of 12 Mbps if the chan-
nel condition is improved to increase the data rate. Suppose that
12 Mbps is used for both data and ACK frame transmission and
MAC data payload length is 1500 bytes. According to [10], the ex-
pected frame error rate of a data frame when the received SNR is
8 dB is 4.11 x 1072 and that of an ACK frame is only 4.59 x 10~

3.2.2. Channel estimation and rate selection

REACT can employ any of existing protocols in the literature for
channel estimation and rate selection [30,31]. For the evaluation of
REACT, we choose to use the following.

For the channel estimation, we used the instantaneously re-
ceived SNR for the data frame preamble. For the rate selection algo-
rithm, we used the MPDU-based adaptation algorithm in [10]. The
basic idea is that the wireless station computes off-line a table of
transmission modes indexed by the system status, and each entry
is the best transmission mode for the purpose of maximizing the
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expected goodput under the corresponding system status. The sys-
tem status is characterized by a triplet (I,s,n), where [ is the data
payload length, s is a received SNR value, and n is the frame retry
count. The table is then used run-time to determine the best trans-
mission mode for the subsequent data transmissions. More opti-
mized techniques could be used, e.g., online calibration of SNR
thresholds for the specific wireless cards as done in [8,25].

3.3. When to decrease: identification of frame losses

The key issue in rate decreasing is how to figure out the reason
of frame losses that are due to channel errors or collisions. In order
to cautiously differentiate frame losses, we exploit the coherence
time in the wireless channel as follows. A time-domain signal
may be correlated over a certain amount of time, so that the chan-
nel does not experience a significant variation for the duration of
the coherence time after receiving a channel status feedback. From
this, a transmitter who receives an ACK frame at the altered ACK
rate can expect that the channel condition between the two sta-
tions will be stable for the duration of the coherence time after
the time of ACK reception. Thus, the transmitter can figure out
the reason of frame losses during that period as frame collisions in-
stead of the reason being the bad channel condition. We call this
time duration a green channel period during which stations do
not suffer from frame losses due to the bad channel condition. Also,
the notion of the green channel period can help to adaptively use
RTS probing [4,7]. Note that, the degree of channel variation (or
the length of the coherence time) depends on the mobility of the
terminals, but it is dynamic and not easily determined in advance.
Thus, we also contrive a way to dynamically estimate the green
channel period. The details of the definition and estimation of
the green channel period, and the enhancement of adaptive RTS
probing leveraging the green channel period will be discussed in
the following. If there are two consecutive frame losses when the
green channel period expires, then the transmitter will switch to
the next lower rate since transmission failures are assumed to be
due to bad channel conditions.

3.3.1. Definition of the green channel period

Wireless channels are known to be time varying in mobile envi-
ronments, i.e., the channel quality that is observed at different
times will be different. However, a time-domain signal is corre-
lated over a short time period, i.e., the channel does not experience
a significant variation over a short time. This nature of the channel
is typically characterized by the coherence time (T,).

In REACT, we introduce the flexible version of the coherence
time: X% coherence time which is defined as the time duration (or
the range of At) over which the autocorrelation function of time
(or A{At)) is greater than ;%5 Assuming the Rayleigh fading chan-
nel to model the wireless channel, the normalized autocorrelation
function at a constant velocity® can be approximated by a zeroth or-
der Bessel function of the first kind at delay At:

EROM(E A o ;
By oA )

where hy(t) is the channel impulse response and f;; is the maximum

Doppler spread. We use 50% coherence time by default; thus, the

default coherence time being the range of At such that A.(At) > 2%
At last, we define the green channel period (Tg) as:

Tg = [taln talt + Tc) (4)

Ac(At)

3 Since WLANs are typically used in low mobility environments, we set the
constant velocity to 1 m/s, which is an average pedestrian walking speed [28].

where ty; is the moment when a transmitter receives an ACK frame
at the altered ACK rate. In other words, the transmitter that receives
an ACK frame at the altered ACK rate will assume that the channel is
favorable for the duration of T.. Thus, frame losses that occur during
the green channel period are assumed to be caused by collisions,
and not by the bad channel condition.

