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Abstract—Packet error in the IEEE 802.11 network is one source ¢ can be incremented up ta, therefore the maximum CW size
of performance degradation and its variability. Most of the previ-  jgomy/ .
ous works study howcollision avoidance and hidden terminals af- A pair of wireless stations in the same wireless LAN is re-
fect 802.11 performance metrics, such as probability of a dision ferred to as beindgpidden from each other if the transmissions
and saturation throughput. In this paper we focus on the effet of .
packet errors on capacity and variability of the 802.11 MAC po- from one station cannot be heard by the other. Presence lof suc
tocol. We develope a new analytical model, calleg.-Model, by ex- hidden terminals is another important consideration, twiias
tending the existing model (Tay and Chua’s model) to incorprate  peen studied in many literatures [3], [4], [5].
packet error probability p.. With p.-Model, we successfully analyze | this paper we focus on the effectydcket errors on perfor-

capacity and variability of the 802.11 MAC protocol. The vaiabil- . .
ity analysis shows that increasing packet error probabiliy by Ap. mance of the 802.11 MAC protocol. By packet errors in this pa-

has more effect on saturation throughput, than adding0.5W Ap, ~ Per, We mean thpacket transmission failures between a pair of
stations, wherel¥ is the minimum contention window size, We also wireless stations, which are duedther than collisions. Packe
show the numerical validation ofp.-Model with 802.11 MAC-level errors can causeception errors at receiver station.

simulator.

A. Causes and Effects of Packet Errors

Packet errors usually occur duenon-ideal channel condi-
tion [7]. Partition loss in the building and multipath fading,
With the popularity of the IEEE 802.11 [1] based wirecombined with ambient noise, decrease SNR (Signal-toeNois
less network, it has become increasingly important to an@atio), therefore cause packet errors. Co-channel andetja
lyze and predict the performance of the IEEE 802.11 prehannelinterferences also cause packet errors.
tocol and its variability accurately. Carrier Sensing Mult Wreless device variability is another source of packet errors.
ple Access/Collision Avoidance (CSMA/CA) ahidden termi-  Different devices have different output power, receivesgerity
nals [3], [4] have been considered to be important in perfoend firmware, which may incur packet errors. Such errors @oul
mance analysis of the IEEE 802.11 PHY/MAC protocol. not occur if different pair of cards were used. In the experi-
CSMA/CA exploitshinary exponential backoff mechanismto mental study on wireless monitoring [9], they observe tbats
avoid collisions among the wireless stations contendimgife firmwares send data at multirates (1, 2, 5.5 and 11 Mbps), but
medium as follows. Before sending a packet, a wirelessostatiother firmwares receive them correctly only at 11 Mbps, gener
first senses the medium for the duratifp, s (DIFS isDis- ate packet errors at other rates. This is an example of tHepac
tributed Interframe Space). If the medium is free for the dura- €rrors due to wireless device variability.
tion, the wireless station starts sending the packet imatelyi ~ The impact of packet errors on performance metrics of the
Otherwise, if the wireless station detects the medium way bUEEE 802.11 protocol is different from that of hidden terais
for the duration, the wireless station backs off for a midtipf Hidden terminal problem focuses on unreliable carrier isgns
time slots (). The multiple is randomly chosen betweer@bility, while packet error analysis concerns unreliatdeket
[0,2¢W] (i = 0,1,2,---,m). W is calledminimum contention transmission ability. Another difference is that packebes

window (CW) size, which is set to the same value for all thecause packet retransmissions at sender station and kecepti
wireless stations. If the wireless station transmitted ekp Ors at receiver station, which is not the effect of hidden te
and received ACK frame correctly, théis set to 0. If the wire- Minals. Packet retransmissions incur delay and packetabss
less station failed to receive ACK framéis incremented by 1. sender station. Reception errors incur additional delaye-at
ceiver station. When a reception error occurs, the receiver sta-

This work was supported in part by the MIND Laboratory, itsiRding Part-  tion waits forTx; s (Extended Interframe Space, usually more
ner Fujitsu Laboratories of America, and by the Departmétedense through than7 x T instead ofl’ that th d h
a University of Maryland Institute for Advanced Computeudies (UMIACS) an7 x Tpyrs) instead oflp;rs so that the sender can have

contract. enough time to know that a reception error may have occurred.

I. INTRODUCTION



shows that increasing packet error probabilitydy. has more

ProTOCOL

In this section we overview the existing models and anaysis
techniques. For our model is based on Tay and Chua’s mathe-
matical model [8], We explain it in detail followingly.

