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Abstract— An analytical model for studying the performance with error detection and retransmission have been imple-
of the Delayed Acknowledgement (Dly-ACK) mechanism in IEEE  mented in typical wireless data networks. There are three
802.15.3 over wireless Rayleigh fading channel is developed. Aratransmission policies (or protocols) defined in the IEEE
three-spape Markov chain is Qpplled to approximate thg correlated 802.15.3 standard: no acknowledgement (no-ACK), immediat
transmission errors. Explicit mathematical expressions for the B : '
goodput and efficiency of DIy-ACK are derived. It is found @acknowledgement (Imm-ACK), and delayed acknowledgement
that the correlation between consecutive transmissions errorsas  (Dly-ACK). For broadcast and multicast messages, the ACK
significant impact on the goodput and efficiency of the DIy-ACK  policy is set to no-ACK upon transmission. Imm-ACK, func-
mechanlsm_. The goo.dput tends to increase as t_he size of the Dly'tioning as a stop-and-wait protocol, is used for resourqaest
ACK burst increases; however, the amount of increase depends A . . L.
on the underlying delay. Simulation results are given to validate or data tr_ansmlssmn Fhat reqwres the intended reum_nem_md
the analytical results. an ACK instantly as it receives a framdf a communicating
pair agrees on the use of DIy-ACK, the sender can send a
group of frames where the group size is negotiated at the
beginning of this session, and then wait for the ACK. Such
strategy helps to reduce ACK overhead, and improves channel
utilization. This improvement can be significant, espégial

Wireless Personal Area Networks (WPANSs) aim at prder high data rate applications, e.g., real-time multiraedi
viding low-power, low-cost, and short-range connectivity streaming. With this salient feature of supporting higherat
fulfill the requirement of mobile users. Many applicatio@c traffic, the emerging IEEE 802.11e standard also proposes a
benefit from WPAN with its ability of rapidly forming ad similar scheme to enhance QoS provisioning [3], [4].
hoc connections and providing satisfactory quality of &&v  If Dly-ACK is to be a significant policy for supporting
(QoS) for multimedia traffic. Bluetooth is the first enablingsochronous streaming, it is important to have a good under-
technology that allows WPANSs to instantly connect varioustanding of its performance. Automatic repeat request (ARQ
portable devices and online [1]. However, Bluetooth is n@irotocols such as stop-and-wait (SW), go-back-N (GBN) and
widely deployed because of the limited data rate (raw ragelective repeat (SR) have been extensively studied, reithe
up to 1 Mbps). The IEEE 802.15.3 standard, released iim traditional data networks [5] or in emerging wireless
September 2003, can support high data rate WPANs(55 counterpart [6], [7]. Dly-ACK is similar to GBN and SR in
Mbps) in the unlicensed 2.4 GHz band [2]. the sense that retransmissions are only for those errolyeous

The IEEE 802.15.3 standard employs a semi-ad hoc caeeeived frames. Unlike GBN and SR, the sender suspends its
figuration to allow several devices autonomously forming @ansmissions after a group of frames have been transmitted
piconet in which one of them is selected as the piconahd waits for the corresponding acknowledgement, as in SW.
coordinator (PNC). The PNC is responsible for allocatingecause of this difference, the analytical approach deeelo
radio resource and maintaining network-wide synchroronat for ARQ protocols cannot be applied directly to DIy-ACK.
that allows time to be slotted into a superframe structur@nly a limited amount of work on analytical modeling of
A superframe consists of three components: a beacon peritig-ACK is available in the literature; also, assuming a
during which control messages are broadcasted by the Pbi§hstant packet error rate does not reflect the charaaterist
periodically; a contention access period that allows devicof wireless transmission [4], [8]. In [4], throughput is dkexd
to send their resource demands to the PNC; and a contentignconsidering the effective time used for transmitting the
free access period for peer-to-peer data communicatiom@m@ayload. In [8], delay performance is analyzed by considgri
devices. various delay components. Although some interesting fiyglin

To compensate for errors or lost information transmitteske pointed out, the channel impairment due to fading and
over error-prone wireless medium, error correction, cor@bi the potential retransmissions of the last frame in a bumst ar

, , _ _ not considered. It is shown in [8] that DIy-ACK can greatly
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I. INTRODUCTION
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In this paper, an analytical model for studying the pejPestraion

formance of IEEE 802.15.3 DIly-ACK protocol over wireles P 3 3
Rayleigh fading channel is presented. To investigate thaon ~ ” ~
of correlated packet losses due to the impairment of fadil ¥ £ ¥ 13
channels, the commonly accepted Finite State Markov Chian . f ] / [ ] f ]
(FSMC) model [9] is adopted. While the binary FSMC [11] 12345 5 5 MN84678 8 10111213