3.3.2. Estimation of the green channel period

The coherence time that is used to define the green channel per-
iod in Section 3.3.1 is calculated by assuming that the stations
move at a constant velocity. In reality, the mobility of the terminals
varies over time; thus, the coherence time of the channel also
changes depending on the mobility. In order to estimate the coher-
ence time depending on the varying channel environment, the
threshold of the auto-correlation of the signal to estimate the
coherence time is dynamically changed as follows.

We begin with 50% coherence time by default, and the percent-
age X is adjusted according to the following rules, while the max-
imum and minimum values of X are 90 and 10, respectively.

o After the green channel time expires, if data frame transmis-

sions at the same rate are still successful, then it may imply that

the coherence time has been calculated too restrictively. Thus, X

is lowered by 5 to lengthen the coherence time (X < X — 5).

If a data frame is lost while a preceding RTS frame has been suc-

cessful in the green channel period, then the channel condition

must have been changed faster than expected. This presump-
tion is based on the fact that an RTS frame that is being trans-
mitted at a robust rate has already reserved the channel so
that a data frame loss must be due to the poor channel condi-
tion (not due to collisions), though the channel was expected
to be fine. In this case, X is increased by 10 to shorten the coher-

ence time (X < X+ 10).

o If a transmitter receives an ACK frame at the altered ACK rate
within the green channel period, then X is increased by 10 to
shorten the coherence time. This is because the channel varia-
tion becomes faster than expected (X < X + 10).

When we adjust the green channel period, the unit of change is
conservatively chosen for lengthening the coherence time
(X< X —5) compared with shortening it (X < X+ 10). The ratio-
nale behind this is that the green channel period should be kept
as accurate as possible to avoid the false positive cases. Otherwise,
the rate adaptation algorithm may make a false decision based on
the erroneous channel status information.

3.3.3. Adaptive use of RTS probing

Although the reasons of frame losses can be identified within
the green channel period, this cannot be achieved when the green
channel period expires. When the green channel period expires,
REACT needs a Supplementary mechanism such as RTS probing.

The usage of RTS probing has been accepted as a means of dif-
ferentiating the frame errors that are caused by collisions from
those that are caused by poor channel conditions [4,7,16]. The
underlying rationale is that because of its small sizes (or short
transmission times) and robust transmission rates, all RTS trans-
mission failures are assumed to be caused by collisions, and not
by channel errors. In addition, once the RTS transmission succeeds,
subsequent data transmission failure comes from channel errors
since the channel is already reserved by the RTS frame. Thus, en-
abling the RTS option before transmitting data frames can be used
to identify the reason of transmission failures when some trans-
mission failures have occurred.

Since transmitting RTS frames can add overhead, the prior solu-
tions define a set of rules to selectively turn on or off the RTS op-
tion. For example, the CARA [4] enables the RTS option when a
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data frame transmission fails, and disables it when successful data
frame transmission occurs. The RRAA [7] maintains the RTS win-
dow, which means that the number of data frames that will be
transmitted with the RTS option. The size of the RTS window is
adapted to the level of collisions by observing the transmission
history.

Based upon the concept of the RTS window in [7], we define
a new set of rules for adapting the size of the RTS window that
both exploit the channel status information obtained from the
green channel period and thoroughly examines the transmission
patterns. The general principle is that the RTS window is multi-
plicatively doubled and halved in the presence and absence of a
collision, respectively. The RTS window is additively incremented
by 1 if the RTS probing is needed to test the collision level, and
the RTS window is unchanged otherwise.

Specifically, either a transmission failure of an RTS frame or a
transmission failure of a data frame in the green channel period
without the RTS option leads us to conclude that the error is
caused by a collision; thus, the RTS window is doubled. When
a data transmission succeeds without the RTS option, the RTS
window is halved since no collision has apparently happened.
If a data transmission without the RTS option fails after the
green channel period expires, then we perform the RTS probing
to examine the reason of frame losses; thus, the RTS window is
increased by 1. When an RTS transmission succeeds, the subse-
quent data transmission will not be subject to a collision and
hence there is no information of the current collision level; thus,
the RTS window is unchanged. The adaptive use of RTS probing
explained so far is summarized in Algorithm 1. Note that the RTS
option is disabled or enabled depending on whether RTScnt is 0
or not, respectively.

