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Abstract—The throughput performance of a wireless media ac- multimedia applications are gaining importance [1]—{3]. One
cess protocol taking into account the effect of correlated channel important issue that most analyses in the literature ignore is the
fading, capture, and propagation delay is analyzed. For efficient affact of channel fading on the protocol performance. In fact,

access on the uplink (mobile-to-base-station link), the protocol . . . -
makes use of the uplink channel status information which is mobile radio channels are severely affected by time-varying

conveyed to the mobiles through a busy/idle flag broadcast on l0sses due to distance, shadowing (blockage due to buildings,
the downlink (base-station-to-mobile link). A first-order Markov  trees, etc.), and multipath fading. While the variation in the
model is used to describe the correlation in the packet suc- Josses due to distance and shadowing is relatively slow, the
cess/failure process on a Rayleigh-fading channel. The analytical variation due to multipath fading is quite rapid [4], [5]. The

results obtained through the first-order Markov approximation of fadi | due t lioath often foll Ravleiah
the channel are compared to those obtained from an independent '12CINY énvelope due 1o multipath oiten follows a Rayleig

and identically distributed (i.i.d.) channel model. The Markovian-  distribution, so that the envelope squared (i.e., the power) has
fading channel model is shown to provide better performance an exponential distribution [5]. Most notably, therrelation in
results than the i.i.d. channel model. Simulations show that a the multipath fadingehavior and its effect on the performance
first-order Markov approximation of the Rayleigh-fading process of access protocols have not been adequately addressed in the

is quite accurate. An enhanced version of the access protocol tol.t t far. Th . f f thi is to add
take advantage of the memory in the fading channel behavior is Iterature so Iar. 1he primary focus or this paper Is 10 address

proposed and analyzed. The effect of retransmission of erroneous this void.
data packets and propagation delay on the throughput is also  In the past, most models for data block transmission (e.g., in

analyzed. It is shown that the access protocol with arerror data link protocols) have assumed that the block transmissions
detect (ED)feature is efficient in slow fading (e.g., pedestrian \yore independent and identically distributed (i.i.d.). Also
user speeds), whereas eetransmissionprotocol is more efficient | desi d f iid ch | ,d
in fast fading (e.g., vehicular user speeds). many protocols were designed for an iid. channel, an
technigues were developed to eliminate channel memory (e.g.,
by interleaving). A newer approach is to take advantage of
the channel correlation (e.g., exploiting some prediction tech-
nigues) to obtain better performance, rather than destroying
[. INTRODUCTION the memory. A natural way to model a channel with memory

EXT-GENERATION wireless networks are envisaged t& [0 approximate it by means of a Markov model. Markov
Nsupport high data rates, packet oriented transport, am@dels to approximate Rayleigh-fading channels have been

multimedia traffic, and so the design and performance analy§Rnsidered in [6] and [7]. In [8] the binary process which

of efficient media access protocols for integrated wirele§§Scribes packet successes and failures on a Rayleigh-fading
channel was investigated using mutual information, and it was

_ _ shown that often a first-order Markov model is, in fact, an
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will see, capture conditions [11] are better handled in thi§the header packet is received successfully (without packet
protocol by allowing the base station to send a nonbinalyss due to collision or fading), the base station broadcasts the
feedback to identify the successful mobile in the event &b of the successful mobile (capturing mobile in the event of
capture among simultaneous header packet transmissions fawmtiision among header packets from different mobiles), and
multiple mobiles. sets the flag to busy for thie subsequent slots, whekeis the

The access protocol is described in Section Il. The fadimymber of packets in the successful mobile’s data segment.
channel model, the packet success/failure process, and Thés allows only the successful mobile to send all of its data
parameters of the Markov approximation of the channel apackets continuously in thodeslots. The base station resets
presented in Section Ill. The throughput performance of thiee flag back to the idle status once the message transmission
protocol is analyzed in Section IV, assuming instantaneoisscompleted. On the other hand, if the header packet is lost
and error-free feedback. We also propose and analyze (doe to collision or fading), the base station will not respond
enhanced version of the protocol—called the protocol withith a busy flag, but will continue sending the idle flag. This is
an error detect (ED)feature—which attempts to improve thean indication to the mobile that the header packet was lost, and
performance by exploiting the memory in the fading channeb it has to reschedule the transmission attempt to a later time.
behavior. The strategy here is that a user, upon packet errolt can be seen that the packet transmissions, as per the
events being detected in its ongoing message transmissiabove feedback mechanism (when error-free), can experience
is advised by the base station to abort the transmission dading, interference, and noise during header transmission,
attempt later. This scheme is expected to give good resuliRereas during data transmission only fading and noise (no
in the presence of significant channel burstiness, as it avoid&erference) are experienced. Thus, in the case of error-free
insisting on transmission in slots which are likely to be ifeedback to all mobiles, collisions and hence capture are
error, and lets other users (whose channel conditions mightgaessible only during the header packet transmission and not
good) access the channel. However, in the presence of rapidlying the transmission of data packets. However, errors in
varying channels, which result in low correlation betweethe busy/idle flag reception would result in collisions, and
errors in consecutive slots, the strategy of Bizprotocol may hence packet losses, during the transmission of data packets
be too wasteful, as it effectively reduces the message length well.
and therefore decreases the overall efficiency. Another classic
way of recovering errors in packet transmission is through
retransmission We analyze a parameterized retransmission
strategy at the media access layer to recover erroneous data  |ll. CORRELATED FADING CHANNEL MODEL

packets. In Section V we analyze the performance of thesqn order to analyze the performance of the access protocol in
protocols when the feedback is not instantaneous; that is, whgg presence of fading, we consider a frequency-nonselective
the delays due to propagation and processing are larger thgsy) multipath-fading channel whose analytical model is
the slot duration. Such scenarios are typical in high data rgfgscribed in the following. In the literature the flat-fading
wireless systems. Section VI provides the conclusions.  channel is modeled as a multiplicative complex functin)
which is adequately described as a random process. A popular
model considers a complex Gaussian random process with a
given mean and covariance function [5]. On the time scale