¥t 1 Bu\rgt-Z B\lﬁst-s

[12] has been widely used by virtue of its simplicity, highe. Burst-
accuracy of FSMC may be achieved by increasing the num%gr. 1
of states, especially when the underlying fading process is
fairly slow [10]. Considering both analytical feasibilitgnd
reasonable accuracy, a three-state Markov chain is used t0  gpace (RIFS), the last data frame of the burst is repeated
approximate the correlated packet losses. By means of the ntjl the acknowledgement frame is received. The re-
Markovian analysis, explicit mathematical equations gt transmission of last frame is to signal the receiver that
proximate the performance of DIy-ACK, for given wireless — the current burst has been finished, and the acknowl-
links and protocol parameters, are derived. This framework  oggement frame shall be launched immediately.

provides a mean to assess the performance of Dly-ACKg3) Before a burst transmission is completed, i.e., the Dly-

Frame transmission process using Dly-ACK policy.

where the throughput, efficiency, delay variation, etc. ban ACK frame is received by the sender, the sender is not
obtained. The resultant performance is beneficial for tisegde allowed to resume transmission. In the succeeding burst,
of optimal transmission strategy. For instance, the reoept both the erroneous and the lost frames in previous bursts

quality of a multimedia streaming determines the amount of  paye to be retransmitted if the retry limit is not exceeded.
required retransmissions, where the induced cost (e.gy)de 4) Each frame is identified by a sequence number. The
may not be affordable due to heavy retransmissions. Thus, it * communicating pair is thus capable of determining when
is necessary to tune relevant protocol parameters in respon 5 purst finishes and which frame needs to be retransmit-

to the traffic arrival pattern so that desired reception ityal ted.
can be guaranteed. _ _ _ 5) The receiver can change the acknowledgement policy or
The rest of this paper is organized as follows: Section Il * he purst size after each burst by altering the associated

describes the salient features of the Dly-ACK scheme specifi fields in the Dly-ACK frame.
in the IEEE 802.15.3 standard. The system model is developﬁg . . -
. : L . e operation of the data exchange phase is shown in Fig. 1,
in Section Ill, and the performance analysis is given in Beact

. . . .where the burst size is assumed to be 5. In the first burst
IV. Section V presents the simulation results and conc@nduzframes 1~ 5), frames 3, 4 and 5 are detected to be erroneous
remarks are given in Section VI. y ' '

After transmitting the last frame (i.e., frame 5), the sande
Il. PROTOCOLDESCRIPTION suspends its transmission and waits for the receiver'syrepl
a§uppose the channel encounters a deep fade in the next few

Fig. 1 shows the transmission process of Dly-ACK illiseconds, frame 5 requires three attempts to be redeive
specified in the IEEE 802.15.3 MAC standard. The Dly-ACK" ' qu . Pis 10 be TeC
sgccessfully. As frame 5 is received, the receiver indgate

rotocol is composed of two phases: an initialization pha . X
P b P P ﬁﬁ) e frames that are successfully received (i.e.,framexs 1

and a data exchange phase. Prior to data transmissions, 't . .
communicating pair negotiates the type of acknowledgemea}ﬂ§ 5) by using a single ACK frame. In the next burst, the

policy to be used. The initialization procedure involves ths:ender retransmits those frames lost in the previous burst

source node sending a single data rame with the ACK poligfZ 122 T8 b RCR TR ERRE LR L S e
field settoDl y- ACK Request . If the destination accepts the 9

use of DIy-ACK, it responds with an acknowledgement framr‘;}egotlated burst size. The same procedure continues for the

immediately. As defined in the standard, this acknowledgmmeigcieledl";g abnucgsg) (frames 3, 4, 6, 7, and 8) and (frames 9,

frame is used to acknowledge the received data frame an . .
indicate theburst size. By burst size it is meant the maximum dI'herefore, the number of successful transmissions during

number of frames the sender may send before receiving e burst equals to the variable number of successes adhieve

feedback. i.e., acknowledgement frame. The value of thet buf °"Y the first four transmitted frames plus the last trans-
size. which i,s not explicitly defined in the standard mamitted frame. In addition, the last frame may be transmitted

be determined according to the receiver buffer requireme%ﬁveral times, while each of the the first four frames is

and the delay tolerance of the underlying traffic. Once tlﬂear.]sm_itted by exact once. This observatiop facilitates t.h
initialization is performed the data exchange phase begins erivation of .the protocol performance metrics, as we will
procedural steps of the data exchange phase are as follow(g?mons”ate in Sec. IV.
1) The sender sends a group of frames where the number of
consecutive frames equals the burst skeThereafter,
the sender waits for the corresponding acknowledgementWe focus on the peer-to-peer communication between two
from the receiver. devices in a WPAN where the data transmission may encounter
2) In the feedback direction, if the acknowledgement is netrors because of impairments of wireless links. The DIWAC
received during an interval of retransmission interframmechanism is implemented to enhance reliability. Accaglyin

