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Abstract— Throughput, delay, and fairness are three most an extensive performance evaluation of DCF by varying the

important performance metrics in IEEE 802.11-based wireless gystem parameters such as the retry limit, and the minimum
networks. In this paper, we provide a simple but precise analytical and maximum contention window.

model to evaluate the above three metrics. Different from the pe- Our Main Contributions:

vious models that have focused either on throughput or on delay,

our model is unique as we obtain throughput, delay, and fairness o In the throughput analysis, we provide a general analysis
all together. Moreover, by considering the fact that a packet about the sensitivity of the throughput with respect to the
fmay be drop;f)ed aEetr 3 fl'”'te nudmger_ of rtehtrlalsl, ‘;‘.’e d'ﬁ_t'”gu'Sh system parameters, which is not available in the published
ive cases of packet delay, and derive the relationship among - .

them. Using the proposed model, we carry out an extensive and papers..We also 'mp“?"e the preciseness of the thro.ughput
insightful performance evaluation of IEEE 802.11 under differert calculation by correcting some of the values used in [1].
system parameters. Our results show that the throughput, delg « In the delay analysis, while the published models ([3],
and fairness are quite sensitive to the system parameters being [10]) assume infinite retrials for a given packet, our

chosen, demonstrating the importance of performing dynamic
tuning of the system parameters in IEEE 802.11. Moreover, the
optimal values of the parameters are inconsistent with each other
for different performance metrics, implying that some tradeoff
among the metrics must be made in the dynamic tuning. Finally,
our results also show that the previous models have overestimated
the throughput as well as the packet delay.

model considers the fact of finite retrial in IEEE 802.11.

Moreover, we have defined five kinds of delay and derived
the relationship among these delays. Our analytical result
show that these delays have very different values, show-
ing the importance to distinguish them. Such an analysis
is original and novel and has not been appeared in the

published models on delay analysis.
« We have carried out an original fairness analysis based
on the the probability distribution of the delay that is

I. INTRODUCTION

Recently, wireless local area networks (LAN) and wireless
ad-hoc networks have attracted considerable research inte optained in the delay analysis. The fairness analysis of
est. IEEE 802.11 [4] is the de facto standard for Wireless |EEE 802.11 has not been done by the published models.
LANSs, and it defines two MAC protocols: Point Coordination . Through an extensive performance evaluation of DCF
Function (PCF) and Distributed Coordination Function (DCF based on the proposed model, we gain several insights
DCF is a Carrier Sense Multiple Access/Collision Avoidance  apbout the behavior of IEEE 802.11. We arrive at several
(CSMAICA)-based MAC protocol. Due to the distributed na-  conclusions that are contrary to those obtained in previous
ture, DCF is also popularly used in wireless ad-hoc networks  models. For example, we find that the previous models

In this paper, we focus on the performance evaluation of assuming infinite retrials have overestimated the delay,
the DCF MAC protocol. Throughput, delay, and fairness are  and thus led to misleading conclusions. Our results also
the three performance metrics that are of great interessto U have great implications on the dynamic tuning of the
Most of the published work on the performance analysis of system parameters in IEEE 802.11.

DCF focused either on throughput or on delay. In contrast, The remainder of the paper is organized as follows. In
in this paper, we develop a simple analytical model that &ection II, we describe the basic techniques of IEEE 802.11.
able to evaluate the above three metrics all together. Offfe analytical model is presented in Section IIl. A thorough

model assumes that a station transmits in a randomly chog@ififormance evaluation is carried out in Section IV. Future

slot time with an independent probability, and the packet work and related work are given in Section V. The paper is
being transmitted experiences a collision with an indepahd ~oncluded in Section VI.

probability p. In fact, 7 andp characterize the main feature of

the binary exponential back-off (BEB) algorithm used in DCF Il. BASIC TECHNIQUES INIEEE 802.11 DCF

and they can be obtained using the published models (e.g.The DCF defines two methods for accessing the medium:
[1]). With 7 andp, we carry out the analysis for throughputthe two-way handshake and the four-way handshake. In the
delay, and fairness. Using the proposed model, we carry dwb-way handshake, the sender first transmits a Data frame to



the receiver, which responds with an ACK frame if it receive8. Modelling Binary Exponential Back-off

the Data frame correctly. On the other hand, in the four-way |, [1], by modelling the stochastic process representing
handshake, a sequence of Request To Send (RTS), Cleaglo pack off counter at a given station as a discrete-time

Send (CTS), Data, and ACK frames, is transmitted for thg, .y chain, the values of two parameters that charaeteriz
transmission of every single data packet. . the binary exponential back-off (BEB) algorithm are ob&in
_ The IEEE 802.11 adopts the well-known Binary EXponenrpe first parameter is theansmission probability r, with
tial Back-off (BEB) algorithm as its Contention Resolutionyhich 5 station transmits in a randomly chosen slot time. The

(CR) mechanism, which is described as follows. Whenevgg ong parameter is theonditional collision probability p,

an attempt to transmit a packet fails, a retransmission \igresenting the probability of a collision experienced sy

scheduled, unless a retry limit (say) is reached. Every ket given that it is transmitted on the channel.
station maintains a Contention Window (CW) and a back- |, the calculation ofr, the author in [1] did not consider

off time _COF‘”ter- Beforg every transmission (includi_ng e frame retry limit used in IEEE 802.11. In light of thisgth
retransm|.SS|on), the station first backs Off by a time adogrd authors in [12] have extended the model by considering the
to Equation (1), unless the back-off time counter alreadyyry jimit. According to [12],~ can be expressed in Equation
contains a non-zero value, in which case it is unnecessagy “\which is displayed on the top of the next page.

to generate a new random back-off counter. Moreover, the relationship betweenandp is as follows,

Backof f Time = Random() x SlotTime Q) p=1-(1—7)1 (4)

The SlotTimeis specified by the physical layer, and the Egquations (3) and (4) represent a nonlinear system with two
randomvalue is uniformly distributed over the ranffe CW].  ynknownsr andp, which can be solved using numerical tech-
For the first transmission attempt of a packet, ti&V is pjques. With these two parameters, many performance raetric
set to CWy,i,,. Whenever a retransmission is initiated, th@an pe obtained. In the following subsections, we discuss ho
CW is increased. Th&'W increases to itsnaximumvalue the throughput, delay, and fairess can be obtained. Nate th
aftel’m retl‘ieS. After that, the CW remains at the maXimurfhe discussion below can also be made based on any other

value until the retry limit (Iem) is reached. Once the retrymode| (e.g., [2]) as |Ong asandp can be obtained from the
limit is reached, the packet is dropped, and the CW is res@bdel.

to CW,;n. The CW is also reset t@'W,,;, whenever a

transmission attempt is successful. For convenience, We @ Throughput Analysis
a retransmission attempt asstage If we denote thestage
numberby indexk, which is in the rangg0, m]
be expressed as:

Now we calculate the normalized system throughput
,the CW can yefined as the fraction of time that the channel is used to

successfully transmit payload bits. The description irs thi
. , subsection mainly follows from [1], except that we provide
W — { (CWiin +1) x 28 =1 0 < k<m (2) Clearer insights in the model.