Algorithm 1. Adaptive use of RTS probing

1: RTSwnd = 0; RTScnt = 0;
2: if RTScnt = 0 then {RTS option disabled}

3: if DATA transmission succeeds then

4: RTSwnd < |RTSwnd|2];

5: else

6: if green channel period not expires then
7: RTSwnd < max(2,RTSwnd x* 2);

8: else

9: RTSwnd < RTSwnd + 1;

10: end if

11: end if

12: RTScnt < RTSwnd,

13: else {RTS option enabled}

14: if RTS transmission fails then

15: RTSwnd < RTSwnd * 2; RTScnt < RTSwnd,

16: else

17: RTScnt < RTScnt — 1; {RTSwnd is unchanged}
18: end if

19: end if

4. Performance evaluation

In this section, we evaluate the performance of the REACT by
using the ns-2 simulator that is augmented to support the 802.11
OFDM PHY.* First, We explain the default simulation setup, and
we then evaluate the performance of the REACT compared with

4 We exclude 9 Mbps rate in 802.11a from the set of candidate rates and simulation
since it has been known to always perform worse than 12 Mbps under all SNR
conditions [10].

other rate adaptation schemes as we vary the distances, number of
contenders, frame sizes, mobility and channel conditions.

4.1. Simulation setup

Unless specified otherwise, our simulation experiments are
configured as follows. We assume that 6, 12 and 24 Mbps, which
are mandatory rates in the 802.11a specification, are in the basic
rate set. We simulate the indoor office environment in which
WLANSs are typically used. We use a log-distance path-loss model
with the path-loss exponent of four [26]. We also use the Ricean
fading model with Ricean K factor of 3 dB to reflect the short-term
multi-path fading effect in the indoor wireless channel [32]. Most
of the communication parameters are from the 802.11 OFDM
PHY specification [29], including power constraints, sensitivity
thresholds, etc. We use LLC/IP/UDP as the upper layer protocol
suite, and the MAC layer payload length is set to 1500 bytes. All
stations are static and they always have a frame to transmit. Each
station transmits frames for 200 s and the results of the last 100 s
are taken into account to avoid the initial dynamics. We repeat this
run 20 times, and we then average them.

We evaluate the following schemes in terms of the throughput
(in Mbps): (1) our proposed scheme (referred to as REACT), (2) the
ARF scheme (referred to as ARF), (3) the CARA scheme (referred to
as CARA), (4) the RRAA schemes without or with adaptive RTS fea-
ture (referred to as RRAA and RRAA + ARTS, respectively),” and (5)
the RBAR scheme (referred to as RBAR).

4.2. Transmission rate adaptation over time

We begin with a simple experiment that traces the rate adapta-
tion decisions of the testing schemes over time in order to illus-
trate why the above schemes show different performance. This
evaluation is done in the simple one-to-one topology in which a
station continuously transmits frames to the other station. Both
stations are static and the distance between the two stations is
arbitrarily set to 30 m.

Given the same time-varying channel quality variation that is
generated by the default simulation setting, the different behaviors
of ARF, RRAA, RBAR, and REACT are shown in Fig. 2(a)-(d), respec-
tively.® The x-axis represents the simulation time span from 1.75 to
2.0s. The left-hand y-axis represents the data transmission rates cho-
sen by each testing scheme at the particular time. The right-hand y-
axis represents the signal-to-noise ratio (SNR) at the receiver in dB.
Note that the total number of transmission attempts for each
scheme is different for the same simulation time of 0.25 s. This im-
plies that each scheme differently switches its transmission rates
that result in different throughput. In these figures, the following
legends are used:

o Sinusoidal curve: A variation of the SNR at the receiver.
e Circle point: A successful data frame transmission.
e Cross point: An erroneous data frame transmission.

We intentionally exclude the transmission attempts of the RTS
frames and the response frames (CTS or ACK) for simplicity.

The ARF results. Fig. 2(a) shows how the ARF scheme reacts to
the channel variation. We observe some inefficiencies of the ARF’s

5 We evaluate RRAA apart from RRAA + ARTS since RRAA exhibits the character-
istics of the open-loop rate adaptation schemes that estimate the channel condition
by calculating a frame loss ratio for recent transmissions, and shows substantially
different performance in certain scenarios.