Ill. SYSTEM MODELS
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the receiver acknowledges the reception of data via a feddince the partitioning threshold is determined, the pararset
back channel. The feedback channel is assumed to be eradrthe Markov channel model, such &s and the crossover
free since the acknowledgement frames are much smallempiobability associated with each state, can thus be olataine
size than the data frames and can be protected if sufficieither by simulation or analysis [19]. In this study, theneémts
error-correcting codes are implemented. The consideratio of P are estimated from empirical data.

feedback errors can be easily incorporated in our analytica

model as commented in Sec. IV-B. B. DIy-ACK Protocol Model

When a sender has data to send, it first negotiates th%ur analytical model is based on a fixed burst siYe
acknowledgement mode with the intended receiver. Thisne%e sender will transmilV' data frames consecutively, but the
tiation procedure only takes place once as long as the COMMdine sequence may be out of order due to retransmissions.
hicating pair agrees on the current acknowledgement pBIY atier sending the last frame in a burst, the sender suspends
we exclude the negotiation procedure from our consideratig,y, yransmission process and waits for ACK. The receiver
and we assume the burst size is fixed. qu the wwgless.chanqﬁ'll not launch ACK until the last frame is received success-
a non-line-of-sight frequency-nonselective multipatidif® ¢\ Thys the sender will need to repeat the last frame Iy th
channel with frame transmission time shorter than the oéian%nd of a timeout. Taking into account the interframe spaw, t

cohgrgnce time IS assumed. chh a'fadlng channe! Canpt?gcessing time, transmission time and the propagaticaydel

stat|st|cally descnbed_ as a mult|pllcat|ve complex Garss we set the timeout to bd, whered is the maximum one-trip

process with a Rayleigh distributed envelope. delay. According to the standard, the last frame is repeated
until it is successfully transmitted. Without specifyingetry

A. Wireless Rayleigh Fading Channel limit, the protocol may be unstable for extreme cases, e.g.,

the channel condition remains poor for a long time leading to

For a given modulation scheme, the dynamics of the fad'rllt%g resequencing delay at the receiving end [20]. In terfns o

channel can be characterized at the packet level. Var'orﬁj@twork throughput and efficiency, the assumption of persis

statistical models have been proposed to approximate the eEEY nt retry does not compromise the objective of capturireg th

process due to channel fading at the pac_ket Ievel_ [.9]' [1 teraction of the channel behavior and the protocol paterse
One of the commonly used approaches is the Finite St Rile resulting in slightly optimistic estimates.

Markov Channel (FSMC) model [9]. Generally the channe Let one slot correspond to the duration of one frame

bétNT::rort rt?]te (BER) IS s fun;:\'ﬁ:? tOfk S|gnal-tot-_n0|se ratlQransmission, where the frame length is assumed constant. A
( ) at the receiver where akes a continuous ra beginning of each time slot at timelet n(¢) denote the

of values. The methodology of FSMC modeling is to partitioﬂumber of frames pending transmissions in a burst &ng

the received SNR inta: mteryals according to a certain Se%e the current channel state. The transmission of frames can
of thresholds. Each of the intervals corresponds to a sta(€ .- .oq by a two-dimensional proc@s&t) — (n(t), (1))
of the Markov chain, and the error probability associat %ere n(t) € {1,2 NV, c(t) € {1,2,3} anéjt is

with each state can be given according to the mean recei\fﬁ asured in slots. By sampling(t) at the beginning of each
SNR and the modulation format. Therefore, several parasietg | (denoted as,), we can obtain a new proce$d”(¢)}

involved iin Markov channel modellng,”such as th.e_ m.meWhich describes the transition process burst-by-burse Th
of states, the SNR threshold, the transition probabilityrina

} ) process{Y (¢;)} can be approximated by the semi-Markov
P=[m], i=1,2 ..., nneedto be determined. The ith ;
v » ’ Mark haltyy, k > h
reader is refered to [9], [16], [17] for detailed discussion P 0CeSS With embedded Markov: chafi, k = 0}, in the