The operation of the wireless access protocol considerefithe fading variations, the process can be considered as
in this section (we will refer to it as thdasic protocol) stationary. Therefore, with no loss in generality, we will
is described as follows. The uplink (mobile-to-base-statiatormalize its power to one. The real and imaginary axes can
link) channel is slotted to one packet duration. Transmissi®& chosen so that the mean= FE[a(t)] is real. Also, we
attempts are made by the mobiles only at the slot bounebnsider the covariance function, defined as
aries. Each message generated at the mobiles consists of two
segments, namely, theeader segmerand thedata segment K(r)=E[(a(t+ 1) — )" (alt) — p)]. (1)

The header segment is one packet in length. It carries control

information such as destination address, number of packetdNote that if;, = 0, the envelope ofi(t) is Rayleigh-distributed
the data segment, etc. The data segment represents the aédbuahny ¢, and the envelope squared has an exponential
traffic. It consists of a random number of data packets. distribution. Wheny > 0, the resulting fading envelope is
busy/idle flagindicating the activity on the uplink is madeRician-distributed and accounts for the presence of a line-of-
available to the mobiles at the beginning of each slot. Théght (LOS) component. When the LOS component is absent,
flag is broadcast by the base station, once every slot, on threhas negligible power, the Rician model degenerates into
downlink (base-station-to-mobile link). the Rayleigh one.

According to thebasic protocol, once a mobile receives a In a widely accepted model the Gaussian process is assumed
message to be delivered to the base station, it first checks thiéhave a bandlimited nonrational spectrum given by [5]
status of the received busy/idle flag. If the flag is set to busy,
the mobile refrains from making a transmission attempt. If [ ¥ 21-1/2

= ()]

Il. WIRELESS ACCESS PROTOCOL

fD o forlfi<fp (2

the flag is set to idle, then the mobile makes a transmission S(f) = S(0)
attempt by first sending the header packet on the uplink slot.
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and zero otherwise, wherf, = V/\ is the Doppler band- Also, note that(1 — ¢)~! represents the average length of a
width, V' is the mobile speed, andis the carrier wavelength. burst of errors, which is described by a geometric random
This spectrum corresponds to the covariance function variable. The parameters of the above Markov model can be
found as [8]
K(r) = Jo(2m fp|7|) ©)

Pp=1-c¢¥F (7)
whose physical meaning has been investigated in [4] and [5]. 1 Q(8, pb) — Q(pb,0) ®)
Jo(+) is the Bessel function of the first kind and of zeroth o el/F -1
order. Note that the correlation properties of the fading process
depend only onfp|7|. When fp|7| is small (e.g.<0.1), the ~Where
process is very correlated (“slow” fading); on the other hand,
for larger values offp|7| (€.9.,>0.2), successive samples of 6=,/ 2/F . (9)
the channel are almost independent (“fast” fading). For high 1—p?
data rates (i.e., sma#t), the fading process can typically be ] ] o
considered as slowly varying, at least for the usual values & Jo(27fpT) is the correlation coefficient of two succes-
the carrier frequency (900-1800 MHz) and for typical mobiléVe samples of the complex amplitude of a fading channel
speeds, so that the dependence between transmissiondViif Doppler frequencyf, takenl” seconds aparfip 1 is the
consecutive packets of data cannot be neglected. In particuffmalized Doppler bandwidth, and
the assumption that the successes/failures of data packets o 2,2
constitute an i.i.d. process is far from reality and may lead Qx,y) :/ e~ =z Iylew)wdw (10)
to incorrect results when used to evaluate the performance of Y
wireless access protocols. Another approach, which accountsy, Marcum@ function. In (10)Z,

for dependence, is as fo!lows. i function of the first kind and of zeroth order. The Markov
The packet success/failure process is modeled as the fameterp can be obtained using (8) and (7) in (6). By

come of a comparison of the instantaneous signal-to-noise r %osing different values of p7’, we can establish fading

(SNR) to a thre_shold valuBNR,: if it is abpve the th_r_esh- channel models with different degrees of correlation in the
old, the packet is successfully decoded with probability On%ding process

otherwise, the packet is lost with probability one.Hfis the

value of thefading margin the instantaneous SNR (taking into .

account the effect of fading) is given BWR,F|a2(t)|. Hence, A Header Packet Capture Probability

the binary process that describes packet successes/failurddeader packets from different mobiles can collide in a slot
on the channel3; can be obtained by quantization of theand the probability of capture under such conditions needs to
squared magnitude of the complex Gaussian description with computed to carry out the throughput analysis. Consider

is the modified Bessel

the thresholdl/F, i.e., simultaneous header packet transmissions frondifferent
mobiles in a slot, where the signal from usglis received
8; = {07 ?f %2' >1/F (4) at the base station with poweaj—’., j=1,2,---,n. As stated

! 1, if vf <1/F earlier, in a multipath fading environment and in the absence

of a LOS component, the;’s are Rayleigh-distributed and

wherev; = |a(;1)] is the amplitude of the fading envelopene 2's are exponentially distributed. Capture is said to occur
at time j7°, T is the packet duration, and “1” stands for g, favor of user; if

packet failure. We describe the above success/failure process
on a mobile radio channel by a first-order Markov model. The n 1
parameters of the Markov model can be determined based orr} > B Z oG+ No| =B Z of| + 7 (11)

n

the fading model and the characteristics of the communications J=1,j#i J=1,j#i
scheme. The transition probability matrix that describes the ) ] .
channel is given by where B is defined as the capture threshold aig is the
noise powet From [12], the probability that there is a header
D 1-p packet success whensimultaneously colliding header packet
M. = (5) o . )
1—gq q transmissions are present in a slpﬁ’f can be found as

where p and 1 — ¢ are the probabilities that the packet () _1/F 1 n-l
transmission in sloj is successful, given that the transmission bs " =ne 1+ B (12)

in slot j—1 was successful or unsuccessful, respectively. Given
the matrixM., the channel model is completely characterizegtom (12), there is no capture wheh — oo (i.e., p{™ = 0

In particular, the steady-state probability, that a packet error o ,, - 1) Also, B = 1 corresponds to an idealized perfect
occurs due to fading and noise is capture condition [11].