High packet errors Low packet errors effect on saturation throughput, than addingiV’ Ap, stations
D S 1 to the current network. In Section VI we show the numerical re
g sults on validation and analysis pf-Model with 802.11 MAC-
2ol t i e s e ee e . level simulator.
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Fig. 1. Number of transmissions of distinct packet variesrdime. Dis- One of the issues in the analysis of the IEEE 802.11 proto-
tinct packets are identified with Ea(;ket Numper. Packetsene at 200 pack- ¢o| has been to devise an analytical model which can prehﬁctt
ets/second. Number of retransmissions is limited to 3. .. - . S
collision probability and its effect on the performance riostin
consideration of CSMA/CD and hidden terminals. Bianchi [2]
o conducts Marcov chain analysis for calculating collisioolya-
B. Variability of Packet Errors bility and saturation throughput. Similarly Ho and Chen ¢4}

If the channel condition varies over time, packet errorsutho rive the throughput and average delay by use of 2-dimenkiona
have the corresponding variability. In this section we stiogy Markovian analys. Hidden terminals have been considered in
presence of such variability with an experimental evidence the literatures [3], [4], [5].

To observe such variability in real wireless network, we-con While some of these studies use the stochastic analysis [2],
duct active measurements on wireless traffic. We make only [4], Tay and Chua [8] use the mathematical approximations by
one wireless station, say statioh associated with an Accessmeans of average values. This model provides closed-form ex
Point (AP), which has a distinessid (wireless network identi- Pressions for the probability of a collision and the satorat
fier) from other APs. In this experimentvired station sends throughput. Tay and Chua’'s model is based onmuModel,
UDP packets tol through the AP at 200 packets/second. At thwill be described in more detail in the following section.
same time we place a wirelessffer betweend and the AP to The models mentioned so far assume ideal channel condi-
capture the traffidrom the AP to A. By analyzing the sniffer tions, where packet error does not occur. Qiao and Choi [6]
traces, we observe many retransmissions due to packes erro@Ssume additive white Gaussian noise channel (AWGN) and

In Fig.1, the number of transmissions of each distinct packgdlculate packet error probability, then derive the godgeu-
(identified with “Packet Number”) varies over time. Becaustormance of PHY/MAC protocol analytically. But their MAC
there are no other stations in the network, no collisionsipcdnodel is oversimplfied. They assume that there are only o st
during the experiments. Therefore the variability of trens- tions (one sender and one receiver) therefore no coIImons_r._
mission numbers reflect the variability of packet errors. A our model we consider both packet errors and the collgsion
shown in Fig.1, packet errors increase until around 200thgta 2Mongn stations.
then keep decreasing until around 800th packet. This oaserv
tion provides an experimental evidence for presence ofgiacB. Capacity Metrics and Parameters
errors and their variability. Such packet error variapitauses  Before describing Tay and Chua’s model, we define important
the variability of the IEEE 802.11 protocol performancejeth metrics and parameters used in capacity analysis of the IEEE
we will go over in Section V. 802.11 MAC protocol. Table | lists the all variables used &y T

In this work we have extensively studied the effect of packaehd Chua’s analysis and our analysis, described in thexfitp
errors on capacity and variability of the 802.11 MAC protiocosections.

To quantify packet errors, we defingpacket error probability The capacity metrics includeansmission failure probability

pe o be the probability with which each packet transmissigpy, collision probaility p,, total channel utilization u.,; and
experiences a packet error. We extend the existing analytigaturation throughput S. Each transmision has the probability
model (Tay and Chua’'s model [8]) to incorporate packet errof transmission failure); and the probability of collisiom..
probabilityp.. The new model is calleg,-Model in this paper. Total channel utilization;;; is the fraction of non-idle period

In Section Il we overview the existing models and apef the channel. Saturation throughgts the fraction of chan-
proaches, including Tay and Chua’s model [@]-Model is de- nel bandwidth that is used to successfully transmit paylmtsd
scribed in detail in Section Ill. Capacity and variabilityadysis if every station’s buffer is always occupied, i.e. if thewetk is
based omp.-Model are followed in Section IV and V respec-undersaturation condition.
tively. With p.-Model, we successfully analyze capacity and The parameters used in the capacity analysis of the IEEE
variability of the 802.11 MAC protocol. The variability ayais 802.11 protocol include minimum window siZz&, maximum




n the number of stations in a wireless cell of colliding with n — 1 stations is calculated as
w minimum window size

m maximum size i W 1 _

Whackoff  (average) contention window (CW) size pe = 1—-(1——-—-)"

Tyl slot time Whackoys

Tsirs time duration of short interframe space 2(1 —2p ) 1

TpIFs time duration of distributed interframe space = 1- (1 — ¢ —)”*1_ (2)

TeIFs time duration of extended interframe space 1-pe— pc(2pc)m w

Tpayload time to transmit payload bits .

