Performance Analysis of the IEEE 802.11e Block
ACK Scheme in a Noisy Channel

Tianji Li, Qiang Ni Thierry Turletti Yang Xiao
Hamilton Institute, NUIM, Ireland Planete Group, INRIA, France University of Memphis, USA
{tianji.li, giang.nit@nuim.ie turletti@sophia.inria.fr yangxiao@ieee.org

Abstract— A Block ACK (BTA) scheme has been proposed in at least two STAs start transmission at the same time and the
|EEfE 802-11'3|tt_0 irlnprove me_,d_iumt a%CG_SS Cfoer| gMAC) |6t1yer receivers can not decode any frames correctly. We define an
performance. It is also a promising technique for next-generation fafu ; .
high-speed Wireless LANs (WLANS) such as IEEE 802.11n. error as the eyent sausfymg the following two conditions a’g the
We present a theoretical model to evaluate MAC saturation same time. F'rSt', there 'S, one and only one STA transmitting
throughput of this scheme. This model takes into account the but the channel is so noisy that the receiver can not decode
effects of both collisions and transmission errors in a noisy the whole frame successfully; Second, although PHY has

channel. The accuracy of this model is validated byNS-2 detected errors, it still completes the reception and transfers

simulations. . : . o
. the received frame to MAC. According to this definition, an
Index Terms—IEEE 802.11, IEEE 802.11e, wireless LAN, . . . . 9
medium access control, Block ACK, saturation throughput error in this paper is a MAC layer instead of a normally used
PHY concept.
. INTRODUCTION In the case of collisions or errors, the receivers and all the

Th id q f timedi licati h other STAs can not decode any frames and do not send back
€ widespread use of muitimedia applications nas Clgpys The receivers defer their own attempts for an EIFS

ated new requirements upon the underlying wireless LA'_\&%ration after waiting until the end of the current transmission.
(WLANS). To meet these requirements, people are seeku?ge duration of EIFS is the sum of SIFS, DIFS and an ACK

solutions mainly in two directions: very high-speed techniquelzlsansmiSSion interval, i.eTurs = Tsirs + Tomyhar -+

and dquality-gf]:service (.QOS)'ﬁTht? viry zig%'tipeiq ﬁolutioquCK +Tprrs- All the notations used in this paper are listed
are designed for improving €efiective bandwidth which can Qﬁ Table Il. The senders wait for the potential ACKs until the

shared by the upper layer applications. The QoS solutions @fd of ACK timeout, and then defer a backoff interval before
proposed to provide differentiated services for applicatio'?étransmission ’

with diverse demands. Recently, the IEEE 802.11 Working
Group has created task groups 802.11n [4] and 802.11e [3]t

stande;]rdlze thelefforts r']n c;rrgspor;}dmg ar:caas. i di of [0,CW — 1], whereC'W is the current contention window
.At the MAC. ayef, the asic scheme o WI_‘ANS IS dIS5ize.CW is doubled after each failure transmission until the
tributed coordination function (DCF) which is based Ol aximum contention window siz6'W. .. is reached. After
the Carrier Sense Multiple Access with Collision Avoidancg, .., syccessful transmissioflV is rrgglét 0 the miﬁimum
(CSMA/CA) mechanism. contention window sizeCW.,,in, thus CW,.., < CW <

A. The DCF scheme CWinaz [1].

In the legacy DCF scheme, a station (STA) transmits B Motivation

frame after it has observed an idle medium for a distributed | 3 CSMA/CA based scheme, MAC and PHY overhead is
inter-rame space (DIFS) plus a backoff duration. If thighe main reason for system inefficiency. The overhead refers
frame is received correctly, then the receiver sends back @hpackoff, DIFS, ACK, SIFS and PHY layer header. On the
acknowledgment (ACK) after waiting for a short inter-fram@ne hand, backoff leads to collisions and idle slots due to
space (SIFS) period, which is the interval needed by th randomized characteristic. Therefore, much work has been
physical (PHY) layer to turn from receiving to transmissiogione to optimize the backoff process [7], [11], [19]. On the
state. All the other STAs defer channel contention until the
end of the ACK transmission. After that, the receiver and all 1In reality, errors may be also due to collisions if PHY is able to receive