: state spacéV, € {(i,x):i= N,z € {1,2,3}}, defined by
Throughout this paper, we use to denote the number of s - . o
states in the ESMC model. the transition probability matrix¥ whose element)(; ..,

_corresponds to the transition probability from stéier) to

It has been. shown that the fir;t °Tdef FSMC model W'ti][ate(j,y). The element of the steady-state probability matrix
three states gives a good approximation of the fading PSOCY$ associated witH{Y;} can be computed by
under sufficiently slow fading (i.e., with normalized fadin

rate less than 0.1) [18]. Since WPANs are mainly dedicated Z (i) = 1,
to indoor applications with fairly slow mobility, the appti (4,2)EW, )
statistical model has to be able to capture the charadtsrist .

P Tow) = D V)G o) V(1Y) € Wi

of a very slow fading process. In this paper we use a three-
state Markov chain (i.en = 3 in our consideration) to model
the error process of Rayleigh fading channel consideringThe process{Y'(¢;)} is a renewal reward process in the
the tradeoff between accuracy and complexity. As far &§nse that certain rewards (successful transmissionsjoire
partitioning method is concerned, several heuristic apgtes lected before the process is renewed (a new burst starts).
have been proposed in [16] and further investigated in [th]. Note that each burst will always start with one of the states
this study, we set the SNR thresholtls = —AoIn(1—m;) and  {(N,1), (N, 2), (N, 3)}.

Ay = —XgInms such that the elements & arem; = n(n%

andm; = im (i = 2, 3) [16]. Such a partitioning method IV. PERFORMANCEANALYSIS

allocates more states in the range of higher error prolyabili In this section we analyze a peer-to-peer communication
to have a better tracking of the channels with poorer qualityystem employing the DIly-ACK protocol over the Rayleigh

(i,2)EW
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fading channel in which the error process is modeled by a
three-state Markov chain. We are interested in two perfor-
mance metrics: goodput and efficiency. Goodput is defined as
the average number of successful transmissions per urgt tim

the average total number of transmission attempts is defined
as the protocol efficiency. Throughout the analysis, we make
the following assumptions: 1) there is no retry limit forrira
transmissions; 2) the burst size is fixed; 3) the feedback
channel is perfect. The consideration of feedback errons ca
be realized by augmenting an additional state that reptesen
the channel state in the feedback direction. Fig. 2. State transition diagram of phase-I transmissiortgss.N is the
By counting the rewards associated with each transitid#rst size.
in the embedded Markov chaift'y }, denoted by the matrix y, ,risqions of the last frame in the burst. Net), RM,
R = [r(i,2)(,y)]» We can track the number of successful transs y

e Y). . =@, and T® denote the transition probability matrix, the
missions. Similarly, the number of frames transmitted dred trewérd the number of transmissions :gnd the tersmi . t
resultant transmission time, represented@®y= [£(; .)(j.4)] ’ : ST

. : associated with phase-I, respectively. Similarly, denBtél,
and T = [7(i4)(;,)], respectively, can be obtained. Thex ) '=D | and TD as the transition probability matrix,

detailed derivations are gl.ven n .the following subsecstl'on the reward, the number of transmission, and the transmissio
The performance metrlcs'of |pterest can be obtained fifie associated with phase-Il. All matrices have the same
fo_llov_vs. Letto, ty ... be the time mstar_lts_when the ComMuy; 1 ansion of3N x 3N where the elements associated with
nicating pair finishes one purst transmission, axg = ¢, — phase-ll are nullsR, EM, and T have the same
be—1, k=1,2, ... bethe time elap§ed between t(rife— Lth structure that allows us to compute the following matrices:
and kth burst. ThenAt, forms an iid sequence since each
burst duration is independent of the previous burst dumatio ¥ = gDOgUD, R=RY + RUD
Denote S(t) the number of frames successfully transmitted = _ =) | =(II) _ (D (11 4
by timet and N (t) the total number of frames transmitted by S=aT s, T=T""+T"". )
time ¢. S(t) can be considered as a renewal process havi
interarrival timesAt,. By the renewal reward theorem [21],
the long-term average efficieneycan be derived as

Phase-II of k-1)th burst Phase-I okth burst Phase-Il dith burst

e derivation of each matrix is given in the sequel.