Typhysicat  time to transmit packet (including headers) LetTrx = Tpnysicat +Tsirs+Tack+Tprrs, then saturation

Tack transmission time for an acknowledgement throughputS is derived based op. as

Teyele time between the start of two payload transmissions

Tsuccess rate of successful transmissions g 2(1 — pc) Tpmﬂmd

Tcollision rate of collisions = .

Tpkterr rate of packet errors 2-p. Trx + WT'slot/(n + 1)

Taemi rate of transmissions . . . .

pjm” probability of a transmission failure The fo_II(_)wmgs are the capacity analys_|s_ results in [5].

Pe probability of a collision « Collision independence: the probability of a collision doe

Pe probability of a packet error ; ;

S channel utilization by successful transmission of payloisi not depend on paCket Iength, the latency_ n crossmg_the

Utotal total channel utilization (including collisions) MAC/PHY layers, the acknowledgement timeout, the in-

terframe spaces and the slot size; it only depend&iign

TABLE | m. andn

GLOSSARY (REVISED FROMTAY AND CHUA MODEL .
( ) « Inverse gap dependence: Wheis large but smaller than

2m—11¥, the protocol’s performance dependsidhandrn
only through a new parameter= %1 calledan inverse

b slots average b = W gap
[ S S S SR B « Maximum window size effect: suppoge < 0.5. The
choice of maximum window size has minimal effect
[L]  station Bsilent (namelyO(p.(2p;)™)) on the collision rate and saturation
| First slot in a transmission by station B th I’OUghput.

« Approximation ofp, andS: for largen the collision prob-

Fig. 2. Station B’s activity as seen on station A's time-l{jegcerpted from [8 e . .
9 Y ( P 8D ability p. and the saturation throughpsitcan be approxi-

mated by
. . . ) = —(1+4g—1/1+4¢
window size2" W, Ty, Tpirs, Trrrs, Which were defined pe 5 (L+4g—/1+4g7),
in Section I.Ts;rg is the duration for which a receiver station s _ 2(1 - p.) Tpayload
waits before sending ACK frame to the sender station. Other - 2 —p. Trx + Toot/q’

parameters are described in Table |. o Maximum throughput: supposerx > 47%,;. The satu-

ration throughput is maximum whé# = , /%:let(n —1).

C. Tay and Chua’'s Model

Tay and Chua’s model [8] assumes that packet tranmissiod!l. p.-MODEL: A PACKET ERROREXTENSION OF TAY
fails only when collision occurs. Therefore each transmis- AND CHUA MODEL
sion fails with the probability op.(= py). Average CW size A, Assumptions
Whackosy is calculated as the sum of possible average CW siz

. . : ) > €p.-Model is an extension of Tay and Chua model by incorpo-
2'W/2(i =0,1,---,m) times the corresponding probability.

rating probability of packet errgs.. The model assumes that

m transmission fails when either collisions or packet eromeurs.
Whackoff = Z((QiWﬂ)Pi(l —p)) + PR /2 The two events are asggmeq to_be independent. Therefose tran
— mission failure probability is given by
_ _ m
1-p. pc(2pc) E (1) Pf = Pc + Pe — PcPe R Pe + Pe- 3
1—2p, 2

For simplicity we ignore the product gf. andp.. We will show
Suppose statioml sees the packet transmissions by stafidn in Section VI the model does not lose much in the prediction
undersaturation condition. Every timed detects anyB’s trans- accuracy due to this approximation. We also assume thagpack
mission,A’s backoff timer is suspended untill’s transmission errorsalways incur reception errors at the receiver station. Ev-
completes [1], and resumes after the completion, as iltestr ery time packet error occurs, therefore the sender expergen
in Fig 2. Therefore collision occurs only if starts transmission retransmission or loss of the packet, and the receiverrsudfd
atblack slots, in Fig. 2. Because average interval between bladkional delay of( T rs — Tpsrs). Another assumption is that
slots equals to average CW sid&.croff, AS probability of n wireless statoins all have the same packet error probgbilit
colliding with B is 1/Wyeckors. Thereforep,, the probability i.e.p. is assumed to be a global parameter for all the stations.