: ; e transmission of multi-users simultaneously or there are hidden terminals.
the, other STAs defer a DIFS duration before COL_mtl,ng dov‘%\en anerror can be defined as the event that although the receiver's PHY
their backoff counters for the next round of transmission. Sugbmpletes a reception, the frame that MAC received still contains errors. A
a successful transmission cycle is shown in Fig.2(a). collision can be defined as the event that the receiver can detect the coming

e signals but the reception is always interrupted.
Collisions and errors make the MAC layer protocol com 2gJot time is the unit of backoff process, its value in the idle case depends

plicated. In this paper, we definecallision as the event that o the duration that is required by different PHY techniques (e.g. slot time

is 9 us for OFDM based 802.11a) to detect the medium state. If there is

The work of Qiang Ni and Tianiji Li is supported by the Science Foundatioongoing transmission, the slot time corresponds to the duration in which the
Ireland under Grant 03/IN3/1396. channel is sensed busy.

The length of the backoff period is the product of the slot
iﬁé and a random number uniformly chosen from the range



802.11a| 802.11n n Number of STAs
SIFS (us) 16 16 Tsirs Time duration of SIFS
Slot time @) (us) 9 9 Tprrs Time duration of DIFS
DIFS (us) 34 34 TEIFS Time duration of EIFS
PHYhdr (us) 20 20 Ty Time duration to transmit a frame in BTA
CWonin 16 16 Tdata Time duration to transmit a frame in DCF
Propagation delaydj (us) | 1 1 Toar Time durat!on to transm!t a BAR frame
Symbol delay fis) 2 2 Tha Time duration to transmit a BA frame
PHY rate (Mbps) 6 54Kk (k=2,3,..) Tock T!me durat!on to transmit an ACK frame
Retry imit ) ) TpHYhdr | Time dur{:mon for PHY header
Propagation delay
TABLE | o Idle slot duration
PHY/MAC PARAMETERS Lpiq MAC layer payload size in BTA (bytes)
Ly MAC layer frame size in BTA (bytes)
Lyata MAC layer frame size in DCF (bytes)
Lock MAC layer ACK frame size (bytes)
TABLE Il

other hand, in very-high speed networks, even without the
problem caused by the randomized backoff, another impact of NOTATIONS.
the overhead is also significant. To manifest this impact, we
show the MAC efficiency of the legacy DCF in an ideal case.

In the ideal case, the channel is regarded as perfect, i.e., .
neither errors nor collisions occur, and in any transmission x
cycles, there is only one active STA which always has
backlogged frames to transmit. The receiver only responds
with ACKs, and the other STAs just sense the channel and
wait. We can define the average length of the backoff as
Tew = (CWiin — 1) - 0/2, where o stands for the idle
slot duration. Then the ideal throughpgif)F" can be defined

eal

@ IS
) S

MAC efficiency (%)

as in (1) [18]. The notations are listed in Table Il and the T
. . . . L X
parameters are listed in the third column in Table I. ® S
l050 160 1\;)0 2(;0 ZéO 3(‘)0 3‘50 460 - 4\;)0
gDCF _ 8- Lata ) PHY rate (Mbps)