5 We omit the traces of CARA and RRAA + ARTS due to the space limit since their
operations are basically similar with ARF and RRAA respectively when there is no
contending station, except that they exploit RTS probing adaptively when data
transmission failures occur.
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Fig. 2. Adaptability comparison of our proposed scheme (REACT) against ARF, RRAA, and RBAR.

operation. First, 10 consecutive successful transmissions that are
necessary for switching to the next higher bit rate are too conser-
vative to react to improving signal quality. In particular, 10 consec-
utive data transmissions at low bit rates consume much longer
time than those at high bit rates. For example, ARF cannot transmit
at high transmission rates at the top of the fourth concave part of
the SNR curve, which appears after 1.9 s. Fortunately, two consec-
utive transmission errors that are necessary for switching to the
next lower rate are responsive enough to react to the deteriorating
channel conditions. Second, the ARF scheme will superfluously at-
tempt to transmit a data frame at the next higher rate for channel
probing after 10 consecutive transmission successes even though
the channel quality is not improved, which incurs non-negligible
throughput reduction. This is inevitable because its channel esti-
mation and adaptation rely on the counters. Unfortunately, these

two inefficient aspects (i.e., slow adaptation and unnecessary prob-
ing) cannot be concurrently solved as long as the counter is
exploited for estimating the channel. If the count for rate-increase
attempt is reduced for achieving fast responsiveness (e.g., the
number of consecutive successes becomes lower than 10), then
more wireless link bandwidth will be wasted for probing.

The RRAA results. Fig. 2(b) shows that the rate decision of RRAA
cannot closely catch up with the change of the SNR curve. The
RRAA scheme slowly reacts to the channel because of its large
channel estimation window (e.g., 6-40 frames in the original pro-
posal [7]). Despite its optimization technique for improving its
responsiveness to channel fluctuation, which calculates best/worst
possible loss rate and compares it against threshold values before
finishing each estimation window, the number of transmissions
that needed for switching the rates is still much larger than those
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of the competing schemes. Note that, as observed in the ARF, the
number of data transmissions that is required for the rate-switch-
ing decision should be kept small in order to exploit the transiently
improved channel condition. However, RRAA is essentially unable
to keep the estimation window small since the estimation win-
dows size should be larger than the inverse of the threshold value
(if the threshold value is 10%, then the estimation window should
be larger than or equal to 10).

The RBAR results. Fig. 2(c) represents how critical the feedback
from the receiver is for making the accurate transmission rate deci-
sion. RBAR accurately and timely switches the transmission rate
for the subsequent data frame corresponding to the channel varia-
tion by using the channel status information conveyed via modi-
fied CTS frames. However, it should be noted that RBAR obtains
its accuracy and responsiveness at the cost of the RTS and CTS
frames’ exchanges that consumes precious link bandwidth. For
example, in Fig. 2(c), RBAR switches its transmission rate only 26
times while it is exchanging the RTS/CTS frames 277 times; this
means that around 9 out of 10 RTS/CTS frame exchanges may be
wasteful. What is worse is that exchanging RTS/CTS frames rela-
tively adds more overhead when high transmission rates are being
used for data frame transmissions [24].

The REACT results. Fig. 2(d) shows that REACT effectively reacts
to the channel variations using opportunistic ACK transmission
rate decision. When the channel condition becomes good enough
to use the next higher bit rate (i.e., at the uphill SNR curve), the re-
ceiver opportunistically informs the transmitter of this situation by
using the altered ACK rate. In addition, REACT can quickly switch to
the next lower rate as ARF does when the channel condition be-
comes deteriorated (i.e., at the downhill SNR curve). The explicit
feedback enables the transmitter to react to the channel dynamics
faster than ARF and RRAA when compared against ARF and RRAA,
which require a number of data transmissions to figure out the im-
proved channel condition. Also, compared against the RBAR
scheme, the receiver in the REACT sends feedback only once to in-
crease the bit rate, and thus inducing the marginal overhead.

Summary. Table 2 compares the testing schemes under the sce-
nario in Fig. 2 in terms of the number of transmission attempts, the
number of successful/erroneous frame transmissions, and the cor-
responding throughput for the observed time period. The results
confirm that REACT performs better than the other schemes due
to its efficient feedback mechanism. RBAR performs better than
ARF and RRAA since it experiences fewer transmission errors due
to the accurate feedback information. However, its performance
gain is reduced by its control frame overhead.