B. p.-Modéel Teyere CONsists of packet transmission tindg;; s, ACK trans-
We can calculate the collision probabiljty in similar way as Mission time, carrier sensing tin¥; ;s or I'zsrs) and con-

in (2), except that ip.-Modelp; is different fromp,., therefore tention period before any station obtains the medium. Ifall
py is used to calculat®y, cror 7 in (1). stations experiences reception errors (due to packetsgstben

Trrrs is used for carrier sensing time. Otherwise there ex-
2(1 - 2py) 1., ists at least one station that waits f65; s and the station ob-
C1—pr—pr2ppm W) tains the medium. Therefore the average carrier sensirgigm
o ] o (1 = p!)Tprrs + pe"Trrrs. There existl — py)n stations
By (3), transmission failure probabilify; is given by whose CW isiW. When those stations uniformly choose a time
in W, then the earliest slot will b&//((1 — ps)n + 1) slots,
which is the average contention period. For simplicity, yoe a
= ltpe—(1- 2(1 — 2py) i)nfl (5) proximate the average contention period tdg(n + 1) slots.
1—pr—ps2pp)m W We discuss the effect of this approximation in Sectiorill, ;.
therefore is given by

(4)

p. = 1—-(1

Py = PctPe

Temit @NATrguccess denotethe rate of transmissions (including
failures) andthe rate of successful transmissions respectively. n
(1 — py) is the probability of successful transmission, therefore! evete = Tpnysicar + Tsirs + Tack + (1= p)Toirs

we have + p.Terrs + e Tsiot- (15)
TSUCCGSS " + 1
Twmit Saturation throughpu is given by

Letreottision @Ndrpgeerr t0 betherate of collisons andthe rate

of packet errors respectively. We count multiple transmissions S = rsyccess X Tpayioad =
that collide as one collision. Approximately each collisis

between just two transmissions, theref®rg,;;; i, contributes

to the rate of transmission failures. Transmission fagusee IV. CAPACITY ANALYSIS
also due to packet errors, therefore we have

2(1 — T,
5 ( pf) % payload ' (16)
—Df + De Tcycle

Claim1: Whenn is large (say,n > 5) but smaller than
Temit — Tsuccess = 2Tcollision + Tpkterr (7) 2™7?W andp, < 0.5, the protocol's performance metrigg(

27"60””'0” Pe (8) Tsuccesss Temits Tcollision rpk:terra Utotal s S) depends OW and
_— = —_—. i _ n—1
Tokters Do n only through the inverse gap= “3~.

Proof: From equation (5), taking first order approxima-
We defineT.,.. to be the average time between the starts ¢bn, we get
two payload transmissions under saturation conditionlidzaml
transmissions occur at the same time, therefQrg;sion (not . 2(1 — 2py) n—1 n (17)
2rcouision) contributes td /T, as follows. br= 1—pr —pr2pp)™ W Pe-

1
Tover = Tsuccess T Tcollision + Tpkterr- (9) Now let
! 1—z—z2z)™
Soving the above equations (6), (7), (8) and (9), we can sspre fle) = (z— Pe)—2(1 “20) q (18)
Tzmits Tsuccessy T'pkterr andrcollision in terms Ofpf andpe as m—1
T — Pe
follows. — 2p (CU (2$)k + 1) —q. (19)
Py —p 1 k=0
Tcollision — 2 _f _'_6 T . (20)
2(1pf 2)76 cgicle where
— D
T'success — 2 ! T . (12) 1
T D7 Pe Leyete 0<pe <o <1Lpe <3
T'pkterr = 2Pe = . (12) n—1 2
2_pf + De Tcycle 0<qg= W < 2m-
2 1 (13)
Temit = . . . . . .
" 2 —pg + pe Teycle Then, ifp; # 1, thenf(z) in (19) is increasing and continuous

b . . . function. Also by substituting 0 and 1 farin (18 t
Total utilization u;.¢.;, the fraction of non-idle period of the unction. AISo by SUBSHIULING & an arin (18) we ge

channel, is given by 1
FO) = —5pe—q<0
Utotal = Tsuccess (Tphysical + TACK)

+ (Tcollision + Tpkterr)Tphysical- (14)

n—1
w

fQ) = (L=p)2mt—g>2""%— > 0.