1-— .
Pg = 7])' (6) INote that, since in our model all powers are normalized soﬂjatf] =
2-p—gq 1Vj, 1/Ny is the average SNR ang/(BNy) is the uplink fading margin.
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IV. THROUGHPUT ANALYSIS Xo— X1, Xs =1 —gap, Xa = (1 —gag)(1 —p), X5 =

To analyze the system throughput, we initially assume thigt— 94)(1 =), andXe = (1—ga)g. The arrival probabilities
the feedback from the base station (busy/idle flag and tHe and the capture probabilitiest”’ are given in (14) and
successful mobile ID) on the downlink is received instarf12), respectively. Note that in order to precisely track the
taneously and error-free by all mobiles. In the subsequéf@nsitions from header success stdtg) to data success state
analysis in Section V we will relax the instantaneous feedbatk’s) one would need to increase the number of states to take
assumption. The error-free feedback assumption is reasondBie account all of the possible numbers of simultaneously
because the feedback consists of only a few bits, which cansmitting users in the header success state, on which the
be provided with adequate error protection. We also make tReobability of having a data packet success in the next slot
following assumptions on the message arrival process and figPends. Here, in order to have a smaller number of states,
message length distribution: 1) the message arrival proc¥ég assume that a transition from header success state to data
at each mobile is Bernoulli with rata per slot (i.e., there Success state occurs with probability In particular, we will
are no arrivals or one arrival with probabilitids— \ and considerp’ = 1 as an optimistic approximation, and = p
)\, respectively) and 2) the length of the data segment 8f @ pessimistic approximation. We show that the throughput
the message (not including the header packetjneasured estimates obtained from these two approximations are tight,
in integer number of packets, follows a geometric distributiof"d they closely agree with the actual throughput values

p' = p so that the results presented are to be considered as

Pl =] = {gd(l —gal"h =123 (13) conservative estimates.
0, otherwise. Working through the steady-state analysis of the system, we
For the Bernoulli arrival process, the probability thaout of ©OPtain the expression for the average throughput ofbiasc
N mobile users0 < n < N) make a transmission attemptProtocol, in closed-form, as
in a slot p,, is given by o — X, gap + (1= ga)(1 = q)
N , B g+ X |1+ (=gl =p—1q) ]
n

Note that, sinceX;/(gq + X1) is a monotonically increasing
We first analyze the performance of thmasic protocol function of X;, and sinceX; is the only quantity in (17)

described in Section II. Later, we extend the analysis to botthich depends on, the value ofA which maximizesX; also

an enhanced version of the protocol with BP feature that maximizes the throughput. In fact, the maximum throughput

attempts to exploit the channel memory for better performanag;ax Occurs at the arrival rat@,., given by

17)

as well as aetransmissiorprotocol to recover erroneous data

ket Ay = 8 (18)
Packets. max — BN
A. Basic Protocol Performance which is independent of, ¢ and g4. Note that when there is

. . . nocapture (i.e. , Amax DECOMES equal tb/N. When
Based on the assumptions described above, the evolutlorlhoére Fi)s perﬁ‘ecfc;)tijé (i.eB = 1), A ggcomé}s equal to
the basic protocol on a Markovian channel can be tracked b%//N. In (17) successful header packet transmissions are not

means of a Markov chain V.V'th a flmte.number of States.' A %nsidered to be useful in the throughput computation so that
adequate state space consists of just five states describing the

. TN e Thasic = T4, Wheren, is the steady-state probability of state
system statu.s in a slot, namely: 1.) idlE); 2_) header packet D;. The protocol throughput for an i.i.d. channel model can be
succesg H,); 3) header packet failuréHy); 4) data packet derived by setting = p/ = 1 — g = 1— Py in (17), to obtain
succesg D, ); and 5) data packet failurgD;). Once the state ’
transition probabilities of the chai#;;, ¢,j € Q, whereQ . ¢!
is the state space, are determined, the steady-state probability hid = gqa + X1
vector«r is given by the solution of the equations

m=7rP, > m=1 (15)
JEQ

(1- Pg). (19)

B. Enhanced Protocol with ED Feature

In the basic protocol described and analyzed above we
allowed the mobile to continuously transmit all of the packets
The state transition probability matrix for tiasicprotocol in the data segment of the message even when one or more

Ppasic can be written as of those packets were lost due to channel fading. However,
X, X, X, 0 0 the memory in the fading process can be exploited to modify
0 0 0 y 1—yp the data transmission strategy by using the knowledge about
Prosic = | Xo X, X, 0 0 (16) the channel status information. As an example, consider the
gaXo gaX1 quXo X3 Xa following. Under slow-fading conditions (where events in
gaXo gaX1 gaXo X5 Xg successive slots are expected to be highly correlated), the fact
‘ that the data packet in the current slot is received in error
where Xog = pp = (1 = AV, X; = Ef\;lpipgz) = (1 — implies that the packet in the subsequent slot will also be