4.3. Results with various distances

We then evaluate the tested schemes with various distances.
Since the distance is a major factor of radio signal attenuation,
we can observe the different behaviors of the testing schemes
depending on various conditions. A static station continuously
transmits frames to the other station, and the distance between

Table 2
Comparison of four testing schemes.
ARF RRAA RBAR REACT

# of tx attempts 266 241 277 323
# of tx successes 231 186 275 289
36 Mbps 58 0 122 148
24 Mbps 50 96 40 44
18 Mbps 81 90 86 76
12 Mbps 32 0 25 20
6 Mbps 10 0 2 1
Throughput (Mbps) 11.28 9.08 13.43 14.11

the two stations is varied between 5 and 60 m. Fig. 3 shows the
average throughput of the tested schemes: ARF, CARA, RRAA,
RRAA + ARTS, RBAR, single-rate schemes, and REACT. In general,
the throughput of all the schemes decreases as the distance be-
tween the two stations increases, and the throughput curves of
the rate adaptation schemes roughly follow the outer envelope of
those of the single-rate schemes. We have three notable observa-
tions as follows.

First, not only does REACT achieve better throughput than the
other schemes over the entire range, but also its throughput curve
is above the best throughput curve combined from the single-rate
schemes. When the channel temporarily becomes better or worse
due to fading effects, the fast-responsive rate adaptation can
achieve higher throughput than the best achievable throughput
of single-rate schemes around the boundary of the best perfor-
mance regions of two single-rate schemes. This is because the sin-
gle-rate scheme cannot exploit the temporary channel dynamics.
For example, suppose that the channel condition goes poor and
hence accommodates at bit rate of 36 Mbps, the single-rate scheme
with 48 Mbps cannot successfully send packets. On the other hand,
if the channel condition gets better and hence accommodates up to
48 Mbps, the single-rate scheme with 36 Mbps cannot fully utilize
the channel condition. REACT, however, can fully exploit the tran-
sient channel dynamics by quickly switching to the optimal rate.
This highlights how critical the responsive reaction to the channel
variation is for rate adaptation; it should seek to switch to the
optimal rate to opportunistically exploit the transient channel
dynamics.

Second, RBAR, with using accurate feedback, performs even
worse than ARF-based schemes (i.e., ARF and CARA) when two
communicating nodes are located either closely to each other or
near the boundary of the communication range. It is because the
advantage of the accurate feedback is reduced when the given
channel status practically allows few bit rates. In particular, the
delivery of the feedback information may incur the substantial
overhead when a station can use high transmission rates. As the
data rate increases, the control packets, which are transmitted at

35
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—v— RRAA+ARTS
RBAR

Throughput (Mbps)
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Fig. 3. Throughput comparison of our proposed scheme (REACT) against ARF, CARA,
RRAA, RRAA +ARTS, RBAR, and single-rate schemes for one-to-one topology
networks with various distances.



1324 H. Jung et al./ Computer Communications 34 (2011) 1316-1327

one of the rates in the basic rate set, continue to waste proportion-
ally more and more transmission time [24].

Third, in accordance with Section 4.2, the RRAA family (RARA
and RARA +ARTS) performs the worst among all the tested
schemes. First of all, the large size of the estimation windows in
the RRAA family cannot make use of the short-term channel link
variations. In addition, the large size of the estimation windows re-
sults a side effect that causes a number of transmission failures to
trigger unnecessary RTS probings in the case of RRAA + ARTS. Thus,
the throughput of RRAA + ARTS is worse than that of RRAA over
most of the ranges.

4.4, Results with varying number of contending stations

To study how efficiently REACT operates in collision-prone
environments, we now evaluate the performance of the tested
schemes in a star topology. In this topology, a varying number of
contending stations are equi-distantly placed on a circle centered
around an access point with a 5 m radius. It should be noted that
at a 5m distance, a station can always transmit data frames at
54 Mbps, as shown in Fig. 3; thus, stations that are located at this
distance should not lower their data rate.

Simulation results are plotted in Fig. 4. In general, the REACT
scheme achieves the higher performance than the others regard-
less of the number of contending stations. ARF and RRAA perform
considerably poorer than the other schemes because they cannot
figure out that the cause of transmission errors is collisions. In
addition, RBAR almost achieves constant throughput regardless
of the number of contending stations.