(CWiin +1) x2™ =1 m <k<m To computeS, we need to analyze what happens on the

] ) o shared medium in a randomly chosen slot time. The slot
When a station (safl) is transmitting a packet, the othery,y correspond to an idle slot, a collision, or a successful
stationsfreezetheir back-off counter. After statiofd com- transmission. LePigic, Prot, and Puue. be the probabilities

pletes the transmission of the packet and thus the mediym; 5 randomly chosen slot corresponds to an idle slot, a
becomes idle, all the contending stations first defer for &DGCq)ision. or a successful transmission respectively.

Inter-Frame Space (DIFS) period. Then, sta_M?lge_nerates a tis easy to see thaP,y. is equal to the probability that
new random counter and backs off before it initiates another . . ¢ tha 1, stations transmits on the shared medium in a
transmission. On the contrary, the other stations simpynmee
to count down from theifrozenback-off counters. Contrary
to a successful transmission, when a collision occurs hall t Pge =(1—1)" (5)
colliding stations will generate a new random counter.

randomly chosen slot time. Therefore,

Clearly, if there is a successful transmission in a randomly
. ANALYTICAL MODEL chosen slot time, it means thakactly onestation transmits

on the shared medium in the slot. Thereforg,,.. can be
In the analysis, several popular assumptions have begpressed as,

made: (1) There are a finite number of stations (gayn the -
network, and all the stations can hear each other (i.e.|esing Psyee =n7(1 —7)" (6)

hop network); (2) Stations are always backlogged, Meaningy . iously, whenever more than one stations transmit on the

that a station always has packets waiting to be transmitt%qfared medium in a randomly chosen slot time, a collision
(3) Ideal channel conditions (i.e., no transmission error Bceurs ThereforeP., is '
. co H

capture); (4) RTS/CTS handshake is used; and (5) The data
packets have a fixed length. Pou=1—(1—=7)"=nr(1—7)""! @



201-2p)(1—p" 1) :
L] WOEET A sz msm 3
= 2(1-2p)(1—p™*1) o ®)

W (1= (2p)™ F1)(1=p)+(1=2p) (L—p™ + 1)+ W2 pm 41 (1-2p) (L—pm =)
whereW = CW,,in + 1.

Now, let o, T,,, and Ty,.. be the duration of the slotis large (compared to the first term of the denominator, i.e.,
corresponding to an idle slot, a collision, or a successfuhity). Similarly, S is sensitive t0P;4./Psucc Only when
transmission, respectively. Therefore, the average iduratthe constant/Ts,.. iS large. The sensitivity analysis gives
(represented by’,.,) that a generic slot lasts is, an idea whether dynamic tuning of the system parameters is

. necessary or not. For example Sifis insensitive to the system
Tavg = Fiated + PouceTouce + FeotTeol ®) paramete);s, it may not be n%cessary to do any dynan){ic tuning
Now, the throughpufS can be calculated as, of the parameters.
' _ o _ As mentioned in [1], the above analysis applies to both the
§ = Dleayload infomation Gansmitted o slot timel two-way and four-way handshakes. To specifically compute
PouecxE[P] _ Pyuee X E[P) ©) the throughput for a given handshake, we only need to specify

Tavg Piaieo+PsuceTsucetPeotTeol the corresponding values @f.,; andT;,... Note that the idle
where E[P] is the average payload size (in terms of timéglot time o is specific to the physical layer, e.g., 26 for
units, e.g.,us), and thusP,,... x E[P] is the average amount Direct Sequence Spread Spectrum (DSSS) [4].
of payload information successfully transmitted in a gener The specific values offs,.. and 7., for the four-way
slot time. handshake are as follows,

By dividing the numerator and denominator of Equation (9{

Toyce = RIS+ CTS + Data+ ACK + 3SIFS + DIFS

by P;..c, the throughput can be expressed as follows,
T.i = RTS+ DIFS+ SIFS+ CTS

E[P]
S= Peol Pidie (10) . T (12)
Tsuce + p22Teol + p220 It may be noticed that the above expression is different from

The above formula is quite intuitive. The denominatoih@tin [1]. First, the propagation deldyis no longer included
represents the average amount of time spent in order towebsdf the above formula since the Short Inter-Frame Space (SIFS
a successful packet transmission on the channel. Spelificdl@s already containedaccording to the standards [4]. Another
we can view the packet transmissions on the channel as #fgerence is that in the expression @, we have added
bernoulli trialswith a success probabiliti,.... Therefore, the @n additional term,STFS + CTS. As stated in [1], Teo
number of slots (including the slot for the successful tnaiss IS the period of time during which the channel is sensed
sion) required to observe a successful transmission isngiv@!Sy by thenon-colliding stations. After a collision, the
by the geometric distribution. Clearly, the average numbgplliding stations wait for a time equal 07'STimeout (or
of slots required is simplyl/Psuc.. Out of these slots, the ACKTimeout in the. two—way handshake case). On the other
average numbers of idle and collision slots &g, / Psuc. and hand, the non-colliding stanon; defer by an Extgnded Inter
Pyot/ Peuce, Tespectively. In addition, there is one slot for th&Tame Space (EIFS) value since they cannot interpret the
successful transmission. Moreover, as mentioned befbee, fontents of the colliding frames. Moreover, the EIFS value
duration of the idle, collision, and successful transoissilots 1S €qual toDIF'S + S1FS +TaTime(ACK), which is large
are o, Typr, and Tsyee, respectively. This explains Equationenough for the complete transmission of the CTS or ACK

(10). frame (note that CTS has the same length as ACK). Therefore,
The throughputS can also be expressed as follows, if CTSTimeout or ACKTimeout is set to the time needed
E[P]/Tuce for the transmission of the CTS/ACK frame (which is true in
S= Ty | P (11) the popularly adopted NS-2 simulator), théh,,; for all the

1 Peot o dle s _O
TP Tonee T Pruce < Touee

succ

stations, whether involved in the collision or not, will Heet
The sensitivity of the throughput to the system parametesame. Therefore, th€ F'S+CT'S term should be included in

(€.9.,CWiin, CWpae, andm) can be easily analyzed fromZ,,;. Clearly, the above modifications are important to obtain

the above formula. ClearlyE[P], Tsuce,» Teoi, @and o are a more precise value of the throughput. The model in [1]

independent to the system parameters. On the other hapnagrestimates the throughput as it uses a smdllgr

as known from equations (5), (6) and (7), the values of .