3 3 A. Phase-|
. t ;;:31 () y; PN (N ) T(N.2) (o) For phase-l, the transmission process can be tracked by sam-
n= lim 0 3 3 g pling the procesqY (¢)} after every time slot. The resultant
17T(N,x) Zl Y(N,2)(Ny) E(N,2) (N,y) random process is a discrete two-dimensional Markov chain
r= y=

@) with state space (i, x): i€ {1,2,..., N}, z € {1, 2, 3}}.

wherer ., is the steady-state distribution of the chir, } The corresponding transition probability matNX is given as

from (1). Similarly, the long-term average goodputs given (1= )y, i=j+1

by
, \ W = [W(i0)(p)] = { €xPays i=j2>2 (5)
S(t) ;::1 T(N,z) y;l V(N 2)(N,y)T(N,2)(N,y) 0, otherwise,
:tlinolo r -3 for i,j € {1,2,...,N}, z,y € {1,2,3}. Fig. 2 shows the

3 3
Y T(Nz) 2o V(Nw)(Ny) T(N2)(N,y) transition diagram that models the transmission process of
v=t v=1 phase-l. Each one-step transition indicates the resultnef o
To calculate the elements of the aforementioned matricég@me transmission depending on the channel quality at the
R, E, T, and ¥ (defined in (1)), we further study theinstant of sampling and the number of remaining frames in a
transmission process as described in Sec. Il. Given the bupdrst.
size equal toN, 1) for the firstV — 1 frames in the burst, 1) Transition Probability Matrix ¥(D: Denote Y1) ()
the number of transmitted frames is deterministic, and tllee state at the beginning of phase-l in thth burst, and
number of successfully transmitted frames is stochastic; /%) (¢, + (N — 1)) the state at the beginning of phase-Il. By
for the Nth frame (i.e., the last frame) in the burst, thesampling at instants, and¢; + (N — 1) of burstk, we can
number of Nth frame transmissions is stochastic, and thebtain{Y(!)(¢)} corresponding to the transmission process of
number of successfully transmitted frames is one. Theeefophase-I. Given the initial sta{eV, x), the probability of ending
it is convenient to decompose the burst transmission in tab state(j,y) can be obtained as &V — 1)-step transition
separate phases, and combine the results to compute phabability of W, i.e. WY1 = [w(; ,y(j.,) (N — 1)]. Con-
elements oR, Z, T, and¥. Phase-I covers the transmissionsequently, the transition process from stat€)(t;) to state
of the first v — 1 frames in the burst, and phase-Il covers th& (/) (¢, + (N — 1)) has its transition probability matris (/)
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By sampling the random proce$d”(¢)} every round-trip
delay (2d + 1), a new process is constructed with state space

Wl e {(#,2"): 7 e {1,N},2’ € {1,2,3}}. Herei' = 1 if
‘‘‘‘‘‘ the last frame is not successfully transmitted, ahek N if
V( )‘\, it is successfully transmitted. Fig. 3 illustrates the &ition

t ! 1y)

diagram of phase-Il. The corresponding transition prdigbi

matrix is Z = [z( w1\ (j7 .4y ], Wherez(r 4174 is given by:
(1 —ex)pery(2d+1), ' =1,7=N
(i) (') = | CaPary (2d + 1), i=j =
0, otherwise.
Phase-I| okth burst Phase-Il okth burst Phase-I ok{1)th burst (10)

As shown in Fig. 3, phase-Il may start in any of the initial
Fig. 3. State transition diagram of phase-ll transmissioncess. states(1,z’), ' € {1, 2, 3}, which is determined by the
]{\E N'Sl)th&ggrs&vsgzﬁ tON;’ttaeteth‘;tetr(‘;) itsra(;‘nsgl'on probability - frostate initial state of phase-I after experiencirigy — 1) transitions.
Given the transmission process starts at stdfex),z €
{1, 2, 3} at the beginning of a burst, the probability that the
transmission process is in stafé, z’) at the beginning of

)

with elementwéi )G

e B {w(iym)(j,y)(N -1), i=N 6) phase-Il equals theV —1) transition probability from channel
@2)Gy) ) 0, otherwise, statex to channel state’, i.e., py, (N — 1).
1) Transition Probability Matrix ¥D: For phase-ll, the
wherei,j € {1,2,..., N}, z,y € {1,2,3}. transmission process is tracked by sampling the process

2) Expected Number of Successful Transmissions R™:  ry-(4)} after every round trip time (i.e.2d + 1). From

For phase-, a successful transmission can be interpreted g, 3, phase-ll starts with statél,2’) and terminates

reward being given aﬁer ?very successful trar}smissiod, 3R state (N,y’) once the last frame is transmitted suc-
hence, a reward matriR ") can be formed with element cessfully. Let u; (7, denote the probability that the