The un-scalable behaviors of ARF and RRAA are explained by
two aspects. First, both ARF and RRAA cannot differentiate between
the collisions and the channel errors, and thus unnecessarily de-
crease the transmission rate. Second, when the data rate is mistak-
enly lowered, both ARF and RRAA cannot easily recover from its
change. For instance, 10 consecutive successful transmissions for
ARF and the small estimated loss ratio for RRAA are not likely to
happen as the number of contending stations increases. Note that
RRAA performs better than the ARF in collision-prone environ-
ments because lowering the data rate from two successive failures
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Fig. 4. Throughput comparison of our proposed scheme (REACT) against ARF, CARA,
RRAA, RRAA + ARTS, RBAR, with varying number of contending stations.
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Fig. 5. Throughput comparison of our proposed scheme (REACT) against ARF, CARA,
RRAA, RRAA + ARTS, RBAR for one-to-one topology with various frame sizes.

in ARF causes the stations to lower their bit rates faster than does
RRAA.

The CARA and RRAA + ARTS schemes perform better than the
ARF and RRAA schemes due to the CARA and RRAA +ARTS
schemes’ abilities to identify the reason of transmission errors.
After experiencing transmission failures, the CARA and RRAA +
ARTS schemes adaptively use RTS probing according to their own
algorithms. CARA generally performs better than RRAA + ARTS
because CARA can switch to the next higher rate faster than can
RRAA + ARTS. Under heavy-collision environments, the perfor-
mance of both CARA and RRAA + ARTS schemes is degraded
because severe collisions causes the stations to mistakenly decide
the rate-decrease in spite of using the RTS probing mechanism.

Finally, REACT outperforms the other schemes regardless of the
number of contending stations because of two reasons. First, the
use of adaptive RTS probing that exploits the green channel period
can allow stations to effectively differentiate the collisions from
the channel errors. Second, the REACT can quickly switch to the
optimal transmission rate via the opportunistic feedback.

RBAR in which the RTS/CTS frames are always exchanged before
each data frame, results in poor throughput due to the excessive
overhead especially when the number of contenders is small. How-
ever, the advantage of channel reservation by the short RTS/CTS
frames reduces its overhead as the number of contending stations
becomes large.

4.5. Results with various frame sizes

To investigate the impact of the frames’ sizes on each testing
scheme, we measure the throughput over the one-to-one topology
by varying the size of data frames (30, 250, 500, 1000, 1500 and
2000 bytes). The distance between two static stations is fixed to
20 m.” Note that, the ratio of MAC overhead (i.e., idle time for
channel contention and transmission time for RTS/CTS frames) to

7 Three single-rate schemes, i.e., 18, 24 and 36 Mbps, achieve similar throughput
around the distance of 20 m. Thus, we can focus on the efficacy of rate adaptation
schemes by observing how they switch rates depending on the varying channel
condition at 20 m.
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the duration of a successful data frame transmission increases in
inverse proportion to the size of a data frame.

The throughput gain of REACT over each testing scheme is plot-
ted in Fig. 5. Overall, the REACT performs better than the other
schemes regardless of the frame size, i.e., the throughput gain of
REACT is always above 1. Specifically, we have the following obser-
vations. First, ARF, CARA and RBAR schemes achieve a relatively
fair performance in terms of throughput. In particular, the through-
put gain of REACT over RBAR increases as the size of the data frame
decreases, while those of REACT over ARF and CARA are not notice-
ably changed. This is because the exchange of the RTS/CTS frames
for feedbacks in RBAR consumes proportionally more and more
time as the size of data frames decreases. Second, the RRAA family
achieves the worst performance among all the testing schemes due
to their inaccurate rate decisions. As observed in Table 2, the RARA
family has a higher transmission failure ratio than the others, and
RARA family’s performance continues to be more degraded as the
sizes of data frames are decreased. That is, the small frame size
(i.e., the short data transmission time) creates more chances of
data transmission attempts for the simulation time, so that the
RRAA family results in the larger number of transmission failures.
In addition, a transmission failure will lengthen the idle time due
to the exponential backoff as well.