Proty Pouce, and Pig. depend onr and p, which themselves - Delay Analysis

depend on the system parameters (see equations (3) anith IEEE 802.11, there is no queue at the MAC layer

(4)). Therefore, we only need to discuss the sensitivity d@self, and thus IEEE 802.11 standards have not specified any

the throughput with respect t&.,;, Psyce, and P;g.. From queuing mechanisms. However, normally there should be a

Equation (11), we know that the throughptitis sensitive to queue at the top of the MAC layer. Therefore, in general, the

the value of P.,;/Psyc. Only when the constar,,;/Ts... delay that a packet experiences should include two paets, i.



the delay experienced in the queue and the delay experienbetb stage 2) before it is transmitted successfully, and the
at the MAC layer. We only focus on the MAC layer delayback-off counter (represented By, B1, andBs, respectively)
Since there aremultiple stations contending for the sharedjenerated at the stages are 3, 4, 2, respectively.
medium and IEEE 802.11 DCF israndomaccess protocol, From the figure, it is easy to find that the back-off counter
the MAC layer delay is aandom value, which requires a at the given station decrements by one after every slot ime i
detailed analysis. Five types of delay at the MAC layer atbe slot corresponds to: (1) an idle slot, (2) a collisionazsn
relevant to this analysis, which we will discuss in a littlaile.  other stations, or (3) a successful transmission betwatber

As we know, in IEEE 802.11, if a packet is handed tetationd. Since we know that the duration of the idle, collision,
the MAC layer from the upper layer, the packet may band successful transmission slots are 7., and Ty,
transmitted successfully in one or several trials, or thekpn respectively, we can easily get the delay that is contribute
will be dropped if the retry limit is reached. In both casedyy the idle slots, as well as by the collisions among other
the MAC layer will notify the upper layer about the finalstations, and by the successful transmissions of otheoissat
status of the packet (i.e., transmitted successfully oppied). For instance, in the above example, during the back-offggec
Therefore, the MAC layer delay should be defined to be tlier the given packet, the number of idle slots is 4, while
time intervalfrom the instanthat the packet is handed to thehe numbers of collisions and successful transmissionsigmo
MAC layerto the instanthat the upper layer gets a notificatiorother stations are 3, and 2, respectively. Therefore, tfeyde
from the MAC layer regarding the final status of the packetontributed by the back-off slots o + 3T.,; + 2T suce- IN
Accordingly, we can define the following four kinds of delaysaddition to this, the delay,, .. should include the time spent

Delay D;,..: if a packet is successfully transmitted, whabn the collisions that the given statiaself is involved, e.g.,

is the delay experienced at the MAC layer? 2 x T, in the above example. Finally, thB,,,.. should also
Delay Dy,op: if @ packet is dropped, what is the delayinclude the time needed for the successful transmission of
experienced at the MAC layer? the given packet, i.eJsuc.. Therefore, the delayD,,. is

Delay D,, i f,: combining the above two cases, what is théto + 37,0 + 2Tsuce) + 2Tcor + Tsuce- In the following, we
delay before the upper layer will get a notification from therovide a formal method to calculate;, .. for a general case.
MAC layer about the final status (transmitted or dropped) of
the packet?

Delay D, iersuce: from the viewpoint of an upper layer at a —
givenstation, what is the delay between two successful packet”
transmissions?

Note that in the definition ofD;,;ersuce, the successful Fig. 1. lllustration of Delay for Successful Packet

transmissions must belong to a single station only. Also, asL ¢ B be the random back-off nter generated at st
shown later,D;,iersuce 1S directly related to the throughput et 5; be ne rando ack-olt counter generated at stage

that a single station gets, from which we can obtain the total and let5(5) b? thesumof the back-off slots generated at
system throughpuf5 that has been derived in the previoué;tages from 0 tg. Therefore, 4
subsection. B(j) =>1_¢Bi (13)

At last, to show the error introduced by the infinite retrials . . o
assumption [3], [10], we are also interested in the follayin, We know thatB; at stage foIIow; the uniform dlstnbutpn
delay: in the _range[O,CWi], WhereCWils expressed by Equation

Delay Diy pinize: if we assume that a packet will always(z)'_ It is easy toiget the probab.lllty mass function (pmf) of
be retransmitted (i.e., infinite retrials) until it is tranted 5(/). Which is simply aconvolutionof the pmfs of all B;

successfully, what is the delay experienced at the MAC myefherei € [0, j]. Clearly, B(j) is in the range of0, B(j)max,

Ly ‘
In the following subsections, we discuss how to comput¥N€reB(i)maz = > i CWi.

the above delays. In the calculations, we assume that theonce the probability that a transmission experiences a

packet handed to the MAC layer must experience the bacqgllision is p, the probability that a packet is successfully

off process, though the back-off process is unnecessaheif fransmitted at stagg (starting from stagé) is,
shared medium is idle at the instant the packet is handed to Poce(j)=p" x(1—=p) 0<ji<m (14)

the MAC layer. However, under the saturation condition, the - )
probability of such an event should be very small and thus weMoreover, the probability that a packet is dropped because
can safely ignore it. the retry limit (i.e.,m) is reached is,