Thus, f(z) = 0 has exactly one rootin (0,1), which is a valid |
and unique value fop;. py depends om andWW only through Claim3: For largen the saturation throughput can be ap-

q. Furthermore for large, we can approximate (15) by proximated by
Teyete = Tphysicat + Tsirs +Tack + (1 —pl)Ibirs g 2(1 —py) o
W C2-py+
+ peTerrs + ——Tsior- brpe
n—1 Tpayload (20)
T Lsiot’
= Tynysicat + Tsrrs + Tack + Torrs + =2 Tonysicat + Tsirs + Tack + Tpirs + =24+
q
Therefore1,,.. depends ory. According to equations where
(10)1 (11)1 (12): (13)1 (14) and (167)successv Temits Tcollisions _ 1 p)
Fpkterrs Utora; @Nd.S depend omy also. [ pr = F(l+4pe+dg- V1 (pe +49)° = 2p0),
Claim2: Suppose; < 0.5. The choice of maximum win- _on—1
dow size has minimal effect (namely(p;(2ps)™)) on the 4 = W . o _
transmission failure probability; and saturation throughpfgt Proof: - Since the choice of: has minimal impact opy,
Proof: Suppose we can approximate (17) by
1= P — P (200)™ 1 —pos (pr —pe)(1 — py)
(pm pe) 1—2p., q (poo pe) 1— 2p 1-2p; q (21)

P, 1S the root of (17) for maximum window siz&™ 1/ and This has solution
P IS the root for unbounded window size (usig; < 1, so )
lir‘nmﬁm(2pf)m =0). Leta,, = (p""p;””) Ignoring the term pr=73 <1 +pe +4q— \/(pe + 4q)2 +1- 2pe> . (22)
Af)f, this gives

op. Y™ 1—9 (The positive square root giveg > 1, which is impossible.)
A, = (2pm)"™ (Pm — Pe)(1 = 2pm) The claim follows from (16) and (20). |
(Pm = pe) (2pm)™ 1 + (1 = 2pe)pm — (1 = 2pe) Claim4: Supposeyhysicat + Isirs +Tack + Tprrs >
4T ¢- The saturation throughput is maximum when

Now let the denominator agx),

g(@) = (& = pe)22)™ " + (1 = 2pe)w — (1 - 2pe). ¢ = nv;lzu 2p.) ((11_%))2 4(1-p.)’
— 2p, + pe)C — — Pe

1
where0 < p, <z < 3

where
¢ = (Tphysical + Tsirs +Tack + Torrs)/Tsiot
! _ m—+1 m
g'(x) = 22)™"" + 2(z — pe)(m + 1)(22)™ > 0. 2(1 - pe)
9(p0) = (1= 2p)(pe 1) < g(@) < 2pe — 1) = g(3). e <
‘ e - ‘ 2 Proof: From (20),
(1=2pe) < |g(z)| < (1 —2pe)(pe — 1).
as _2Tpayload
2 m m m — Pe 1-2 m m a0 — 2
|Apf|< ( p ) (pl_;))( p ) <(pm_pe)(2pm) dq Tslot(2 pf -|-pe)
.pe (1+ )%_ (1_pf)(2_pf+pe)
Therefore the effect af: is bounded bY)(p; (2pf)™). BT Pe) g0 cq+1 :

Similarly, if S, and S., are the corresponding saturation
throughputs and\s = (So — Sin)/Sim, then we get from (16) so the maximum occurs when
20 -pn(48y) 24P —pn) dpr _ (1 =py)2—pr +pe)
2+p. —pn(1+4,,) 21 —pm) dq (1+pe)g(eq +1)
(14 pe)pmAyp, By (21), we have
(1 _pm)(2 +pe - pm(]- + Apf))

Ag =

. dpr _  2(1—2py)°
SinceA,, < 0and0 < p. < py < 0.5, we have dq 2p? Iy
As| < (1 + pe)pm|Ap, | These two equations give
(]- _pm)(2 + Pe _pm)
(L +p)lA | _ 2 | = Olpy (2pr)™ P (3 + 2pe + pY)py + (4 + 2pe)p} — p})
15+p, 3 = VWP (L4 pe)(pr — pe)*(1 — py)



1 2(-pp).,
1+pe” pr—pe
pf/(1+pe)c+2

pr =

V(L +pe)e+2

2(1 _pe)
(1+pe)c
By this equation and (21) we get

, l.e.

, sincey/c > 2,

Pe + < 0.5.

n—1
2 = 2
1 W
2(1—pe) 2(1—p.)