Pp)pi(1+ )N 1, 2 = W)/(1+B)(1-X), X, = 1 — received in error with high probability. Therefore, the protocol
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rules can be modified so that, when the base station detebies base station would need to send a nonbinary feedback
such a “bad” channel condition during transmission of a dathusy/idle/retransmit) in order to avoid a collision among a
segment from a mobile, it could ask that mobile to aboretransmission packet and header packets from other users.
transmission and release the channel. This avoids the lik@llgus, with the retransmission strategy, a geometric length
occurrence of subsequent errors and allows other mobilegessage of. packets (withEZ[L] = 1/g4) will take L’ slots to
(which may, on the other hand, experience “good” channghally get through, due to possible retransmissions. Therefore,

conditions) to transmit. we will have
To investigate how this idea can be used to enhance the I
protocol performance, we analyze a simple modified version I = ZYJ (22)

of the basicprotocol. We refer to the modified scheme as the
protocol with anED feature. According to thED protocol, if a ) ) ]
packet in the data segment of the message is received in erfdiere ¥; is an integer random variable equal to the num-
the base station sends out an idle flag in the next slot (instdf Of transmissions it takes packgtto be successfully
of sending a busy flag in alt data slots, as the basic protocol€C€ived. Note that the first transmission of data pagket
would do) to prompt the mobile to terminate the ongoing dafiftS @ probability of succegs for j > 1. This is because
transmission. Such a strategy enables other mobiles to acdB8sfirst transmission of packet immediately follows the
the channel during those slots which otherwise could hageccessful transmission of packet- 1. On the other hand,
witnessed, with high probability, loss of packets due to fadinif, the transmission is unsuccessful, then the probability that
Note that the transition probability matrix for tiiD proto- e immediately following retransmission succeedd is g.
col Prp will be the same as that of thmasicprotocol [matrix Thus, forj > 1, the rqnd.om variablé’; has the following
P.eic, given by (16)], except for the transition probabilitierobability mass function:
from state D;. In fact, for the ED protocol, the transition -1
. P[Y'— ]_ p, y= (23)
probabilities from staté) ; will be the same as those from the iU = (1-p)g?~2(1 - q), y>1.
idle state. Accordingly, the transition probability matrix for
the ED protocol is given by The same argument applies fgr = 1 as well, but the
probability p’ is to be used instead gf in this case.
Xo X1 X 0 0 : o
0 0 0 by Since the use of retransmissions occurs only when a data
p R packet is in error, the transition matrix for the protocol
Prp = | Xo X1 X, 0 0 (20) :
is the same as for théasic protocol except for the last
9aXo gaX1 gaXo Xz Xy i :
row (transitions from staté);, which corresponds to a data
Xo X1 X 0 0 .
packet in error). In fact, after an erroneous data packet,
where Xy, X1, X5, X3, and X, are as defined in Section IV-a retransmission attempt is always performed and therefore
A. From (20), the throughput expression for BB protocol only transitions toD, (with probability 1 — ¢) or D, (with

can be derived as probability ) are allowed (in other words, a message cannot
3¢ end with a failed transmission). Therefore, the transition
TED = r-d ; (21) probability matrix for theretransmissionprotocol can be
1—(1=ga)p+X1[1 = (1= ga)(p -] :
_ o . written as
which, again, is maximum fok = (1 + B)/(BN). Xo Xi X 0 0
) . 0 0 0 p  1-9p
C. Protocol with Retransmission of Erroneous Data Packets Po.= | Xo Xi X, 0 0 |. (24
The basic protocol does not take any action in the event gaXo gaX1 gaX2 X3 Xy
of data packet errors, i.e., data packets which are corrupted 0 0 0 1—gq q

during transmission are just lost and the recovery of sug1 the ab the th hout ion forrt _
errors are left to higher layer protocols. TiED protocol rom the above, the throughput expression forretRnsmis-
o0 protocol can be derived as

described in the previous subsection, on the other hand, red

to packet errors by aborting the ongoing message transmission. B (1-9X1

Howe\{er, in the presence of rapidly varying channe!s, which  hretx = ga1—q)+X1[2—p—q+ ga(p — 1')]

result in low correlation between errors in consecutive slots, ) )

the strategy of theED protocol may be too wasteful, as itWhich also results in maximum throughput when =

effectively reduces the message length and therefore decreddes B)/(BNV). In the case ofp’ = p, (25) can be further

the overall efficiency. Another classic way of recovering errofimplified as

in papket transmission is throug’etransmssmn Instead'of p1(1 = Pg)(1+z)V L

ignoring packet errors (as in theasic protocol) or aborting Thetx = N1 (26)
>\ ) o ga +p1(l+z)

the message transmission altogether (as inBbevariation),

a packet is retransmitted if it is received in error. In the locavhere z = (A\)/((1+ B)(1 — X)), and p; is obtained from

wireless environment under consideration, where the feedbd&l) for n = 1. From (26), it can be seen that thetransmis-

is assumed to be instantaneous, a packet in error can sien protocol throughput remains independent of the Markov

retransmitted in the immediately following slot. In this casparameters of the channgland q.

(25)
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Further, instead of terminating the data transmission at the 1.0 . r

first instance of a data packet failure (as in & protocol) :Egglc:':';:ssde

or repeatedly sending a data packet until success (as in the v Basic, iid, F=5dB

retransmissionprotocol), the base station could allow the 98 I u Retx., F=508 |
mobile to resend a lost data packet only a limited number i

of times (defined as a parameter), after which the mobile 06 | v Basic, iid, F=10dB ]

is asked to abort the data transmission. As can be seery
this is a generalized form of the protocol, and b&b and
retransmissiorprotocols can be thought of as special cases of
this generalized form for,. = 0 andn, — oo, respectively.

The transition probabilities for the generalized protocol can 02
be written exactly as for th&D protocol, except that the

single D, state in theED case is expanded inton, + 1)

different states; that isD;(0), Ds(1),---,D(n,), where 00,7 107 P 0°
Dy(7) corresponds to failure of thig 4 1)th transmission of a A\

data packet. Accordingly, the state transition probability matrix

for the parametrized retransmission strategy can be written™g 1. Throughput; versus message arrival rale N = 10, gq = 0.1,
fpT = 0.02, no capture, instantaneous and error-free feedback.