T(i.2)(jy)" transmission process will enter absorbing stéjgy’) €
o {(N,1),(N,2),(N,3)} conditioning on it starts at the state
n N-j i=N (¢,2'). The probability matrixU = [u(; . j7,)] can be
r ) (@2 y")
U (U otherwise, computed as
-1
wherei,j € {1,2,... N}, ,y € {1,2,3}. U=[1-2Z] ", (11)

3) Expected Transmission Time T® and Number of Total
Transmissions Z(1: The number of transmissions experience
in phase-l is deterministic and equalso— 1. Thus, we can
form the matrix@®) with element; ,(;,

wherel is the identity matrix and ]~ is the inverse matrix
operation, andZ is given by (10). The elements of transition

) probability matrix @) are therefore given as
)"

S(I) {N - 1, Z == N (8) '(/J(II) ) _ {u(l’m/)(1\/"?!/)7 j — N (12)

(i,2)(Gy) — 0, otherwise, @2 (Gy") 0, otherwise,

where i,5 € {1,2,...,N}, z,y € {1,2,3}. Since the wherei,j € {1,2,..., N},2',y/ € {1, 2, 3}.

transmission in phase-l is on a frame-by-frame basis, the2) Expected Number of Successful Transmissions R(D:

expected time taken in phase-l is given by the ma#iX) Since the last frame in a burst is retransmitted until it is

with elementr((i[;)(j 0 successfully delivered, the expected number of successful
Y transmissions can be described by the malR&!) with

(1) N-1, i=N 9 elementr/?)
n. = (i.2)(G.v)
(i,2) (5,y) {0’ otherwise, ©) Y
herei. i (11) L, j=N
wherei,j € {1,2,...,N}, z,y € {1,2,3}. 66 = 0 otherwise (13)
B. Phase-ll wherei, j € {1,2,... N}, 2,y € {1,2,3}.

According to the IEEE 802.15.3 specification, the trans- 3) Expected Transmission Time T and Number of Total
mission of the last frame is repeated until it is succesgfulllransmissions ZID: For phase-ll, with the knowledge of
transmitted. Taking into account the channel delay, theleeninitial state, the final state, and the corresponding tteomsi
repeats the last frame every round-trip de{@y + 1). Hered probability, we can derive the average number of frames
is the channel delay counting for the time from the beginnirgpnsumed in phase-Il. The expected number of transmissions
of a transmission till it is successfully detected and dedodm; .\ (v, Made in the transient staid,z’) before the
by the receiver. transition process enters into the absorbing stéfey’), as
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. . . . . SN x10°
depicted in Fig. 3, is given by (see Appendix): a T
3 —&- Jakes' simulator
22 U1, (1,0)U(L,0) (N.y') ' 1
v=1
M(1,a7)(Ny') = - (14)

U(L,2")(N.y")

@w
Y
T
I

Since the statél, =) is actually conditional on the initial state
of a burst (i.e.,(N,x)), the expected number of transitions
made in a transient state before the transition processsente
into the absorbing statéV,y’) is given by

3 3 \/9/9//6\@
kZ Pk (N = 1) 37 w(a, k) (1,0 (1,1 (N7 1 1
=1

I'=1

Goodput(bps)
w
2
i

@w
~
T
I

TY(Nz)(Ny') =

28

3 i i i . . .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
E Pxk’ (N - I)U(l)k/)(]v)y/) Normalized fading rate

k=1 (15) Fig. 4. The accuracy of three-state Markov channel model.
Thus, the matrix@? with elementg((f?)(j ,) is formed by
properly arrangingn(n .)(n,y): 11 e eE === == e
M(N . n, j=N 085F  TISia@ g ]
5(({1) = M(N.x)(Nyy')> ] . (16) Q... Qmimimm- o
»2) 3y 0, otherwise. ool ,

On the other hand, each frame is transmitted in every rour 085} v : : . . . 1
trip time (2d + 1) in phase-ll. The expected transition time

>
matrix therefore can be representedi$’) = (2d+1)-2UD, 5 o8 Py :ﬂ:ﬁ;ﬁgﬁ?‘;\lz iol‘éB(jB)’
Somsr€® o Analysis(SNR = 15 dB) [
V. SIMULATION RESULTS ol e I
In this section, the accuracy of our analytical model i | O Simulation(SNR =20 dB)| |
evaluated via simulation. The sensitivity of the DIy-ACK
performance to burst size (i.e., transmission window) at 0.6r 1
various propagation and physical layer parameters such 055 ‘ ‘ ‘ ; ; ; ; L ¢
normalized fading rate, received SNR and channel delay 0 0002 0004 0006 0008 001 0012 0014 0016 0018

Normalized fading rate

also discussed. A peer-to-peer communication scenarigus.