O N G
_ Ve VP Gince /e 2

_ 2(1_pe)
=20 + /55,0
2(1 —pe)2

(1- 2pe)(\/ (14 pe)c—4(1 _pe)'

X

V. VARIABILITY ANALYSIS
A. Variability of ps
By (22),

dpy 2(1- pe +4q . (23)
dq V(e +49)*> +1—2p.

dpy _ 1 1_ De +4qg—1 (24)
dpe 2 Ve +49)2 +1-2p,

From (23) and (24), and ldd = /(p. + 4¢)> + 1 — 2p, >

-1) <o

dpy /dq is decreasing in terms of ¢, afkK p. < 0.5, we have

01

4 () _ 2 (D-(-2m)
dq \ dq D D2

De +4

[dﬁ] = 21— >0,

dg ], VP2 +6p. + 17
dpf] Pe
—_— 2(1 — <2

[ dq q=0 ( 1- pe)

Therefore, 0< % < 2. (25)
d (dpys _ 1 D? — 8¢ 1) <o

dp. \ dpe 2D D2 )

dpy /dp. is decreasing in terms @f, and0 < ¢ < 1, we have

dpy 1 8qg—1 1
=L = ~(1- > -,
{dpe]peoﬁ 3 8q-|-1) 9
dpy 1 4q -1
- “1l-—/——)<1
{dpe}peo 20— Th1eg) <
1 dpf
Therefore, 9 < p <1 (26)
€

We compare the effects gfs variability andp,’s variability
on trasmission failure errgr;.

LetD = v/(pe +4¢9)> + 1 — 2p. > 0,

dpsldg] _ N 1
[dpf/dpe] B F(pe’Q)_4<1 D—(pe+4q—1)>
aF dD/dq — 4
dg T (D-(pf+4q—1))?

4 4(pe + 4‘1) _
D= +1=1)) ( D 4)

_ 16 Pe +4q B
(D = (pe + 49— 1))* \ /(pe +49)> + 1 — 2p.
< 0

ThereforedF'/dgq is decreasing in terms of §. < ¢ < 1 and
0<p.<0.5,s0

pZ+6p. + 17+ p. + 3

[F(pe, D)y = 41— ) >0
Felny = A= 5o <2
Therefore, 0< {%} <2 27)
f e

Claim5: With W fixed, increasing packet error probability

by Ap. causes at least the same effect as addibg” Ap,. sta-
tions, on transmission failure probabiliby.

Proof: From (27), for the same changemf (Ap¢), Ap.
andAgq have the following inequality.

Apy o APy

Aq - Ape ’
Ag = w > 0.5Ap,, therefore,
An > 0.5WAp,

B. Variability of S
Restating (16) for reading convenience,

2(1 - py)

_ quayload
2—pr+pe

q(b+p?(Terrs — Tpirs)) + Tsiot

where

n—1
w

S can be restated &= A x B where
2(1 - pf) — quayload

2— Dy + Pe ’ c
= qb+p.Trrrs — Tprrs)) + Tsiot-

q = b =Tpnysicat + Tsirs +Tack +Tprrs.

and,




We now compare the effects @& variability andp.’s vari- B Crnaz2(1 — B522) — 27,
ability on throughpufS. " Cnae0.5(1 — 2H=0) 4 2(Ty — T )npl =
dA dp dB
{dS/dq} _ dps dqu+A dR 1 (
T dAdp dB - = X
dS/dpe dpf dpi Am dq (Cmaw ‘;I;f + 3(](TE _ TD) n 1)2
Let 44 = A 49-D
d J 9 DPet4q
pf dpf 4CmazT
qC "‘ T slot 2
— y - 16 T T 1,1 (pe +4q)
qc’ﬂ - (TEIFS —Tprrs)npe _Eq( &~ Tp)npe (D T)
To getthe bounds o /A" = —G@e,q), +§(TE — Tp)np! (T = Coa (1 — 22 $4q>>
A _ (=p)R2—psr+p) 4 1-2p.  pe+4g
E = —G(pth(I) - 1 _'_pe ) —ETSCmM( D3 + D3 ))
dG 1 dpy , .
g = 1 Tp d—q(2(p —1)—(pe+1)) <O. All the four terms in the numerator are negative(8&/dq) <
_ ‘ . 0. R(p.,q) is decreasing in terms af, thereforeR(p., q) has
G(pe, q) is decreasing. With (28) and (22), we have the maximum wheg = 0, henceD = 1 — p,.
Pe + 15— 3+/p2 + 6p. + 17
G(pe,q)] - < dS/dg
(G (per )], e { & // | < Rroa=0)
2
> Lt Dt v+ e+ 1T Cras 2730 — 3T,
2(1 + pe) 2(1 + pe) = C )
_ L, 4 9 2 e
= 3 + £} 5 3 (atpe = 3), < Cmaé2 - §Ts7
2(1 pe) max
[G(pe,q)]q:o W <2, < 2. (28)
Therefore, 2 <G (: _£I> < 2. Claim6: With W fixed, increasing packet error probability
3 A by Ap, causes at least the same effect as addibg’ Ap, sta-