04

follows:
!
Preix analytical results. The correlated Rayleigh-fading channel was
FXo X1 X 0/ 0 ) 00 - - 07 gimulated using the method proposed by Jakes [5].
0 0 0 p l1-p 00 0 From Fig. 1 we observe the following. As was ana-
Xo X1 X 0 0 00 01 lytically computed, for all three protocol schemebaq
9aXo gaX1 gaX> X Xy 00 0 sic/ED/retransmission and both channel models (slow
_| 0 0 0 1-gq 0 q 0 0 . fading/i.i.d.), the maximum achievable throughput occurs
0 0 0 l-gq 0 0 ¢ 0 when A = 1/N, and this gives good robustness against
: : : ' ‘ ' either possible variations or wrong estimates of the channel
) : : ' ) parameters. Even with a small uplink fading margin of 5 dB,
0 0 0 1-q 0 00 - - q the basic protocol is found to offer a maximum throughput
L Xo X X, 0 0 0o o0 . -0

of about 0.631 successful data packets per slot. Ebe
protocol is found to perform better than both thasic and
) ) the retransmissionprotocols (e.g., maximum throughput of
C. Results and Discussion 0.673 for theED protocol against 0.631 for theasicprotocol

In Fig. 1, the throughput performance of the differenand 0.579 for theretransmissionprotocol). This was to be
versions of the access protocol obtained from (17), (19), (2Bxpected, because the fading rate considered is small (i.e.,
and (25) is plotted versus the message arrival datmder no fpZ = 0.02), and thebasic protocol allows the mobiles to
capture condition (i.e.B — oc) and for/V = 10 users. Ag, transmit all of the data packets in a message without any
value of 0.1, corresponding to an average message lengtirgak, even under deep-fade situations. On the other hand,
ten packets per message (not including the header), is ugéeé mobile encounters a deep fade during its data segment
Plots are shown for uplink fading margi#s of 5 and 10 dB. transmission, thé&D protocol releases the channel from that
For thebasig ED, andretransmissiorprotocols, a normalized mobile and allows other mobiles to access the channel, thereby
Doppler bandwidthfp 1" of 0.02 (representing slow fading) isincreasing the channel utilization efficiency. Further, for the
chosen. The extreme case of i.i.d. packet errors with the saoomsideredfp1" value of 0.02, it is also reasonable for the
marginal error rate is also plotted for comparison. The effetgtransmissiorprotocol to perform more poorly than both the
of varying the normalized values of the Doppler bandwidthasicand theED protocols because the high burstiness of the
fpT, the uplink fading margin®, and the average messag@acket errors af ;7" = 0.02 would cause theetransmission
length1/g, is illustrated in the subsequent graphs (Figs. 2—gyotocol to use more slots for resending the erroneous packets.
for the case of no capture. In Figs. 1-4 the solid lines represétawever, at high values of,7’, as seen from Fig. 2, the
the analytical results obtained from the throughput expressioratransmissionprotocol performs better than theasic and
whereas the markers represent simulation points. As mentiorteld protocols. When the uplink fading margin is 10 dB, the
earlier, in computing the analytical results we computed thielative performance of all three protocols remains the same
throughput by choosing’ = p. This is a good approximation but the actual differences in performance become smaller.
for all of the protocols considered because, over a ranger example, the maximum throughput for thasic ED,
of values of different parameters, the estimated throughpaisd retransmissionprotocols are 0.728, 0.742, and 0.704,
were found to be at most 2%-2.5% worse than optimistiespectively.
throughputs obtained by using = 1. Further, the results A comparison between the performance predictions of an
obtained by explicit simulation of the protocols on a correlatdd.d. channel model and the Markov-fading model is also
fading channel are seen to be in close agreement with timade in Fig. 1. It is seen that the i.i.d. model provides

(27)
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Fig. 2. Maximum throughputymax versus normalized Doppler bandwidth Fig. 3. Maximum throughputjmax versus uplink fading margid” in dB.
fnT.N =10, g4 = 0.1, no capturep = 1/N, instantaneous and error-free N = 10, gq = 0.1, no captureA = 1/N, fpT = 0.02, instantaneous and
feedback. error-free feedback.

a pessimistic estimate of the throughput performance com- 1.0 :
pared to the Markov model under slow-fading conditions (i.e.,
fpT = 0.02). However, it has been found that for fast-fading
conditions (e.g.fpT = 1), both the i.i.d. and Markov models
tend to produce close performance results. It is further noted
that the first-order Markov approximation of the fading process 0.6 -
is quite accurate, since the results computed through Mark
analysis closely agree with those obtained by direct simulation

® Basic, F=5dB

of the protocol and the fading process. 04 :S:;iz:ﬁs; B,:=5dB |
Fig. 2 illustrates the effect of varyinfp 1" on the maximum ® Retx., F=5dB
achievable throughput for thieasig ED, and retransmission 021 © Basic, F=10dB |
1 a ED, F=10dB
protocols atgg = 0.1, N = 10, B — oo, and A = 1/N. v Basic, iid, F=10dB
As seen earlier, th&D protocol performs better than both o Retx., F=10dB
the basic and theretransmissionprotocols for small values °'°1 10 160
of fpT (e.g., < 0.08 for I' = 5 dB), whereas at high
values of fpT" (i.e., for weaker correlation between packet 1/9m

errors), theretransmissionprotocol performs better than the
basic and ED protocols. This performance crossover is du@g-_“- Maximum throughputy...« Versus average message lengjty,.