1) Derivation of Dgy..: Clearly, Dy, .. depeno!s upon the Pirop =1 — Z;"ZO P x (1—p)=pmt! (15)
number of back-off stages that a packet experiences, as well _ - ]
as upon the back-off counter generated at each stage. Figure€t Psucc(j; b) be the probability that the packet is success-
1 gives an example of the back-off process experienced By transmitted at stagg (0 < j < m), and the sum of the
a packet at a given station. In the figure, the shaded blocks _ . -~
In fact, according to IEEE 802.11, corresponding to a doltisor a suc-

represent the events in which _the given node is involved. lpsqy transmission, the counters at the stations do noement. However,
the example, the packet experiences three stages (from stiag imprecision caused by such an approximation is insignifica

| Dyuee

‘New pkly‘:dle‘ Col ‘ Succ | Col |Idle‘ldle‘ Col ‘ Suce | Col |Idle‘ Col | Succ |New pkl‘

3 | B=4 By=2 By=?



back-off slots generated up to stages equal tob. Therefore,

Psucc(4,b) can be expressed as, L 1 m L
Dsucc = Tsucc+W Z[Tavg XB(])+] XTcol]Ps‘ucc(j)
Paucelib) = Pauceld) x Pr(B(j)=b) 0<j<m (16) s (21)
Similarly, let Py, (b) be the probability that a packet iswhere B(j) is the average of3(j), and can be expressed as,
dropped, and the sum of the back-off slots generated up to W _ B(j)max _ T CW; 22)
stagem is equal tob. Therefore,P;,,,(b) can be expressed 2 2
as, From Equation (21), we can easily calculate the value of

B B Dy, Under any given set of system parameters.
Pirop(b) = Parop x Pr(B(m) = b) 17 With the probability mass function of the delay expressed
Since D, represents the delay of a packet that is subY €quations (18) and (19), we can compute other important

cessfully transmitted, we should only consider the packets MELrcs, such as the standard deviation of the delay.

are successfully transmitted while excluding the packess t 2) Derivation ofDgy,,: Similar to the derivation 0D,

are dropped. Therefore, we define the following condition/€ Présent an example in Figure 2 for the case that a packet
probability, P;ucc(j’ b), which represents the probability thatwnl be dropped. As shown in the figure, in contrast to the case

the back-off process for a packet ends at staged the sum of a successful transmission, if a packet is dropped, thk-bac
of the back-off slots generated up to stagés b, given that off process experienced by the packet must reach the retry

the packet is successfully transmitted. Therefore, limit (i.e., stagem).

. D
P’ ( ‘ b) B Psucc(], b) (18) drop Eropped
suce\J> - 1— P |New pkt [Idle| Col | Succ | Col |Idle|=====-~ Succ (ldle| Col |Idle|Idle| Col Anotherl
drop
By=3 Bi=5 B,=2 By="?

As a generalization of the example given in Figure 1, the
corresponding delayD.....(j,b), which represents the delay
of a packet that is successfully transmitted at staged the
sum of the back-off slots generated up to stgge b, is as  To computeDy,,, which represents the delay of a packet
follows, that is dropped, we define the following conditional proligbi

Dsucc(ja b) = b X Tavg +j X Tcol + Tsucc (19) as done n t,he derlvatPl)()n dé-l);;ucc’

. N Pirop(b) = =22 = Pr(B(m) =b) ~ (23)
Note that there is an approximation in the above equa- Pyrop
tion, that is, we have simply usebl x T;,, t0 represent ynhere Parop(b), Pirep, and B(m) have been defined in
the duration of theb number of back-off slots. In fact, if, equations (17), (15), and (13), respectively.
among theb number of back-off slots, there abg,; number  The corresponding delay, using the same approximation as
of slots COfreSpOﬂdlng to CO||ISIOH$SUCC number of slots in Equatlon (19)' can be expressed as fO||0WS,
corresponding to successful transmissions, apd number D B — b 24
of idle slots, the delay contributed by tthenumber of back- arop(b) = b X Tavg +m X Teor + Teor (24)
off slots is (beorTeor + bsuccTsuce + bized). The random  The above two equations express the probability mass
variablesbeor, bsuce, biaie, and b can be characterized by afunction of the delayDg,..,. The average oD, is,

Fig. 2. lllustration of Delay for Dropped Packet

multinomial probability distribution. However, it makehet B(M)maw
analysis extremely complex. Moreover, the error introduog Drop = D gyop(b) x P(;mp(b) (25)
the above approximation is very smalltifis relatively large, b=0

Wthh iS norma”y true in IEEE 802.11. For eXampIe, When the After some Simp'e StepS, we get the fo”owing expression’
minimum contention window is 32, the average vabshould S —
be 16 even if all the packets experience only one stage (i.e., Darop = Teor X (m +1) + Tavg x B(m) (26)
stage 0). Therefore, the above approximation is reasomabole where B(m) is the average value aB(m), and is equal to
will be used throughout this paper. B(m)maz/2-

Equations (18) and (19) express the probability mass func-The variance of the delay can be obtained as follows (note
tion of the delayD,,.. in terms of the stage number (i.g), that all B; are independent to each other),
and the sum of the number of back-off slots (itg.,Therefore,

m

the average oDy is, Var(Darop) = vag x Var(B(m)) = vag X Var(z B;)
m B(J)max ) . i=0
Dsuee = Z Z Disuce(j; b) X Pyyee(d; b) (20) = vag X Z Var(B;) (27)
j=0  b=0 i=0

After a few simple steps, we get the following, whereVar(B;) = (CW;* + 20W;)/12.



3) Derivation ofD,,.;,,: The probability mass function of

the delayD,..5, iS expressed by equations (16), (19), (17) E(P) E(P)
and (24). Note that we should not use the conditional prob- 5 = === xn = ————p = xn (31)
abilities expressed in equations (18) and (23) sifte;f, intersucc Dsuce + 1=5,, Darop

represents the delay for a general packet (that is eith@peid
or successfully transmitted). The averageldf,. s, can be
obtained as follows,

Note that in the above we obtain the system throughput by
examining the events at a typical station. This is diffeffenrn
the throughput analysis discussed in Section IlI-B, whbaee t
throughput is obtained by examining the events on the shared

m B(.j)'rna:c
. . hannel.
D’VLO,i 1 = DS’LLCC b b X PSUCC b b C .
ty jz::o bz:; [ (,9) (0] Equation (31) relates the delay, throughput, and packst los

B(m)mas .prot:jability,. and thuT itlma_yhbe ofhgrea_t importahr_lce in depglo f
ing dynamic control algorithms that aim to achieve a trafleo
+ bz:;) [Darop(b) X Parop(b)] (28) among the delay, throughput, and packet loss probability.
) ) ) 5) Derivation ofD;,, rinitc: NOow we derive the delay under
After some simple steps, we get the following expressionpe infinite retrials assumption that is adopted in [3], [103t
Pinrinite(J, b) be the probability that a packet is successfully
Dhotify = (1 = Parop) Dsuce + ParopDarop (29) transmitted at stagg (0 < j < 00), and the sum of the back-