For simplicity, we usél’, for Tpayi0ad, Is for T, T for Ty tions, on throughpu$.
andTp for Tp. Proof: From (28), for the same change Sf(AS), Ap,
andAgq have the following inequality.

[ dS/dq ] B gC %L — GT,
dS/dpe qC’dpf + Gg? (TE — Tp)npe* AS < AS
d, Aq Ape
qcﬂ _2
< Ag = A1) > 0.5Ap,, therefore
chpf 2 (TE _ TD)TLP? 1 qa = W . De; '
. An > 05WAp
d, e
- qC pf — 2qT,
gCE + 2¢? (TE — Tp)np?~" u
d
_ &
= ;2 p— VI. NUMERICAL RESULTS
Capt + 34(Te — Tp)np? _ _ .
iy o We use DCF simulator [2] by Bianclet al. for numerical
< Cmawd_q — 575 validation and analysis. We modify the simulator to add tee b
me% + %q(TE — Tp)np~! haviors of packet errors and the delay _due to th_e pacl_<etserror
¢ (Terrs). We obtain the results by varying the simulation fac-
where tors, which aren, W, n andp., Other simulation parameters

Crnas = b+ 0.5(Ts — To) + T are summarized in Table I1.

Let R(p.,q) to be the last expression and = _ o
V/(pe +4¢q)2 + 1 - 2p,, then from (23) and (24) we have, ~ A. Numerical Validation of p.-Model
. dp 2 Comparing our approximation g@fy in (22) (lines in Fig. 3)
R(pe,q) = . mardg  37° with the simulation results (points in Fig. 3), we observatth
Cmazd%; + §Q(TE — Tp)np?~! pe-Model makes substantially accurate predictiong of
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Maximum Packet Rate for Single Station
Packet Rate for Single Station

TABLE Il
PACKET FORMAT AND TIMING PARAMETERS USED IN THE SIMULATION

ig.
10.449 pack/segrediction ofp; with greatern and smallen, pe.
12.219 pack/sec

Throughput S

SIM(pe=0.0)
SIM(p¢=0.1)
SIM(pe=0.2)
SIM(pe=0.3)
SIM(p,=0.4)
SIM(pg=0.5)

Max S
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g=(n-1)/W (n=num. of stations, W=minimum CW)

Transmission Failure Probability p

i"i SIM(p,=0.0)
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Fig. 5. Validation results fof: the simulation results obtained with the com-
binations of the variable factoren = 3,4,5, W = 16,32,64,---,1024,
n = 2,5,10, 20, 30,40, 50, p. = 0.0,0.1,0.2,0.3,0.4,0.5
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Fig. 3.  Validation results fop;: the simulation results obtained with th e
combinations of the variable factorsr = 3,4,5, W = 16,32,64,---,1024,
n = 2,5, 10, 20, 30, 40, 50, p. = 0.0,0.1,0.2,0.3,0.4,0.5

as shown In Fig. 3p; is not much affected by P-APPROX and
F-APPROX, even for high., andn.

For low p. (e.g. = 0.1) errors change from positive to neg-
ative asn increases. For smatli F-APPROX’s positive errors

In p.-Model we have used many approximations, whice dominant. Ag; _increases witle, M-APPROX’s negative
might affect the prediction accuracy pf. We made an approx- €rrors become dominant.
imation by ignoring. x p. in (3), which we calP-APPROX. P-  Fig. 5 shows thap.-Model accurately predicts also, com-
APPROX can makg; in the model greater than the simulatiorParing S in (20) (lines in Fig. 5) with the simulation results
results, i.e. incupositive errors. P-APPROX's positive errors (points in Fig. 5). In (20) errors op; introduce the errors on
become higher as. andn increase. First-order approximationS in the opposite sign, i.e. positivep; errors incur negativel
used in (17), called-APPROX, can introduce positive errors.€rrors. Fig. 3 and Fig. 5 show that the errors arenegatively
The F-APPROX’s positive errors increaseraisicreases. Ignor- reflected in thes errors.
ing (2py)™ termin (21) (calledM-APPROX) can caus@egative
errors onpy. As p. increases andh decreases, M-APPROX ) . )
causes more negative errors. B. Numerical Resultsfor Variability Analysis