. . N =10, fpT = 0.02, no captureA = 1/N, instantaneous and error-free
to the fact that at high values ofpl’, each packet during feegback.
the data segment transmission would experience a nearly i.i.d.
success/failure event, and terminating the data transmission in
the event of a single packet failure (as done inEeprotocol) Message length/g, on the throughput. It can be seen that
reduces the average number of packet success events dufi§gthroughput improves for smaller values @f, i.e., for
the data segment transmission. This observation suggests {pager message lengths. This suggests that the protocol is
the ED protocol is suited for networks supporting many s|o\,\,|y$uitr:1ble for messaging applications like file transfers, etc.
moving users (e.g., local area environment) and that th®wever, the increased throughput for large message sizes will
retransmissiorprotocol is more suited for networks supportingome at the expense of increased delay performance of the
many fast-moving users (e.g., cellular environment). protocols [13].

Fig. 3 shows the effect of varying the uplink fading margin The effect of header packet capture on the maximum
F on the throughput performance of the protocols whehroughput performance of all of the protocols is illustrated
N =10, g4 = 0.1, B — o0, A = 1/N, and fpT = 0.02. in Fig. 5 for fading margins of 5 and 10 dB at gp 7" value
At low fading margins, theED protocol performs markedly of 0.02. In the case of thbasic protocol with 5-dB fading
better than the other protocols. At high fading margins (e.gnargin, the maximum achievable throughput increases from
>15 dB), all of the protocols tend to perform almost th€.631 under no capture (e.g3 = 30 dB) to 0.726 under
same. However, over a typical range of uplink fading margineerfect capture (i.el3 = 0 dB). This is about a 15% increase
(5-10 dB), theED protocol shows noticeable improvementsn the maximum achievable throughput due to the header
over thebasicandretransmissiomprotocols under slow-fading packet capture phenomenon. For the same set of conditions,
conditions. Fig. 4 shows the effect of increasing the averagfee ED protocol resulted in an 18% increase (0.673 to 0.795) in
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1.0 . fading conditions. Even in slow fadingfp7T < 0.1), the
+—— Basic, F=5dB parameterized retransmissiatrategy performs well, close to
Mol the ED protocol's performance, which is best in slow fading.

08 r oo Basic, F=10dB | In summary, aparameterized retransmissiostrategy which

4 »—= ED, F=10dB allows a maximum of two or three retransmissions is found to
0.8 Retx,F=10dB | result in good performance over the range of mobile speeds
TNmax I of interest.

« 2 We further note here that in all of the analyses presented
07 \\\p . . j above, it has been assumed that when a header packet error

\ . . occurs, the header is simply dropped and the message is
0.6 ‘\v\'\ﬁ& i regenerated as a new arrival according to a Bernoulli process.

A more comprehensive analytical model which considers
retransmission of lost header packets by allowing the mobile
0 10 20 30  users to be either inlaackloggedstate omonbackloggedtate
is studied in [13]. The results in [13] are qualitatively similar
B [dB] to those presented in this paper.

Fig. 5. Maximum throughputymax Vversus capture threshol® in dB.
N = 10,94 = 0.1, A = (1 + B)/BN, fpT = 0.02, instantaneous
and error-free feedback.

V. EFFECT OF PROPAGATION AND PROCESSINGDELAYS
The instantaneous feedback (i.e., zero propagation and pro-
0.8 , cessing delay) assumed in the previous section can be valid in
situations where the delays due to propagation and processing
are very small compared to the slot duration. However, this
assumption may not be always valid, particularly when high
data rate transmissions are considered. In this section we
06 - - analyze the performance of thasic ED, andretransmission
protocols when the feedback is not instantaneous. Analyzing
the protocol performance for any general value of delay,
when it spans multiple slot intervals, appears difficult (the
state space quickly becomes too large). However, in local
wireless environments propagation delays are small so that
consideration of propagation and processing delays spanning
at most one slot interval seems adequate. Here, we derive
approximate expressions for the throughput performance when
the propagation and processing delay spams slot interval
foT Simulations show that the approximate analytical predictions
_ _ _ . are fairly accurate.
Fig. 6. Maximum throughpulimax versus normalized Doppler bandwidth 0" o756 of nonzero propagation and processing delay
fpT. Parameterized retransmissi¢n,, = 0,1,2,5,10,0c), N = 10, : o i . ’
ga = 0.1, F =5 dB, A = 1/N, no capture, instantaneous and error-freéollowing a header packet transmission, the mobile waits for
feedback. the busy/idle feedback from the base station. It does not send
any data packet in the slots that elapse between the header
maximum throughput and thretransmissiorprotocol resulted transmission and the receipt of the feedback. Theseerable
in an increase of about 11% (0.579 to 0.645). slots are sensed as idle by other mobiles which may send
In Fig. 6, maximum throughput performance curves atbeir header packets in those slots. However, if the feedback
plotted for the parameterized retransmissiostrategy as a received immediately following the vulnerable slot(s) is a busy
function of fpT for F = 5 dB and no capture. Theseflag along with the successful mobile ID, then the mobiles
curves are obtained by solving (27) for different values afihich sent header packets in the vulnerable slot(s) will stop
the parametem, (i.e., 1, 2, 5, 10). The performance ofand attempt later. The successful mobile will then send the data
ED and retransmissionprotocols are also plotted as limit-packets following the rules of the particular protocol. In the
ing cases whem, = 0 and n, — oo, respectively. As case of théasicprotocol, the base station would set thslots
observed earlier, th&D protocol performs best when thefollowing the vulnerable slot(s) as busy, over which the mobile
fading is slow and worst when fading is fast. Under fastends all of its; data packets. In the case of tB® protocol,
fading conditions (e.g.fp1 > 0.1), it is interesting to see if the base station encounters a packet error in the ongoing
that the performance improves significantly compared to tldata transmission, it sends out an idle flag, thus requiring the
ED protocol even if only one retransmissidm, = 1) is mobile to terminate the data transmission. However, because
allowed for the lost data packet recovery. In fact, just twof the delay, there will be a time lag (equal to the number of
or three retransmissions are adequate to establish almostuhl@erable slots) in the actual termination of data transmission
same performance as thetransmissiorprotocol under fast- at the mobile. In the case of thretransmissiorprotocol, for