Dly-ACK is implemented. A persistent traffic is assumed &g 5. Efficiency versug, 7.

the source device, and the sender’s buffer and receiveifferbu

are assumed to be sufficiently large. The fading process with

Rayleigh distributed envelope is generated using JakedemoFig. 4 are typical in wireless environment, but the scenario

[22]. In our simulations,500,000 frames are generated andf interest only covers very small values. It can be seen that
a warm-up period ob, 000 frames are considered. Followingthe goodput for the three-state channel model approximates
the technique described in [23], the fading process is sagnpthat of the Rayleigh fading channel very well, whereas the

frame by frame and the frame error rate (FER) corresponditwgo-state channel model shows a large discrepancy.

to each frame is computed by considering a QPSK (quadrature

ph_ase shift_ keying) m(_)dulation as _specified in the standagi_. Effect of the Normalized Fading Rate

This result is dumped into a trace file. Then we run the Dly- . S ) ]

ACK protocol over a channel whose error process is generated/ultipath fading is a common phenomenon in wireless

from the trace file. For the analytical part, the parametétse COmMmunications [24]. The envelope of the received signal

three-state Markov channel model are first computed aaegrdiS @ function of the velocitys of the user and the carrier

to the trace file. Then the efficiency and goodput are computigauency f. of the transmitted signal. With a time-varying
using the equations derived in Section IV. channel, the error patterns can be correlated or uncaoecklat

The degree of correlation is typically measured in nornealiz

fading rate given by the product of the Doppler frequelfigy=
A. The Accuracy of Three-State Markov Channel Model v/\ (\ = ¢/f. is the wavelength of the transmitted carrier

We first demonstrate the accuracy of the three-state Markioequency where: is the speed of light) and the transmission

channel model. For this purpose, we compare the perfoime of the data unitl’. The fading process is considered
mance of DIly-ACK protocol between three-state and twalow if f;7 < 0.1 and consequently consecutive packet losses
state Markov channel models, using a simulated Rayleigine correlated. The fading process is considered fastdadin
fading channel as benchmark. Fig. 4 shows the result for tiief;77 > 0.2 and therefore packet losses are uncorrelated.
scenarioSNR = 15 dB, burst sizeV = 5 frames, and channel Considering that WPANSs are dedicated to indoor applications
delay d = 3 slots. The normalized fading rates shown imve choose the velocity af km/hr, corresponding t@.38 m/s.
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Fig. 6. Normalized goodput versy§T.

The effect of normalized fading ratg; 7" to the Dly-ACK

policy is investigated by manipulating the data rate and the

frame size. The resultant normalized fading rate is locat
in the range 0f[0.0008,0.0178]. The response of efficiency
and normalized goodput to normalized fading rate can |
observed in Fig. 5 and Fig. 6, respectively. ¥R = 10

dB, which can be interpreted as a relatively poor channi
goodput is sensitive to the change of fading rate and it teve.
a downward trend at the range of normalized fading ra
of interest. Since the number of retransmissions in phlase
dominates the efficiency of DIy-ACK protocol, we define tht
burst with size larger than the prescribed si¥aslarge burst

and probe the frequency of large burst per simulation run.
can be seen that when the fading rate increases the prapor
of bursts that need more thalN transmission attempts to
receive the ACK also increases, conditioned on the same SI'
We further examine the amount of retransmissions in phlase

by showing the average size of large burst size in Fig. 8. /.

intuitive notion is the average size increases as the etioal

of frames being retransmitted is larger for smafl" than for
higher f;T. This is due to the fact that, once the last fram
in a burst runs into an error, the next transmission is ve
likely to be failed because of the correlated errors. Byt|gin
considering Figs. 7 and 8, we can see as the frame err
are less correlated, a frame falls into the retransmissionm
more frequently, but the duration it stays in a group of exro
diminishes. Meanwhile, a more notable variation in Fig.&nth
that in Fig. 8 indicates that the sender spends more time
idle when the error pattern is less correlated. From the ebc
observations we can conclude that the performance of D
ACK degrades as the channel error is less correlated. I otl
words, increasing the frame transmission time or moveme
speed, corresponding to increasing the normalized faditeg r
result in lower goodput and protocol efficiency.

C. Effect of the SNR

Fig. 7.