4.6. Results with Varying Ricean Parameter K

Now, we evaluate the performance of the testing schemes un-
der various Ricean fading parameter K, which represents the rela-
tive strength of the line-of-sight (LOS) component of the received
signal. In the Ricean distribution, parameter K is defined as the ra-
tio of the power of the LOS component to the power of the other
(non-LOS) multipath components. In terms of dB, it is given by

2
K(dB) = 101og2% (5)

where A denotes the peak amplitude of the LOS signal, and 242 is
the average power of the non-LOS multipath components [33].
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For K=0, the Ricean distribution becomes equivalent to the
Rayleigh distribution, in which the channel has no LOS component;
only the reflected signal components are received and the overall
channel quality is degraded. As K increases, the LOS component be-
comes dominant and hence the overall signal quality is improved.

Fig. 6 shows the throughput of each scheme in the one-to-one
topology versus the Ricean parameter K. The distance between
two stations is fixed to 20 m. In general, the throughput of each
scheme is improved as the parameter K increases because they ex-
ploit the improved channel condition as K increases. Specifically
we have the following observations. First, REACT outperforms the
others in terms of the throughput for the entire range of K. This
indicates that REACT can maintain relatively stable performance
not only in good channel conditions but also in poor channel con-
ditions. Second, ARF, CARA and RBAR achieve relatively poor
throughput than REACT, and the RRAA family exhibits the lowest
throughput. In particular, the throughput of RBAR is higher than
those of ARF and CARA when the channel condition is bad; the
situation is reversed as the parameter K increases. This indicates
that the accurate channel information is more valuable when the
channel condition becomes worse. On the other hand, both ARF
and CARA can operate fairly well when the channel is almost
deterministic.

4.7. Results with various Doppler spread

In order to study the effect of indoor mobility, we compare the
performance of the tested schemes on the various mobility condi-
tions, i.e., different Doppler spread values in the Ricean model. We
vary the values of maximum Doppler spread from 8.33 to 50 Hz
(which corresponds to the mobile speeds from 0.5 to 3 m/s), while
the distance between two stations is fixed to 20 m.® As shown in
Fig. 7, REACT achieves the best throughput over the entire range
of mobility conditions.

8 Although the distance between two stations is fixed, the channel between them
still shows the time-varying nature because of the Ricean channel model. In addition,
the different Doppler spread values used in the Ricean model describes the relative
motion between the transmitter and receiver.
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Among the open-loop schemes, ARF and CARA show a different
tendency from the RRAA family depending on the varying mobility.
The performance of the former schemes is degraded as the mobil-
ity increases, but that of the latter schemes is almost not affected.
At a first glance, these results are counter-intuitive because both
ARF and CARA schemes can more quickly react to the channel var-
iation than the RRAA family as discussed in Section 4.2. However,
the adaptivity of ARF and CARA schemes cannot meet the channel
dynamics as the mobility increases; i.e., the trials to exploit tran-
sient channel dynamics result in more frequent transmission fail-
ures. On the other hand, the RRAA family essentially cannot
exploit the transient variation of the channel dynamics; so they
are not hindered by the fluctuation of the wireless channel link.

RBAR achieves less throughput than ARF and CARA when the
Doppler spread is less than or equal to 41.67 Hz (which corre-
sponds to the mobile speed of 2.5 m/s). As the mobility increases,
the throughput of RBAR becomes close to that of the ARF and CARA
schemes since its throughput is least affected by the varying
mobility. This is because the stations that are using RBAR convey
the channel information via the RTS/CTS frames so that the prompt
channel information for subsequent data frames is available to the
transmitters.

4.8. Adaptation of green channel period

As stated in Section 3.3.2, the channel coherence time is calcu-
lated by assuming that the stations move at a constant velocity.
The stations, however, may change its moving speed dynamically.
To quantitatively study the usefulness of proper estimation of
green channel period, we compare REACT with its variants with
the fixed channel coherence time. Table 3 lists the normalized
throughput of testing schemes (relative to the best scheme in each
row). The number of contending stations and the maximum mobile
speed (i.e.,, maximum Doppler spread in the Ricean channel) are
denoted by n and v, respectively, and X = x stands for the REACT
variant which defines the fixed green channel period with x% chan-
nel coherence time (which is defined in Section 3.3.2).