ideal —

Tpirs + Taw + Taata + Tsirs + Tack + 26
Fig. 1. Legacy DCF throughput in the ideal case with a 1024-byte frame
Using (1), we illustrate in Fig. 1 the MAC efficiency whilesize. The x-axis represents the PHY rate. The y-axis represents the ratio of
the PHY rate is increased from 54 to 432 Mbps. Here, {2 ideal throughput to the PHY rate.
MAC efficiency represents the ideal throughput normalized
to the PHY rate. As we can see, the efficiency decreases
dramatically as the PHY rate increases. Moreover, even thouglrst contends for the channel access, the other frames are
the PHY rate is infinitely high, the MAC efficiency is still transmitted after deferring a SIFS interval. But after each
bounded by a maximum value [18]. frame, an ACK is sent back by the receiver. In [18], Xiao
To mitigate this overhead inefficiency, a Block ACK (BTA)and Rosdahl investigate the ideal case throughput and delay
scheme has been proposed in 802.11e [3] standard and 802dflthe BTA scheme. In [14], the authors analyze the saturation
proposals (e.g., [4]). In the BTA scheme, a block of framdiroughput of the BTA scheme in an infrastructure network
destined to a same receiver is allowed to be transmitted withatith the assumption that the channel is error-free.
being acknowledged. After the transmission block, the sender
initiates a Block ACK Request (BAR) frame to enquire the
number of frames that have been received successfully. Tihe Contributions
receiver then responds with a Block ACK (BA) frame. The
efficiency of the BTA scheme comes from the fact that the To the best of our knowledge, none of the existing work
overhead is greatly reduced, because DIFS and backoff ohlys focused on the ad-hoc performance of the BTA scheme
occur before the first frame of the block and only one ACKknh noisy environments. Thus, we developed an analytical
is used for all the frames in the block. model (BTA-MODEL) for this aim. The BTA-MODEL is an
C. Related Work extensi_on of Bi_anchi’s work [6] and our prior mod_el [13].
] . It provides a simple MAC layer throughput analysis based
A previous version of the BTA scheme known as BUrgl 5 saturation assumption that the MAC layer has always
Acknowledgement has been studied in [16]. In the Burst Agy,o1jogged frames. The key observation that underpins our
knowledgement scheme, only the first frame in a transmissi@ensjon is that each transmission block can be treated as

3 frame is said to be backlogged if it is in the queue between the MA& s_ingle frame of DC'_:' The_ validity of the BTA-MODEL is
and its upper layer waiting to be transmitted. verified throughNS-2simulation results.
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E. Organization

The remainder of the paper is organized as follows. In
Section I, we introduce the BTA scheme. Then the analytical
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model is described in Section Ill. Section IV presents our 12 bits 4 bits
implementation of the BTA scheme and the corresponding ‘ Reserved TID
simulation results. Finally Section V concludes this paper and (b) BAR Control field
introduces future work. 4 bits 12 bits
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II. THE BTA SCHEME

In the BTA scheme, a block of frames sent to the same
receiver is allowed to be transmitted without being acknowl- Fig. 3.
edged, each frame is separated by a SIFS period. As shown
in Fig.2(b), a backoff is generated for a transmission block
instead of a single frame. After the block, a BAR frame iossible to extend previous analysis which was designed for
initiated by the sender to enquire which frames have begie legacy DCF to study the BTA scheme.
received successfully, and then a BA frame is sent back by
the receiver to answer this enquiry. A. Frame formats

The BTA scheme is designed for improving the channel Fig. 3(a) shows the format of a BAR frame. There are two
efficiency by aggregating several ACKs together. The sendesw fields in the BAR frame. ThBAR controlfield is shown
only contends for the channel access before the first frame dharFig. 3(b). This field is used for QoS negotiation between
block. If it wins the channel contention and starts transmissiomMAC and its upper layer. Th8lock ACK Starting Sequence
the sender sends out a whole block and a BAR frame, and tt@ontrol field is shown in Fig. 3(c). The last 12 bits of this
stops to wait for the BA frame. Upon receiving the BA framedield are used to record the first frame’s sequence number in
correctly, the sender should defer a DIFS interval and a backafblock, the first 4 bits are reserved for further usage.
process before sensing the channel again. Meanwhile, all theo inform the sender which frames have been lost in a block,
other STAs should wait until the end of the BA transmissiom Block ACK Bitmapfield is designed in the BA frame as
and then defer another DIFS interval before counting dowlustrated in Fig. 4. It is a 128-byte field, thus it supports
their backoff counters for the next round of transmission. up to 128*8=1024 frames in a single block. TBéock ACK