. L . off slots generated up to stagds equal tob. Therefore,
The above result is quite intuitive. The first term expresses

the fact that the packet is successfully transmitted with a
probability (1 — P4..p) and the corresponding average delay is
Dy, while the second term expresses the fact that the pac\ll%te
is dropped with a probabilityP;,,, and the corresponding
average delay i9g,.,. We can also compute the standar
deviation of Dy, £y
4) Derivation of D;ptersuce: 1N contrast t0Dsyce, Darop,

and D, f, discussed above, we are not able to get th&infimite

probability mass function of the dela®,;,,icrsuce. HOWeVver, . )
we can get the average value Bf,e,uce. Specifically, we The above two formulas form the probability mass fupc'uon
ofathe delayD;y, finite. Therefore, the average @i, finite iS,

can view the packet transmissions at a given station as
bernoulli experimentvith the probability of failureP;,,,, and s B()man

the probability of succesl — Py;op). Therefore, to observe j5——— D b .
.. rop) . ! infinite — infinite\J, X Pzn inite 7b
a successful transmission at the given station, the number o fimit Z Z [Din finite(J; ) finite (D)

Pinfinite(jyb> = Psucc(j) X PT(B(]) = b) ] € [Oa OO)
(32)
re Py...(j) is defined in Equation (14) except that the
{fnge of j is changed to[0,00), and B(j) is defined in
quation (13). Clearly, the corresponding delay is as ¥adlo

(],b) =bx Tavg +j X Tcol + Tsucc .7 € [0,00)
(33)

. . A . . . 7j=0 b=0
trials required follows a geometric distribution. Clearthe 7m BG)
average number of trials required is simply2—. Among = . .
. . i ) ro — D . ’b X P L ,b
these trials, a fraction 0P, trials fail and the packets Jz::o bZ; [Din finite(J;8) X Pin pinite (J, D)

are dropped, and each of the failing trial lasts on an average
Dgrop duration. Obviously, among the trials the last trial must Ry Sy
be successful, and it lasts on an averagg,.. duration. + Z Z [Dinfinite(3, b) X Pinfinite(3; )] (34)

_ . j=m—+1 b=0
Therefore, the average deldy;,;crsuce CaN be obtained as, =

o0 B(j)'mam

After several simple steps, we find that the first term is

Do = Parop Daror + 1-— Pdropm simply equal to(1 — Pirop) Dsuce: This is very intuitive as
1= Parop 1= Parop explained now. Under the infinite retrials assumption, the
Diotify (30) probability that a packet is successfully t_rgnsmitted atiages
m later than stagen is equal to the probability that the packet

is dropped if the retry limit isn. Therefore, the probability
The last expression is quite intuitive. To observe a suéskssihat a packet is transmitted successfully at one of thealniti
transmission at a given station, on an average, the stasitm Stages ig1— Py,.,), and the average delay of such a packet is
1/(1 = Parop) notifications and the average duration betweepy_ — This explains the first term. After some simple steps,

two consecutive notifications iByorify- the second term of Equation (34) (let us represent it7by
Interestingly, using the above result, we can also obtan than be expressed as follows,

throughput at any single station, which is simply equal to
E(P)/Din: . Observing that every station gets the same 1

rnrersuce . . T, =P, ro Tsucc PE— Tco
throughput in a long term, if there are number of stations 2 arop| +(m+ 1 —p) it
in the network, then the total system throughgutcan be B(m)maz  CWiaz 1 T
obtained as follows, ( 2 + 2 11— p) avg]

(39)



The above term is also quite intuitive. If a packet expermuch easier as we only need to consider the states at a typical
ences more tham stages (with a probability®;,..,,), it will  station. We adopt this approach as it is much simpler but stil
first experiencem collisions. Then, the average number ofble to reveal the general trend of the unfairness, though it
additional collisions experienced is simply(1 — p) due to may not give a very precise measurement of the unfairness.
the memorylessproperty of the geometric distribution. The In the previous subsection we have already obtained the
above arguments explain the te(m + ﬁ)Tmz in Equation probability distribution of the delay (e.gD),...) experienced
(35). Now we explain the terr(‘.B(mQ)""“ JrCWQ,W1_i]3)T(wg_ at a typical _station. Thgrefore, we now only need to de-
Specifically, B(m)ma. /2 represents the average number ofelop a metric to quantify the variability of the delay and
back-off slots in the firstn stages. Then, at every additionafhus reflect the unfairness. The standard deviation is a good
stage, on an averagéW,,../2 slots are involved, and the candidate, however, it is not independent of scale (i.e, th
average number of additional stages is simiplyl —p). In the Unit of measurement) [S] as shown by the following example.
above discussion, we have assumed that once the CW reaér@isidering there are two different schemes to distribute a
its maximum value ¢W,..), it does not increase any morecOmmon resource to three users, the delays experienced by

in the remaining stages. the users under the two schemes are as follows:
From equations (34) and (35), we obtain, Scheme 141, 2, 3
Scheme 112, 4, 6
Dinfinite = (1 = Pirop) Dauce + Ta (36) Clearly, the two schemes deliver the same fairness as far as
the delay is concerned. However, the standard deviatioheof t
We can also express the average delay as follows, delay under the two schemes ay@ and 2v/2, respectively.
Therefore, if we use the standard deviation as a metric to
Dinfinite = (1= Parop)Dsuce + ParopDarop + T3 reflect unfairness, we will arrive at a misleading conclasio
= Dyotify + 13 (37) the second scheme is two times more unfair than the first one.
where It is clear that the standard deviation is not a good metric to
reflect the fairness as it is not scale independent. Now wie loo
P CWinae 1 at the coefficient of variation (COV) of the delay, which can
Ts = Farop[Touce + 37— Teor + =57 Tavg] (38) 50 reflect the variability of the delay. The COV is defined
as,