First, it is important to note that no certain REACT variant with
fixed green channel period can consistently achieve the best
throughput. For example, X = 10 is the best scheme when n is 10
and v is 0.5 whereas it becomes the worst when n is 1 and v is 3.
REACT, however, achieves stable performance thanks to its dy-
namic channel coherence time estimation. Second, we observe that
the REACT variant with shorter green channel period achieves bet-
ter throughput as the velocity increases when there is no conten-
tion. This is due to the fact that too large green channel period
may misinterpret the reason of frame losses within the green chan-
nel period as collisions; thus preventing responsive rate-fallback.
Third, when there are 10 contending stations, the disadvantage
of short green channel period is alleviated because too short green
channel period can misidentify the reason of frame losses due to
collisions as the deteriorated channel condition.

Table 3
Effect of green channel period estimation.
n v REACT X=10 X=50 X=90
1 0.5 0.9998 0.9997 1.0000 0.9992
1 0.9992 0.9964 0.9975 1.0000
2 0.9995 0.9786 0.9881 1.0000
3 0.9992 0.8476 0.8960 1.0000
10 0.5 0.9723 1.0000 0.9923 0.9641
1 0.9972 0.9982 1.0000 0.9959
2 0.9999 0.9828 0.9924 1.0000
3 0.9957 0.9627 0.9777 1.0000

4.9. Results with random topologies and configurations

To verify the robustness of REACT, we consider more complex
random topologies and configurations by varying the previous fac-
tors together. With varying number of contending stations in star
topology, we simulate 50 random scenarios as follows. For each
scenario, stations are uniformly distributed in a circular arena
within the diameter of 50 m. Each station chooses a random frame
size in the range of 30 to 2000 bytes, and transmits frames to the
access point located at the center of the arena. Each scenario is also
configured with different channel conditions: Ricean parameter K
is randomly selected in the range of 1-8 dB, and Doppler spread
ranges from 5 to 50 Hz. Fig. 8 shows the aggregate throughput of
each scheme by varying number of contending stations. It is ob-
served that REACT robustly outperforms the others in the complex
scenarios.

5. Conclusion

In this paper, we proposed a new rate adaptation scheme that is
termed as Rate Adaptation using Coherence Time (REACT). REACT has
two main features. First, a transmitter can responsively increase
the transmission rate corresponding to the improving channel con-
dition by receiving the feedback information via an ACK frame
from the receiver at an altered ACK rate. This feedback mechanism
can be implemented at the device driver level and it induces a neg-
ligible extra overhead. Second, the reason of frame losses is effec-
tively identified by exploiting the fact that the channel condition
will be favorable for the current transmission rate during the chan-
nel coherence time. Moreover, the information of the channel
coherence time can further be exploited to enhance the adaptive
use of RTS probing, which differentiates the channel-error-induced
frame losses from the collision-induced ones.

We carried out comprehensive ns-2 simulation experiments
that consider indoor environments. Our simulation scenarios in-
clude varying the distance, number of contending stations, frame
size, mobility and channel conditions. We found that REACT

16
—O— REACT
—+— ARF
—¥— CARA
—A— RRAA
—— RRAA+ARTY

14 A —E— RBAR

n
12+

Aggregate Throughput (Mbps)
©

; i

w %
) £ A

2 W

O 1 1 1 1 1
1 5 10 20 30

Number of contending stations

Fig. 8. Throughput comparison of our proposed scheme (REACT) against ARF, CARA,
RRAA, RRAA + ARTS, RBAR for random topologies and configurations, with varying
number of contending stations. The vertical bars indicate 95% confidence intervals.



H. Jung et al./ Computer Communications 34 (2011) 1316-1327 1327

consistently obtains higher throughput than the other testing
schemes: ARF, CARA, RRAA and RBAR.

In the future, we plan to conduct further research to enhance
REACT as follows. First, the current version of REACT only considers
the altered ACK rate as a mean to signal the improved channel
condition. The receiver in REACT, however, could inform the
transmitter of the degraded channel condition using higher ACK
transmission rate, so that the transmitter decreases the data rate
for subsequent data frames. Second, we plan to implement a pro-
totype of REACT using the real WLAN devices, e.g.,, MADWIFI
[34]. Finally, the current REACT mechanism is designed for sin-
gle-input-single-output (SISO) wireless networks. We plan to ex-
tend REACT for multiple-input-multiple-output (MIMO)-based
802.11n wireless networks. We expect REACT’s operation in
802.11n to be viable because the 802.11n amendment [35] sup-
ports not only the backward compatibility with the original MAC
but also the formal use of an alternative bit rate for control frames.
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