In the case of collision, at least two STAs start transmissi@tarting Sequence Contrdield is used to indicate to which
in a slot, each of them sends out a whole block and a BABAR this BA frame responds.
frame, and then waits for the BA frame. The receivers shall )
not send back the BA frames if they can detect the collisior3; Discussion
otherwise the BA frames will be initiated. In both cases, the In the BTA scheme, an appropriate mechanism is needed
senders can not receive the BA frames successfully becatsenegotiate the number of frames supported in a block. In
collisions also happen for the BA frames, and then the sendarsinfrastructure mode, this initialization can be controlled by
have to retry their transmission again. the Access Point (AP). AP periodically polls all the STAs

In the erroneous case, the sender sends out a whole blgtlts management range to broadcast the start time and the
and a BAR frame. The receiver then sends back a BA framamber of frames in one block. All the STAs just accept AP’s
to indicate which frames are corrupted. If the sender receivassignment. In an ad-hoc network, however, the BTA scheme
the BA frame successfully, those correctly transmitted framéas to be initialized in a distributed manner. To this aim,
in the block will be removed from the sending queue and&02.11e [3] proposes to use a four-way handshake. Before
new block will be constructed for next round of transmissioreach block transmission, the sender sendédah Block ACK

It can be seen that the BTA scheme operates in a simiRequestrame to the receiver which should respond with an
way to the legacy DCF. In particular, we may regard a blockCK, and then the receiver sends Add Block ACK Response
in BTA as a frame in DCF because both of them are treaté@me to the sender which should respond with an ACK.
as a unit of operation. This understanding suggests that it isSecond, BTA can be used as a solution for the multi-
rate problem in CSMA/BA based networks. Recently, [9] and
[15] have showed that a CSMA/CA based network distributes
transmission probabilities fairly amongst all the STAs. Thus, if
STAs have different rates, the final throughput for all of them
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(b) The Block ACK (BTA) scheme ‘

Fig. 2. The DCF and BTA schemes. Fig. 4. Format of the Block ACK frame.



will be the same. This fairness is in fact not fair for the fast |
STAs because they should achieve higher performance than
the low ones. In this case, BTA can be used for the fast STAs

to transmit multiple frames once they obtain the transmission

opportunities.

Success | PHYhdr Frame | SIFS | PHYhdr | BAR | SIFS | PHYhdr |BA| DIFS

Frame | SIES & -+ | PHYhdr

Frame [SIFS f.... [PF Tame | SIFS | PHYhdr | BAR EIFS

IIl. AN ANALYTICAL MODEL Collision |pivhar

T, all frames corrupted

In this section, we present an analytical model to compute c
the saturation throughput for the BTA scheme.

We consider an ad-hoc network where all the STAs can

Error

PHYhdr | Frame |SIFS |- PHYhdr | Frame |SIFS [PHYhdr | BAR | SIFS | PHYhdr [BA | DIFS

hear each other. In such an area, collisions occur only when T,: some frames corrupted
at least two STAs start transmission at exactly the same time.
Transmission errors occur when only one STA is transmitting Fig. 5. Time durations in the BTA scheme

in a given slot, but the transmission can not be received
correctly because of channel noise. We assume that the PHY
headers are always transmitted successfully given the fact that

they are usually transmitted at the basic hence the safest rate7; = o

[1]. We also assume that the transmission of the BAR and BA Ts = Ny (Ty +Tsirs) +Tprrs +

frames is always successful. (Tvar + Ts1rs + Toa) + (Ny + 2)(TPHY har + 6)
T = Ts
Tc = Ny -(Ty+Tsirs)+Terrs +

A. Saturation Throughput (Tvar + Ts1rs + Toa) + (No + 1)(TPHY hdr + 0).

Based on previous work [6], [17] and [13], we have de-

signed an analytical model for the BTA saturation throughput we then turn to calculate the corresponding possibilities for

Spra, Which is defined as the payload size of the successfullye siot durations. Let andn denote a STA's transmission

transmitted framefZ[L,4] in an expected slot duratioB[T].  probability in a slot and the number of STAs in the system

respectively.