We notice tha.tDmfmte is glways larger thamD,,o1if, as Standard Deviation
well as Dgyee (SINCE Dyyoripy i always larger thamDg,..). cov = Average (39)
Therefore, in general;, inire Overestimates the delay. In 9
fact, as shown later by the numerical results, the results ofClearly, the COV under the above two schemes are the same,
Dy finite iS very misleading whenever (or Py,.,) is large. i.e., 4 implying that they deliver the same fairness. In fact,
From equations (32) and (33), we can also numericalas mentioned in [5], COV in many senses is a good metric to
obtain the standard deviation @f;, finte. reflect fairness. In general, the larger the COV is, the teoad
the delay spreads, and thus the more unfair the scheme is.
Numerically, we can easily find the value of the COV of the
IEEE 802.11 is fair in thdong-term (e.g., equal average delay from the results in the previous subsection.
delay or throughput) in aingle-hopnetwork. However, due  Since the Jain’s index [5] is @ more popular metric for the
to the randomness involved in the binary exponential backnfairness, now we discuss how to relate the COV to the Jain’s
off (BEB) algorithm, substantiahort-termunfairness remains index. If there aren number of users sharing the common

D. Fairness Analysis

even in a single-hop scenario as clearly shown in [7]. resource, and usergets a proportion of;, the Jain’s index
In general, unfairness can be measured in terms of tkedefined as follows,
throughput or the packet delay. To measure the short-term . 3 2,2
unfairness through the packet delay, an ideal way is to first Jain’s Index= W (40)
(] K2

get the probability distribution of the delay experiencedla
the stations, and then see how variable the delay is. ClearlyOn the other hand, the square of the COV is as follows,
higher variability implies a more unfair system. However, t , Variance 22 — (T)?
get such a distribution, we need to model the system state cov: = Averagé - (7)2
in a way that there is at least one separate parameter used ] .

to represent the state of each station, making the state spadNOW We can get the relationship between the COV and the
very large if the number of stations is large. On the othd@in’ index as follows,

hand, if we assume that the probability distribution of tieéagt 9 1
experienced at a given station is similar to the distributd Jain’s Index= s Id2 = [ﬁ —
the delay experienced at all the stations, the problem besom , ny it 72 T 2
(7) 1 1

(@)2 + 22 — (7)2 - 14 Z_@2 1 +Cov?2

(@)?

(41)

(42)

2Note that in amulti-hopscenario, IEEE 802.11 cannot even maintain the —
long-term fairness among the contending stations [8].



Clearly, while the COV is boundless, the Jain’s index is in There are two reasons behind the first observation. Firstly,
the range of0, 1]. However, note that the Jain’s index obtainedince the model in [1] has not considered the retry limit (i.e
from the COV in our case is not able to tell exactly how unfait assumes infinite retrials), it overestimates the thrqugh
the system is since we obtain it through the delay distrilsuti as mentioned in [12]. In fact, this can also be easily verified
at a typical station rather than through a distribution af thfrom Figure 5, which shows that the throughput increasels wit
delay experienced at all the contending stations. the increase of the retry limitn. The second reason is as
follows. As mentioned in the discussion for Equation (12),
T.,; in our calculation is larger than the one in [1]. On the

In this section, we present the performance results for théher hand,T;,.. is smaller than that in [1] since we use a
four-way handshake in IEEE 802.11 DCF under the Diretigher transmission rate for the Data frame. As a resultyin o
Sequence Spread Spectrum (DSSS) physical layer [4]. Tablealculation, the time spent on collisions increases whike t
lists the values of the parameters used in the calculatidime spent on the payload transmission decreases. The above
Rather than using the same transmission rate (i.e., 1 Mbps) &rguments explain why the throughput obtained here is small
both the Data and control frames as in [1], to closely followhan that in [1].
the standards, in our calculation the transmission ratehfer  To explain the second observation (i.e., how the throughput
Data frame is 2 Mbps while that for the control frames is thanges with the system parameters), we first need to look
Mbps. Using the parameters listed in the above table, we cainthe values ofT%..;/Tsyce @and o/Ts,e. as discussed in the
calculateE(P), Tsyce, andT,,;, which are 4096us, 5440us, context of Equation (11). In our calculatios/ T, is very
and 716us, respectively. small (i.e., 20/5440) compared to the unity, and thus the
throughputS is insensitive to the value oP, 4./ Psyce. On
the contrary,T..;/Tsuc 1S relatively large (i.e., 716/5440),
and thusS is sensitive to the value aP..;/ Psyc.. Therefore,
to explain the second observation, we only need to look at

IV. PERFORMANCEEVALUATION OF IEEE 802.11

TABLE |
IEEE 802.11 RRAMETERS USED IN THECALCULATION

col suce i .
Payload of data packet 1024 bytes the value of P.,;/P,.. under different system parameters
Data 1024 bytes + MAC header + PHY header .
s 20 bytes + PHY header Clearly, the largerP.,;/ Psycc iS, the smaller the throughput
cTs 14 bytes + PHY header is. To exemplify this, Figure 6 presents the valudf; / Psy.c.
ACK 14 bytes + PHY header when theCW,,;,, is varied. We notice that the ratio increases
;:;:ea:er 2‘895 ?S as theCW,,;, decreases or as increases, explaining why
eader es . . .
Baci ralo 1szs the throughput in Figure 3 decreases in these two cases.
Data rate 2 Mbps Now let us explain the third observation. As mentioned,
Slot time 20 us Teot/Tsuce 1S quite large in our case, and thus the throughput
— o S is very sensitive to the system parameters. In contrast,
EFS 364 08 the Teo1/Tsuce 1S very small (i.e., 8/191.36) in [1], and thus

the throughputS presented there is insensitive to the system
As shown in the previous section, the performance deperuEameters.