In Fig. 4 M-APPROX’s negative errors are higher for = To validate Claim 6 we run the simulator with" = 32 and
0.4 than forp, = 0.1. As m changes from 2 to 10, M- m = 5, which are the typical setup specified in the standard [1].
APPROX'’s negative errors are reduced significantly. FohhigAs shown in Fig. 7, change ¢@f from 0.1 to 0.3 and that from
pe (€.9.= 0.4) negative errors are dominant due to M-APPROX).3 to 0.5 have the same effect 8ras adding 38 and 66 stations



o7 ' ' ' ' ' ' &wﬁ**& [2] J. Bianchi Performance analysis of the IEEE 802.11 iiisted Coordi-

%gé* e FS *’% Xxww&éz«’@“ nation Function. INEEE Journal On Selected Areas in Communications,
os | s Sl S T March 2000, pp.535-547.
*@% ﬁ‘ x An= ng +%++++ jj e [3] H.S. Chhaya and S. Gupta Performance modeling of asgnolis data
e Ky o B =0. ZI»&iﬁ S transfer methods of IEEE 802.11 MAC protocol. \Mreless Networks,

7] vol. 3, pp. 217-234.

[4] T.S.Ho and K.C. Chen Performance evaluation and enimaectof the
CSMA/CA MAC protocol for 802.11 wireless LAN’s. IiProc. |IEEE
PIMRC, Taipei, Taiwan, October 1996, pp. 392-396.

[5] K.C.Huang and K.C. Chen Interference analysis of nosignt CSMA

For the same A p, An>= 0.5 W A p, p with hidden terminals in multicell wireless data networks.Proc. |IEEE
PIMRC, Toronto, Canada, September 1995, pp. 907-911.

[6] D. Qiao and S. Choi Goodput enhancement of IEEE 802.1%alegis

9 LAN via link adaptation. IrProc. |EEE International Conference on Com-

Transmission Failure Probability p;

X §:mgg '8 ég M munications (ICC’'2001), Helsinki, Finland, June 2001.
o1 ) ) ) ) ) ) SIM(D =0.5) [7] T.S. RappaporiMreless Communications: Principles and Practice. Pren-
’ 10 20 30 40 50 60 70 80 90 100 tice Hall, 2002. ) )
Number of stations n [8] Y.C. Tay and K.C. Chua An Capacity analysis for the IEER 80 MAC
protocol. InWreless Networks, January 2001, pp.159-171.
[9] J. Yeo, S. Banerjee and A. Agrawala Measuring traffic ob wWireless
medium: experience and pitfalls. Technical Report, CS-#R14 Depart-
Fig. 6. Variability results for transmission failure prdtiity: increasingp. by ment of Computer Science, University of Maryland, CollegekPDecem-
Ap. has more effect op, than addind).5W Ap, stations. ber 2002. (available at http://www.cs.umd.edu/ jyeo/TR.p
0.8 T T T T T T
. M2y
X
" snw(ﬁ =05  x
4
|- + + -
o7 #thf
#tﬁ# For the same A'S, An>0.5W A p,
D06 Fox APe02 7 T ]
E ><x><><>< An= 384r ++# ++++ et e
< X X ++ o
g * W%X X ™ ++++++++++++++ .
£ osf XX‘»(‘ 05 ey
><
y A pe= =0.2% >< >§<>§3§§<>3<>§§<>< ><>< %% .
KK x* X
*
04 V*;é&x P P ’;% A n=66
S ’%%@2*’%&*%%% e
0.3 1 1 1 1 1 1 1 1 1

10 20 30 40 50 60 70 80 90 100
Number of stations n
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respectively. 38 and 66 both are greater thgre4).5W Ap, =
0.5 x 32 x 0.2), thus Claim 6 is validated.

VII. CONCLUSION

In this work we have extensively studied the effect of packet
errors on capacity and variability of the 802.11 MAC proto-
col. We develop.-Model and successfully model transmission
failure probabilityp,; and saturation throughpt in terms of
packet error probability. andg = (n — 1) /.

Furthermore, introduction g, in the model enables us to
make variability analysis on the effect pf on the performance
metrics, such ag; andS.

Numerical results show that our model can accurately predic
capacity and variability of the real-world wireless LAN, are
packet errors are common due to non-ideal channel condition
and device variability.
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