Fig. 8.
of errors increases. It is shown in Fig. 8 that the proportion
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0.7F - Analysis(f T=0.00082424) |
’
’ 3 Simulation(de:0.00082424)

Rl 2R Analysis(f,T=0.017778)
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The impacts of SNR are investigated in Figs. 9 and 10 I5yg- 9. Efficiency versus SNR fofT" = 0.00008 and 0.01778.

setting N = 5 andd = 3 slots. Higher SNR leads to lower
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Fig. 10. Normalized goodput versus SNR fiyT" = 0.00008 and0.01778.  Fig. 11. Normalized goodput versus delay for SNR=15 dB and 25 d

error rate and, hence, efficiency and goodput increase as m !

successful transmissions can be achieved. Both perfoena 0.9r

measures reach their limits when the applied SNR is suf 0sl

ciently large to produce very low error probability. Moreoy

the channel with lowef,; T is more vulnerable to the low SNR < %[

compared to the one with highgT. This phenomenon can go.e—

also be explained by Figs. 7 and 8, where the sender us ¢ .| Analysis(f;T=0.00082424) | |

Dly-ACK spends more time in the idle state as the frame errc 5 ¢ Simulation(f;T=0.00082424)

are less correlated. soar S e Analysis(i,T=0.017778) |7

= 03l O Simulation(f,T=0.017778)

D. Effect of the Channel Delay 02f SRR S SE T e --0
Fig. 11 shows the response of normalized goodput 01t ,e*"\o .

channel delay! for different values of SNR withvV = 5. It can 0 o ‘ ‘ ‘ ‘ ‘ ‘

be seen that a longer channel delay prolongs the burst doyati 0 5 1 20 25 30 3% 40

Burst size

and thus degrades the goodput. It can also be observed ...... _ _

the impact of channel delay on goodput is higher in a Io@%ﬁ%‘_ Normalized goodput versus burst size fa" = 0.00008 and
SNR environment YNR = 10 dB) than in a higher SNR

environment §NR = 15 dB). For example, when the channel

delay is 5 slots long, the goodput fSNR = 15 dB is about delay increases, on the other hand, idle time increaseshand
35% higher than the goodput f&8NR = 10 dB. When the goodput drops. To compensate the performance loss due to
channel delay is increased to 9 slots long, the difference dsannel delay, one of the strategies is to increase the $imest

decreased ta0%. From Fig. 13, a goodput 050% of the highest value under
investigation can be achieved when the burst siz&is= 5
E. Effect of the Burst Size with channel delayl = 3 slots. When the protocol encounters

longer channel delay, say 23 slots long, the performance is
teduced by nearlyf0%. The same goodput is attained when
'{Re burst size is increased 16 = 20.

To explore the impact of burst size on Dly-ACK goodput
we setd = 3 slots, SNR = 15 dB; the result is shown
in Fig. 12. It can be seen that the normalized goodp
increases when the burst size increases. The reason is that,
by considering the same error rate, increasing the burst siz VI. CONCLUSION
simply concentrates the error events in bursts and, in tben, We have proposed an analytical model for studying the
retransmission process becomes more efficient. In additi@fficiency and goodput performance of the IEEE 802.15.3
the effect of normalized fading rate to goodput in the lowddly-ACK protocol in the presence of correlated transmissio
faT and the higherf,;T situations is also shown in Fig. 12.errors. Simulation results have demonstrated the accuwhcy
When N = 1, both error patterns result in nearly identicathe proposed analytical model. It is observed that the DBKA
goodput. In fact, the special case df = 1 is equivalent to protocol performs better in a correlated error environment
the Imm-ACK operating in a stop-and-wait manner. Thergforéhan in a less correlated error environment. Also, the gabdp
the correlation of error process has minor impact. As thef Dly-ACK can be improved by increasing the burst size.
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By considering the transmission mati = [u(; ,1y(j7.y1)]

defined in (11), and (20) and (21), we can write
09r
7 _ W) (1,0 Y1) (Nyy')
08l Jaenamiay (k) = —— . (22
(L,2")(N,y")
5 o The expected total number of times that the transient state
8 06f {(1,1),(1,2),(1,3)} are visited, if the transmission process
2 o5l is started in staté¢l, z’) and ended in stateN,y’) is
%’ 0.4 . LA
< sl o T Analysis(@ = 3siots) | M2 Ny = D T 1)V
R ) ¢ simulation(d = 3 slots) —1
0.2+ 0‘, B e T Analysis(d = 13 slots)  H{ u(l,x/)(l,v)u(l,v)(N,y’)
K24 O Simulation((d = 13 slots) = .
01if -2, B = = = Analysis(d = 23 slots) i U(1,2")(N,y")
Q{' ‘ ‘ ‘ ‘ O Simulation(d = 23 slots)
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