on four parametersy, CWoin, CWinae, andm. In all the Here, we would like to point out that in the emerging
following performance graphs, the horizontal axis repnese IEEE 802.11 standards (e.g., IEEE 802.11-b, -a and -g), the
the number of stations in the network (i.e), The vertical axis T..;/Tsucc 1S becoming larger because the transmission rate
represents one of the four performance metrics (throughpot the Data frames (which determin&s,..) is increasing
packet drop probability, delay, or fairness) while in a drap(e.g., can be as high as 54 Mbps) while the transmission
one of the three system parameters (K81, CWinae, O rate of the control frames (which determings,;) remains
m) is varied and the remaining two parameters are fixed sthall. Therefore, we expect the throughput in the emerging
their standard values. The standard values [4] are as fellowtandards to be more sensitive to the system parameters, and
CWiin = 31, CWnae = 1023, andm = 6. thus the dynamic tuning of the system parameters will be of

great importance in these standards.
A. Throughput Results

Figures 3-5 present the throughput results. From the figurEs Packet Drop Probability Results

we can make three main observations: (i) Compared to theFigures 7-9 present the packet drop probability. From the
throughput presented in [1], the throughput obtained herefigures, we find that, the drop probability increases when
much smaller; (ii) In general, the larger th8V,,,;., CWinawy, CWinin, CWinae, OF m decrease. This is due to the fact
and m are, the larger the throughput is. On the other hanthat whenCW,,,;,,, CW,,.., Or m decrease, the conditional
when the network size (i.en) increases, the throughputcollision probabilityp increases. We also notice that the drop
normally decreases; (iii) The throughput is quite sensitiy probability is quite large (e.g., larger than 0.5) when the
the system parameters (i.€W,,in, CWiaz, andm) as well network size is large. This observation will be useful when
as to the network size, which is contrary to the observatiame explain the large difference between the deldy,.;y,
made in [1]. and Dy, finite later.
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C. Delay Results

In figures 10-14, we first present the five kinds of delay
by varying CW,,.;,. From the results, we find that: (i) In
general, in the first three kinds of delay (i.€2suce, Darop:
and Dyoipy), the larger theCW,,;, is, the larger is the
delay; (ii) In contrastD;ntersuce aNdDip, inite decrease when
CWnin increases; (iii)D4rop is much higher thaDs,,.. (note
that the vertical axes have different scales), whilkg,:; ¢,
stands in between the above two; (W), finit IS much larger
than Dgyc. and Dy,o1i 74, Showing the error introduced by the
assumption of the infinite retrials.

The first observation is quite intuitive, and can be expldine
by the fact that a largeCW,,;,, should result in a larger
average number of back-off slots. Also, the trendXgf ;¢ succ
with respect taC'W,,.;,, coincides with the trend of throughput
with respect toC'W,,.;,,. In fact, using Equation (31), we can
obtain similar throughput results as those presented inr€ig
3. The trend ofD;y, finite With respect taCW,,;,, is similar to
that obtained in [3], and gives the same misleading cormtusi
a largerCW,,;, results in a smaller delay. Now we explain
why the trend corresponding tD;,, finite iS cONtrary to that
of Dyotizy (s well as ofDgyc. and Dgyop). As known from
Equation (38), the difference betweéh,, finite and Dy,orify
becomes larger when the conditional collision probabitpr
Pyrop) becomes larger. Clearly, whetilv,,,;,, is smaller,p is
larger, resulting in a larger error in the calculation/®f, f;yze.

On the contrary, the error is much smaller wh@&,,,;,, is
larger asp becomes smaller. Thereforé;, ¢inite DECOMES
larger under smalleCW,,;,. In conclusion, whenever the
conditional collision probability (or the packet drop pediility
Pirop) is large, the assumption of infinite retrials will result
in a large error in the calculation of the delay.

Figures 15-17 present the standard deviation of the first
three kinds of delay (i.€.Dsuces Ddrop, and Dyopy) fOr
different values ofCW,,,;,,. In general, they follow the similar
trend as the average delaf,.+;s, has a larger standard
deviation than the other two since it considers the delayllof a
the packets (i.e., dropped as well as successfully tratesfjt
and since there is a large difference between the averagg del
of the packets being dropped and those being transmitted
successfully.

In the above, we have presented the delay results when
CW,.in is variable. Similarly, we have also obtained the
results whenCW,,,... or m varies. However, here we only
present the average @, in figures 18-19. In general, the
larger theCW,,.... andm are, the larger is the average delay.
Under variableCW,,,,,. or m, the average of other kinds of
delay and their standard deviations, in general, have draltr
similar to those under variabl€W,,,;,.

D. Fairness Results

Figures 20-22 present the Coefficient of Variation (COV) of
Dy, for different values oCW,,,;,,, CW,, 42, @andm, respec-
tively. To recall, a larger COV implies a more unfair system.
From the figures, we can clearly make two observations: (i) In
general, the larger th€W,,,;,, is and the smaller th€W,,,,..
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andm are, the more fair the system is; (ii) As the networlemerging IEEE 802.11 standards. Therefore, dynamic tuning
size (i.e.,n) increases, first the system becomes more unfair, the system parameters is of great interest to achievenapti
and then after a certain value ofit becomes more fair. performance. We also find that the throughput calculatelen t
We now explain the first observation. In IEEE 802.11model of [1] is higher than that in our model, which is more
whenever a station transmits a packet successfully, itgdése precise. As for the delay, we show that the first four kinds
contention window ta@C'W,,,;,,. Clearly, if CW,,;,, is small, the of delay under the finite retrials condition have very distin
station that has just transmitted a packet successfullyoiemvalues, showing the importance of distinguishing amongithe
likely to get control of the medium again. On the other handfye also find that theD;,, init (i.€., delay under the infinite
if CW,.. is large, it gives other stations more opportunity toetrials assumption) has a large error, and thus leads to
transmit on the medium, explaining why the system becomassleading observations. For the fairness performancegete
more fair whernC'W,,,;,, is larger. Now we consider the fairnessan interesting conclusion about the back-off policy: toiaeh
with respect toCW,,.... Clearly, the contention window at better fairness, a medium-sized contention window shoeld b
a station will becomeCW,,,., only when the station hasused without any retrial of the unsuccessful transmissions
experienced collisions successively. Therefore(’W,, ... is Table Il summarizes how the system parameters should
large, the colliding stations, though they have alreadiesedl be selected (in terms of “large” or “small”) to achieve the
a lot, will be more unfairly treated, explaining why the st desired performance (i.e., higher throughput, smalleayel
is more unfair when th€W,,, ... is larger. As for the retry limit and better fairness). By “smaller delay”, we mean a smaller
m, if it is small, a station that has experienced collision(s)alue of the average as well as the standard deviation of
will drop the packet early and will reset its CW ©@W,,;n, Dsucer Darop, @nd Dyoripy. AS shown before, whe,.,
and then will schedule the transmission of a new packet. @ op, aNd Dy, ¢,y are smallerDiyiersuce @Nd Djp, finite are
the contrary, ifm is large, the station may have to schedullarger. SinceD;,;crsucc IS directly reflected by the throughput
the retransmission of a packet more number of times, whielnd D;, finize iS misleading, we do not need to consider
leads to a larger contention window, and in turn, short-terthese delays when optimizing the delay performance. Also,
unfairness. Therefore, in this manner, the early dropping o since a given set of system parameters, which yields a higher
colliding packet contributes to the fairness, though itaiety throughput, results in a smaller value of the packet drop
results in more number of collisions as the stations becomebability, we do not need to present the desirable system
more aggressive. This explains why the system is more fa@@arameters for a smaller packet drop probability.
when m is small. From observation (i), we may reach an From the table, we find that a set of system parameters
interesting conclusion regarding the back-off policy: thieave delivering a good performance for one metric, may deliver a
better fairness, we should always use a medium-size ChEd performance in terms of another metric. For example, if
without any retrial for the unsuccessful transmissions. we aim to achieve a higher throughput, the table shows that
For the second observation, we first explain the reason wiwe should use a large value 6fW,,,,. andm. However, the
the system becomes more unfair when we begin to increaséable also tells us that we should use a small valu€'®f,,
(e.g., from 2 to 17). This is due to the randomness involved &nd m if we aim to achieve better fairness. In other words,
the binary exponential back-off (BEB) algorithm. In pauviiar, a trade-off among the metrics must be made in the dynamic
some stations may experience collisions consecutivelyewhiuning of the system parameters.
other stations can transmit packets without experiencimg a
collision. With the increase of, collisions are more likely
to happen, explaining the increasing amount of unfairness.
In fact, we have also observed this phenomena in the sim-
ulation results presented in [7]. However, when the calhisi
probability increases beyond a certain value along with the
increase ofn, most of the stations will experience collisions
before they can transmit any packet successfully, andftivere " targe Small Smal
it tends to become more fair for all the stations. In the
extreme case, when the number of stations becomes infinite,
the collision probability tends to unity, and no station can
transmit any packet successfully. Therefore, every stdiims A Related work
zero throughput (or infinite delay), implying absolute fEss  In the literature, many analytical models have focused on