ElLpial @  Firstly, for an idle slot, a single STA does not attempt
E[T] transmission with probabilityl —7), and then all thes STAs

in the system keep silent with probabilify; = (1 — 7)" as

shown in (3).

Secondly, letp*® denote a single STASs error probability

Spra =

We first compute the expected slot duratiBfi’]. There are
four types of durations in the BTA scheme as shown in Fig.?o. e

First, if none of the STAs transmit any frames, they all wait ran entirg block, .th(.an the successful probability can be ex-
for a d’urationT- — &, whereo corresponds to t'he idle slotpressed as in (4). Similarly, we get the system error probability

interval Pe in (5).
' Finally, since these four events (idle, success, collision and

Secpnd, IetTS. denote the duration quring which a Who'%rror) are mutually exclusive [10], collision probability for a
block is transmitted successfully. In this case, only one ST&ciem can be defined as in ().

transmits and its transmission is always successful. The chah-

nel state shall be kept busy in a duration which is equal to Pr=(1-7)" 3
the duration of a block of frames’ transmission plu§, - 1)
SIFSs, a BAR and a BA transmission, whé¥g denotes the Ps=mn-(r(1—7)""1). (1 —pbte) (4)
number of frames in a block.

Third, let T be the duration in which at least one frame Pg=n-(r(l—7)""1). pbe (5)
in a block is corrupted due to the channel errors. The sender
shall not stop transmission and the receiver shall respond with Pg=1—P; — Ps — Pg. (6)
a BA frame. Then the other STAs defer a block and a DIFS
duration.

Let p. denote the Packet Error Rate (PER) of a frame. The

Fourth, letT- denote the collision duration in which at leas Srobabilitypgt“ can be expressed as:

two STAs start transmission simultaneously. No BA fram
are initiated by the receivers in this situation. All the other bla _ 1 _ (1 — p,)No )

STAs except the senders and the receivers defer for an EIFS Pe Pe)

(Terrs = Tsirs + Tpaynar + Toa + Tnrrs) interval. The pe can be computed if the bit error distribution is given.
slot durations can be expressed as follows. We use the discrete-time, memory-less Gaussian channel as an



example. In such a channel, the bit errors independently and/_m'”wl’

identically distributes over a frame [8]. Lét; andp, denote k1, ke i— ee1ow 2 kifow 1]
the frame size and the bit error rate (BER) respectively, then
pe is defined as:

pe=1—(1-py)*s, (8

where thep, is assumed to be known by the MAC layer.
In reality, it can be measured by the PHY layer. If the
p, Measurement is not available, thgn can be calculated
instead.

Although the memory-less Gaussian model is unable to —
capture the fading characteristics of the wireless channel, it sl J m e e e e e <t{mw, 2fer{mw ;1
widely used to model wireless channels due to its simplicity.
Moreover, if interleaving is employed, the BER will become Fig. 6. The Markov chain used in this paper

Gaussian-like.

So far we have known all the variables excepin (3-6). ._ . _ _
Let p; denote the probability of doubling contention windowprobability 7 is constant in every slot time. Second, at each
after a failure transmission. The probabilitcan be expressedtransmission attempt, regardless of the number of retrans-
as a function ofp;, and we can find another function offor missior?,. each frame is lost with an independent constant
p;. Both of them are obtained from a Markov chain that iBrobability p;. _ o _ _
similar to the one in Bianchi's paper [6]. We will explain this Under these assumptions, the bi-dimensional stochastic pro-

Markov chain in section I1I-B. cess{s(t),b(t)} forms a Markov chain as shown in Fig.6. In
Finally, all the variables in (3-6) have been defined. TH&Is chain, all the states are ergodic because they are aperiodic,
saturation throughpu$ 4 can be expressed as: recurrent and non-null, thus a stationary solution exists [10].
Given the stationary distribution, we can solveandp; with
Sppa = Ps Ly + Pg - E[Ly] © this Markov chain as follows.