0.7 § 4

Thnax

05 - «—enr=0(ED)
——anr=1
—vynr=2
04 | o——onr=5
a~——anr=10
v—v nr = infinity (Retx.)
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each data packet that was received in error, the base station 1.0 , .
sends out a retransmit flag to enable recovery of those lost data )

packets. In addition, the base station hagotoe the slot next T Dase

to the last data packet (i.e., tihth data packet, wherkis the 08 1 ¥ Retx. 1
number of packets in the data segment) transmission slot to go
unused (i.e., nobody is allowed to send header packets in that
slot). This has to be done because of the time lag experienceg
by the mobile in knowing whether it has to retransmit the last
data packet or not. Thus, in thretransmissionprotocol the

slot following the successful last data packet slot is always
wasted.

In the following we provide the throughput analysis for
the case where the number of vulnerable slots is one. To
make the analysis tractable, we make the following simplifying
assumption. Even if there is no header success in the slot
prior to a vulnerable slot, the other mobiles which sent header A
packets in the vulnerable slot are instructed by the base staiQ)) 7. Throughput; versus message arrival rale N = 10, g4 = 0.1,
to stop immediately and postpone their attempts to a later timfe, I = 0.02, F = 5 dB, no capture, error-free feedback, one-slot
thus ignoring a possible header success in the vulnerable shtPagation and processing delay.

By forcing this constraint, the slot following the vulnerable slot

is either used for data packet transmission by a mobile whd¥gcause of the termination of data transmission following a
header succeeded in the slot prior to the vulnerable slot, ordigta packet failure, the data packet success state and the data
available as an idle slot for all of the mobiles to contend. packet failure state in thbasic protocol are to be expanded

With the above assumption, the following seven differefito four different states, namely, data packet success state
states are adequate to represent the state space foasie following a data packet failure (state 6), data packet success
protocol: 1) idle; 2) header packet success; 3) header packite not following a data packet failure (state 7), data packet
failure; 4) vulnerable slot following a header success; #jilure state following a data packet failure (state 8), and
vulnerable slot following a header failure; 6) data packétata packet failure state not following a data packet failure
success; and 7) data packet failure. From the header padigéate 9). Thus, a total of nine different states are needed to
success state (state 2), the system moves to state 4 @@igquately describe thED protocol state space. The state
probability one. Likewise, the system moves from state 3 fEansition probability matrix for th&D protocol with one-slot
state 5 with probability one. The probability of a data packgropagation and processing delﬁg‘g can be written as
success/failure in the slot next to the vulnerable slot is obtained

as the two-step transition probability from the slot in which [Xo X1 X 00 0 0 0 07
the header was sent, given by the appropriate entrivigf 0 0 o 1.0 0 0 0 O
In other words, from state 4, the system moves to states 0 0 6o 01 0 0 0 ©0
6 and 7 with probabilitiesX; = p? + (1 — p)(1 — ¢) and 0 0 0 00 0 X7 0 X
X = (] — _ i P9 X, X, Xo 00 0 0 0 O
s = p(1—p)+ (1 —p)q, respectively. Note that state 4 doest tp 0 1 2
not specify the channel status in the vulnerable slot so that the Xo X4 X, 00 0O 0 0 O
most recent information available about the channel relates to gaXo gaX1 gaX2 0 0 0 Xz 0 X4
the previous slot. Thus, the state transition probability matrix Xo X X» 00 0 0 0 O
for thebasicprotocol with one-slot propagation and processing LgaXo gaX1 gaXy 0 0 X5 0 X¢ O
delay P{). . can be written as (30)
- X, X, X, 00 0 0 and the throughput of thED protocol is obtained as
0 0 0 1 0 0 0 @
0 0 0 01 0 0 D = 76 + 7. (31)
PY = 0 0 0 00 X; Xs| (28)
Xo X, Xs 00 0 O Finally, 12 different states are needed to describe the
gaXo gaX1 gaXo 0 0 X3 X4 retransmissiorprotocol state space. Because the slot next to
LgaXo gaX:1 gaXo 0 0 X5 Xl the successful last data packet slot is forcefully wasted in
the retransmissionprotocol, the idle state is expanded into
and the throughput is obtained as two separate states, namely, idle state following a data packet
failure (state 1), and idle state not following a data packet
nlE)(i)sic = Ts. (29) failure (state 2). States 3-6 in thetransmissionprotocol

state space are the same as states 2-5 obdk& and ED
In the case of th&D protocol, states 1-5 remain the samerotocols’ state space. Also, the data success and data failure
as states 1-5 in théasic protocol state space. Howeverstates in thebasic protocol need to be expanded into six
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Fig. 8. Throughputy versus message arrival rale N = 10, g¢ = 0.1,  Fig. 9. Throughputy versus message arrival rale N = 10, g4 = 0.1,
fpT =0.02, F =5 dB, no capture, error-free feedback, zero and one-slgi, T = 0.64, F = 5 dB, no capture, error-free feedback, zero and one-slot
propagation and processing delay. propagation and processing delay.

different states, namely, data packet success state: a) follow#igplifying assumption are also plotted (in markers). In the
a data packet failure (state 7); b) following an idle (state 8jnalysis, header success events in vulnerable slots are ignored,
and c) following neither data packet failure nor idle (statehereas in the simulations, the event of a header success in
9); and data packet failure state: a) following a data packifse vulnerable slot and subsequent data packet transmission is
failure (state 10); b) following an idle (state 11); and cyllowed. Itis seen from Fig. 7 that both analysis and simulation
following neither data packet failure nor idle (state 12). Withesults agree very well for all three protocols. A comparison of
these 12 different states, the state transition probability matfe throughput performance of the three protocols for zero- and
for the retransmissiorprotocol with one-slot propagation andone-slot propagation and processing delay is provided in Figs.
processing delay?'® can be written as in (32), shown at® (for slow fading, /pT" = 0.02) and Fig. 9 (for fast fading,
the bottom of the page, whet&s = ¢(1 — ¢) + (1 — q)p T = 0.64). The one-slot propagatlon and processing del_ay
and X1 = ¢ + (1 — ¢)(1 — p). The throughput of the case is typ!cally found to result in about 13%—-20% degradatl'on
in the maximum throughput compared to the zero propagation

retransmissiornprotocol is obtained as )
and processing delay case.