TABLE I
INTERDEPENDENCE BETWEENPERFORMANCE AND PARAMETERS

Parameter Metric Higher Throuhgput Smaller Delay Better Fairness

CWoig Large Small Large

CWpnax Large Small Small

V. RELATED AND FUTURE WORK

among the contending stations! the calculation of the throughput (or capacity) of IEEE 802.
) For example, paper [2] derives the theoretical throughgut o
E. Summary of the Performance Evaluation IEEE 802.11 by relating IEEE 802.11 to a p-persistent CSMA

In this subsection, we give a brief summary of the perfoprotocol. Paper [9] derives the throughput of IEEE 802.11
mance of IEEE 802.11 in single-hop networks. With respect by using average analysis technique. However, the above
the throughput, we find that it is quite sensitive to the chosenodels have oversimplified the calculation of the transimiss
system parameters. This would be particularly true in ttprobability 7, which is determined by the BEB algorithm. In



contrast, papers [1] and [12] derive a more precise value ofpublished models have overestimated the throughput as well
by modelling the stochastic process representing the bfick-as the packet delay.
time counter as a discrete-time Markov chain.

While most of the published models focus on the throughput

of IEEE 802.11, two recent work [3], [10] concentrate on th&l G. Bianchi, “Performance Analysis of the IEEE 802.11 Disited Coor-
del VSi ,H ith B ,h h idered th dination Function,” IEEE Journal on Selected Area in Commaimas,
elay analysis. However, neither of them have considered th \s;.ch 2000, pp.535-547.

retry limit, resulting in a large error as shown in this papef] F. Cali, M. Conti, E. Gregori, “Dynamic Tuning of the IEEB8.11 Proto-

Also, they do not distinguish the five kinds of delay defined col to Achieve a Theoretical Throughput Limit,” IEEE/ACM Trsactions
: on Networking, December 2000, pp.785-799.

in this paper, which have very different values. [3] M. M. Carvalho, J. J. Garcia-Luna-Aceves, “Delay Anddysf IEEE
Though many papers (e.g., [8], [11]) have focused on 802.11 in Single-hop Networks,” in IEEE ICNP, 2003.

achieving fairness in IEEE 802.11, there are very few af IEEE, “Wireless LAN Medium Access Control (MAC) and Pligal
9 y Layer (PHY) specifications,” IEEE 802.11 standards, Jur@919

alytical models to quantify the unfairness in IEEE 802.1Jf5] R. Jain, D. Chiu, W. Hawe, "A Quantiative Measure of Faisa and
We are only aware of one model [6] that analytically shows Discrimination for Resouce Allocation in Shared Computer t8ys’

the short-term unfairness in IEEE 802.11 due to the hiddeﬁlg- DEC Technical Report, 1984.

. . . C] Z.F. Li, S. Nandi, A.K. Gupta, “Modeling the Short-termntiirness of
terminal problem. However, the above model is very specifiC |ege 802.11 in Presence of Hidden Terminals,” in IFIP Netimgk

to the topology being given and thus it is not clear whether 2004.

the model can be extended into a general single-hop netwdfkZ:F- Li. S. Nandi, A.K. Gupta, "Achieving MAC Faimness iwireless
9 9 P Ad-hoc Networks using Adaptive Transmission Control,” irEEEISCC,
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can calculate the corresponding optimal system parameters
(i.e., CWoin, CWiaz, andm) that maximize the preferred
function. This can be easily achieved using a table, which
stores the optimum values of the systems parameters for
different network sizes and for different weights that cbul
be used in defining the function. The table can be prepared
off-line. The estimation of the network size can be achieved
by using the methods in [2], [7].

Another important future work is to extend the analysis by
relaxing the assumptions made at the beginning of Section Il
While the analysis should be easily extended when the as-
sumptions (2)-(5) are relaxed as discussed in [10], [1],aym
not be trivial to extend the model for a multi-hop network.

VI. CONCLUSIONS

In this paper, we have proposed a simple analytical model
to evaluate the throughput, delay, and fairness performamc
single-hop IEEE 802.11 networks. Using the proposed model,
we have carried out an extensive performance evaluation of
IEEE 802.11 under three different system parameters (i.e.,
CWin, CWinae, @and retry limitm). Our results show that
the throughput, delay, and fairness are quite sensitivhdset
system parameters, and thus dynamic tuning of the parame-
ters is of great interest to achieve the optimal performance
Moreover, the optimal values of the parameters may not be
consistent with each other for different performance rostri
implying that some tradeoff among the metrics must be made
in the dynamic tuning. Finally, our results also show that th