PrTy + PsTs + PpTg + PoTc’ Let us consider the first formula fer; and. In the Markov

chain abovep; stands for the probability that the contention
whereE[L;] stands for the expected frame size successfullyindow is doubled because of either collisions or errors.

transmitted in an erroneous case. Letenote the number of Bianchi's paper assumes there are no errors in the channel,

the corrupted frames, based on the same time-less Gauss@p; = p. = 1 — (1 — 7)"~* wheren stands for the number

assumption theZ[Ls] can be expressed as: of STAs in the system. We add the impact of transmission
errors in this paper. If the contention window is reset after
N, o I .
_ NoN i \Ne—i nr an erroneous transmission, thep = p.; if the contention
E[Ly] —;( )@t (L= p) M TNy i) Ly 0 e oubled, thew; = pe + pe — pe - p. Wherep, is

defined in (8). In this paper, we reset the contention window
. after errors occur because errors occur when one and only one
B. The Me_lrkov .Cham. o _ STA is transmitting.

In [6], Bianchi first introduced a bi-dimensional stochastic Now, we introduce the second formula fop and 7. The
process{s(t),b(t)} to model the backoff behavior of thetransmission probability in a slot time should be the sum of
legacy DCF. Procesi(t) represents the backoff counter, ang| the probabilities of the contention window decreases to zero
it is decremented at the beginning of each slot. For an idi¢ 5| the backoff stages. l.er, = 27_’:0 b; o Wherem is the
slot, the time scale ob(¢) corresponds to a real slot time.maximum backoff stage as definEdéWm(;x — 2" CWoin,

In a collision slot, however)(t) is frozen for the duration andb; ¢ is the probability of the contention window decreases
of this transmission. Whenevei(¢) reaches zero the STAtg zero at the stage Bianchi's paper assumes that a frame
transmits and starts another round of backoff regardless @ be retransmitted infinite times, which is inconsistent with
the outcome of the transmission. The new backoff starts frafe 802.11 specification [1]. Wu et al. loosed this assumption
a value selected randomly from O to contention Wln_c(dW. in their work [17]. We use formulas (8) and (9) in [17] to
The CW shall be reset after a successful transmission aggjvep, .

be doubled up to a maximum valueW., for corrupted  Finally, with these two formulas, a closed form solution for

cases. This implies thak(t) depends on the transmission, . andr is formed and both of them can be solved. Therefore,
history, therefore is a non-Markovian process. To overcomg find the last variable required in (3-6).

this, another process(t) is defined to track the contention
window size. IV. EVALUATION

This bi-dimensional stochastic process is a Markov chainWe implemented the BTA scheme in the network simulator
under the following two assumptions. First, the transmissid¥iS-2[5] to validate our analytical model. In this section, we



introduce the implementation and the simulation results. Tlentention window will be reset for both successfully and
experiment parameters are listed in Table I. erroneous transmission.

First of all, in the NS version 2.27 [5] that we used, the In the case of collisions, receivers do not initiate the BA
PHY headers are transmitted with the same rate as the dasenes. After a transmission block, senders wait until the BAR
part. However, the IEEE 802.11a [2] specifies that the PHiimeout and retransmit the entire block.
headers should be transmitted witl2yw.s no matter what the .
data part length is. We changed tN&-2codes according to A. Numerical Resuits
the specification. First, we show the validity of the BTA-MODEL in Fig.7.

Second, all the STAs are simply put on a line becaudde curves for the BTA-MODEL is obtained from (9). The
topologies have no influences on the analytical results. HolyS-2simulation results are obtained by running each test three
ever, we need to guarantee that there are no hidden termifdes with a fairess index > 0.90. To reduce simulation
in the network. This can be accomplished by assigning enougie. the IEEE 802.11a (6Mbps PHY rate) is used to verify
power for each STA, so that all of them can hear each oth&e model. From the results we can see that the BTA-MODEL