Wr(gt)xzﬁ7+7r8+7r9- (33)
VI. CONCLUSION
The throughput performance of tivasic ED, andretrans- e analyzed the throughput performance of a wireless
mission protocols with one-slot propagation and processingedia access protocol, taking into account the effect of corre-
delay as computed by solving (28), (30), and (32) are plott¢gted multipath channel fading, capture, and propagation and
in Fig. 7. The parameters used for these plots Are= 10, processing delays. The paper mainly focused on analyzing
gis = 01, F = 5 dB, B — oo, and fp7 = 0.02. the effect and exploitation of the channel correlation. For
The results generated by explicit simulations without arsfficient access on the uplink, the protocol made use of

0 0 0 0 00 0 Xg 0 0 Xo O 7
0 Xo X1 X 00 0 0 0 0 0 0
0o 0 0 0 10 0 0O 0 0 O 0
0o 0 0 0 01 0 0 0 0 O 0
0O 0 0 0 00 0 0 X; 0 0 X
p@ _ |0 Xo Xy X, 00 0 0 0 0 0 0
rex =190 0 0 0O 0O O O p 0 0 1-—p
0o 1 0 0 00 0O 0 0 0 0 0
0 g« 0O 0 00 0 0 X3 0 0 X4
00 0 0 00 1—¢gq 0 0 g¢q O 0
1 0 0 0 00O O O O 0 O 0
lgg 0 0 O 00 X; 0 0 Xg O 0 |

(32)
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the uplink channel status information, which was conveyddi] B. Ramamurthy, A. A. M. Saleh, and D. J. Goodman, “Perfect-
to the mobiles through a busy/idle flag broadcast on the capture ALOHA for local radio communicationdEEE J. Select. Areas

. . . Commun, vol. SAC-5, pp. 806—-814, June 1987.
downlink. A first-order Markov model was used to describg ) m. zorzi and R. R. Rao, “Capture and retransmission control in mobile
the packet success/failure process on the correlated Rayleigh- radio,” IEEE J. Select. Areas Communwol. 12, pp. 1289-1298, Oct.

; : 1994,
fading channel. A closed-form expression for the throughp 5] A, Chockalingam, W. Xu, M. Zorzi, and L. B. Milstein, “Throughput-

was derived by modeling the system as a Markov chain.” gelay analysis of a multichannel wireless access protocol in the presence
The analytical results obtained through the first-order Markov of fading and capture,” submitted for publication.
approximation of the channel were compared to those ob-
tained from an i.i.d. channel model. The Markovian-fading
channel model provided better performance results than the A. Chockalingam (S'92-M'93) was born in Ra-
i.i.d. channel model. Simulations showed that a first-ord: japalayam, India. He received the B.E. (hons.) de-
Markov approximation of the fading process is quite ac gree in electronics and communication engineering
pp . 9p d from the P.S.G. College of Technology, Coimbatore,
curate. An enhanced protocol with an error detect featul India, in 1984, the M.Tech. degree with special-
taking advantage of the channel memory, was proposed ¢ ization in satellite communications from the Indian
shown to improve performance under slow-fading cond Institute of Technology, Kharagpur, India, in 1985,
. . . and the Ph.D. degree in electrical communication
tions. The protocol with a retransmission feature to recov engineering from the Indian Institute of Science,
erroneous data packets was found to perform best un ﬁ Bangalore, India, in 1993. His Ph.D. thesis work

fast-fading conditions. Further, a parameterized retransmis- involved design and performance evaluation of me-
dia access protocols for wireless networks.

sion Stra.tegy which allows a maXimulm of two or three During 1986-1993 he was with the Transmission Research and Develop-
retransmissions was shown to result in good performan@ent Division, Indian Telephone Industries, Ltd., Bangalore, India, where

over the range of mobile speeds of interest. The head§rwas involved in a range of R&D projects including VSAT networks
9 P USIr g TDMA and CDMA, forward-error correction, and variable-rate PSK

packet cap?ure phenome_non was shown to result in ab@igjem implementations using ASIC and DSP technologies. From December
11%-18% improvement in system throughput under slow993 to May 1996 he was a Postdoctoral Fellow/Assistant Project Scientist
fading conditions. A simplified analysis was carried out t ith the Department of Electrical Communication Engineering, University of

. . alifornia—San Diego, La Jolla, CA, where he conducted research in CDMA
show the effect of nonzero propagation and processing de Yless communications. He was a Communication Systems Consultant to

on the throughput performance of the access protocols. CBmmQuest Technologies, Inc., Encinitas, CA, during 1994-1995. Since

propagation and processing delay of one slot duration wi@y 1996 he has been with Qualcomm, Inc., San Diego, CA, where he is
h ¢ Iti bout 13%—20% d dati . . currently a Manager and a Senior Systems Engineer, working in the area of

shown 10 result in abou 0= 0 egra aton in ma)qmumbdeling and performance evaluation of DS-CDMA wireless communication

throughput compared to zero propagation and processing elestems. His research interests lie in the area of wireless networks and digital

lay. Finally, it is noted that priority and fairness are importarffPmmunication systems.

. y . y | P y . h P | Dr. Chockalingam is a recipient of the Communication Devices India, Ltd.
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to address the priority and fairness issues are left for future
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