Third, we need to ensure that all the STAs achieve thgaiches thNS-2simulations very well.
same throughput because all of them are modelled by a singlé" the next step, we show the superiority of the BTA
Markov chain in the BTA-MODEL (The same requirement i§cheéme by comparing it with the legacy DCF. To this end,
needed in Bianchi's model). To gauge whether this fairnedsmodel for the legacy DCF scheme is required. We use the
goal is reached in théS-2 simulations, we use the Jain-sERR—MODEL that have been developed and validated in our
faimess indexl [12] which is a real value between 0 and 1Previous work [13]. To compare both schemes, we assume the

In particular, given n STAs in the system, Jain’s fairness ind&@me conditions for both of them. In particular, the definitions
I is defined as: of collision and error are the same, and only the data frames

will be corrupted in the case of errors. The BAR and BA
(X, 8i)2 frames in the BTA scheme and the ACK frames in the legacy
- n-y o, 5% 11 DCF are always transmitted correctly. Meanwhile, the ERR-
MODEL has two differences with the BTA-MODEL. First,
wheren stands for the number of STAs arfij stands for ACK duration is used instead of the BAR and BA durations.
the throughput of STA. When every STA achieves exactly the>econd, EIFS rather than DIFS is deferred for the erroneous
same throughput] is equal to 1. In our simulations, we runfransmission, and’zrrs = Tsirs + Trayhar + Tack +
each test for a duration that is long enough to obtain a fairneks:#s- Consequently, the slot durations for the ERR-MODEL
index I close to 1. If only one STA happens to dominate thare":
channel entirely/ approaches /n.

1

Finally, we introduce our implementation as follows. We T = o
implemented the BTA scheme by changing the MAC layer Ts = Taata +Tsrrs +Tack +Tprrs
running logic, adding @itmap array a sending queueS@ +2- (TpHYhar + 6)
and a receiving queudR@). Thebitmap arrayis for recording Tg = Tpuvhdr +Tdata +TEIFs +0
the number of frames that have been transmitted successfully. Tc = Tg.
The Sgand theRqgare used to save frames temporarily at the (12)

MAC layer. For convenience, létsq, tsq hrg andtrg denote
the head of theSq the tail of theSq the head of th&Rgand The corresponding probabilities are listed in (13). Thus

the tail of theRq respectively. the saturation_throu?hput for the legacy DChH¢cr can be
The sender stores a frame from the upper layer athe expressed as in (14).

and checks whethelN, (the number of frames in a block) Pr=Q1-7)" o

frames have been transmitted. If so, it constructs a BAR frame iz - Z -. ((TT((l1 - TT)) nil)) .' ;1 — DPe) (13)

at the MAC layer and transmits it. Otherwise, the first frame Po=1— Py — Ps — Pg. ‘

at thehsq shall be popped out and be transmitted.

On reception of a data framg;, the receiver checks its
correctness and updates accordingly ltiitenap arraywhose Spor =
length is equal talV,. afterwardsf; is appended at thégq

if it has not been received before. fi has been in th&kq hen show th . its in Fi
but marked as erroneous, the receiver updates its flag. UpoNV€ then show the comparison results in Fig.8. Here, we use

receiving a BAR frame, the receiver responds with a BA franjg€ Parameters of the propose(_j IEEE 80?.1ln specification. As
containing thebitmap array Then thebitmap arraywill be expected, BTA achieves considerable higher throughput than

reset for the next round of receiving, and all the correct tI Iekga};:yhalterr_watlvel when fthere 'S mobrle trl:anhon_e f;r"?‘me n a
received frames alirq are transferred to the upper layer. ock. It there is only one frame in a block, the Inefficiency

After receiving a BA frame, the sender removes all the 4The ERR-MODEL in [13] has five time durations because transmission
frames that have been received successfully fromSthelhe errors of ACK frames are also considered.

PS . Lda,ta
PiTr + PsTs + PETg + Pc'lTo

(14
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Comparison of model and simulation results for the BTA schem@imber of STAs from 5 to 80, and keeping frame size, PHY rate, frames in

with a 1024-byte frame size. The other parameters of the IEEE 802.11a arblock and retry limit as 1024 bytes, 216 Mbps, 16 and 4 respectively. The

listed in Table I.
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other parameters of the IEEE 802.11n are listed in Table I.
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