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Sharing of ARQ Slots in Gilbert—Elliot Channels
Chih-Hsien Hou, Jin-Fu Chang, and De-Yi Chen

Abstract—This letter treats the problem of m transmission slots
sharing a pool of n automatic repeat request slots. Two cases are
treated. In one, these m slots belong to the same basestation—ter-
minal pair, i.e., a frequency-division multiplexing channel. In the
other, they are used by m different basestation—terminal pairs, i.e.,
a time-division multiplexing channel. The smallest n to satisfy loss
and delay requirement is determined.

Index Terms—Automatic repeat request (ARQ), fading chan-
nels, mobile communications.

1. INTRODUCTION

N THE LAST decade, mobile wireless communications is,

no doubt, one of the fastest emerging technologies. It has
rapidly grown from the first-generation pure circuit-switched
telephony service to the second generation of having both cir-
cuit-mode voice and packet-mode data. In the soon-to-be-de-
ployed third generation, more advanced and sophisticated mul-
timedia-type integrated services are highly anticipated. This is
also an enabling technology to make the extension of the In-
ternet to the wireless domain a doable work. But data integrity
is an issue that one should not overlook in the extension. In this
letter, we focus on the assurance of data integrity in wireless
channels. Errors in a wireless channel tend to be bursty and cor-
relative. Among the many works to model bursty and correla-
tive errors in wireless channels, a frequently employed model is
the Gilbert—Elliot channel [1], [2] which we also adopt for this
letter.

There are many methods to enhance data integrity ranging
from forward-error correction (FEC) and automatic repeat re-
quest (ARQ), to a hybrid of them. Please consult [3] and [4] for
a review of error-control techniques. In this letter, we concen-
trate on the use of pure ARQ as a means to recover a data cell
from loss within its lifetime or freshness. We further focus on
error control for data sent from a basestation to mobile termi-
nals. We address the problem where a total of m transmission
slots are to share a common pool of n ARQ slots, and try to ex-
plore if there should be a minimal number of ARQ slots to fulfill
both the requirements of loss and time constraint.

Two scenarios are treated in this letter. In one, these m
transmission slots belong solely to one basestation—terminal
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pair. This is the case in which downlink transmission slots
are arranged in the manner of frequency-division multiplexing
(FDM). In the other, they are uniquely assigned to m different
basestation—terminal pairs to correspond to the arrangement
of time-division multiplexing (TDM). Among the traditional
ARQ protocols: stop-and-wait (SW), go-back-N (GBN), and
selective repeat (SR); we choose to use the most efficient SR
ARQ.

II. THE FDM SCENARIO

By convention, the channel time is sliced into slots so that
each slot can accommodate the transmission of a data unit, e.g.,
packet or cell. Depicted in Fig. 1 is the scenario we are consid-
ering. That is, we are assuming a frame time of (m + n) slots
in an FDM channel.

Regarding time constraint, we assume that each data unit
must be successfully transmitted in k frame times; otherwise,
it is discarded. Mathematical analysis of this FDM arrangement
is by no means trivial. The complication that lies in our FDM
problem is manyfold. First, the Gilbert—Elliot channel is correl-
ative in time. Second, among a group of slots that the link owns,
we have to know not only whether the transmission in a partic-
ular slot has failed, but also exactly how many other slots have
failed. Having this information, we then determine how many
cells need to be retransmitted via the ARQ protocol. Third, al-
though knowing if a particular slot transmission has succeeded,
we need only to know whether that slot is “good” or “bad,” to
know the status of the rest of the slots is a much more compli-
cated matter, since their slot conditions are correlative. In [5],
Yee and Weldon studied the performance of error-correcting
codes on a Gilbert channel. We benefited from the results they
obtained regarding channel-state variation.

The technique developed in [5] was successfully applied to
derive the generating function or z-transfrom of cell loss and
delay distributions. Please consult [6] for detail derivations.

We have so far assumed an environment of zero round-trip
propagation time. That is, acknowledgment returns from the re-
ceiving party immediately, with no delay. But, in practice, in a
large bandwidth-delay product in particular, such as a satellite
environment, the round-trip delay may not be small enough to
be negligible. Let the value of round-trip propagation time be
equal to ¢, slots. In this situation, when the channel is up to a
new n-slot ARQ region, the information is used to determine
who is to be granted access to these n ARQ slots that corre-
spond to the transmissions occurring in the (¢, + 1)th, (¢, +
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Fig. 2. Performance of mn = 10 under k = 1, raw cell error probability = 0.01 and ¢,. = 0.

2)th, ..., (t, +n)th,.. ., (t, + m+ n)th earlier slots. The anal-
ysis needs to be modified taking this time lag into account. We
shall skip the details and refer them to [7], where only k£ = 1 is
treated. But if our concern is to see if how many ARQ slots are
necessary to reduce the loss probability to a satisfactory level,
round-trip delay does not really have an effect. Of course, delay
may be largely affected. We shall witness the effect of round-trip
delay on loss and delay in the numerical examples that follow.

Fig. 2(a) shows an example of m = 10 under the raw cell
error probability 1072,k = 1,2, 3, and zero round-trip propa-
gation time, i.e., t,, = 0. The Gilbert—Elliot channel parameters
leading to this 10~2 cell error probability are po; = 0.2,p19 =
0.6,p, = 107%,p, = 3.9997 x 10~2. In Fig. 2(a), we plot the
reduced cell loss probability against the number of ARQ slots
employed. We observed that for an m = 10 setup, a three-slot
ARQ region may have reduced the cell error rate by two orders
of magnitude; but more ARQ slots do not seem to offer any fur-
ther reduction. This cell-loss rate floor is due mainly tothe k = 1
time constraint. But the floor can be pushed further down when
the time constraint is relaxed from &k = 1 to & = 2 or 3 using
perhaps one more ARQ slot.

The delay mean and variance plotted in Fig. 2(b)—(c) are con-
sistent with that in Fig. 2(a), except for k = 2 and £ = 3 when
n 1s increased from one to two. Although their actual values re-
ally do not differ much, e.g., the delay means are all in the order
of 1.0, this microscopic exception is still explainable. The dis-

tinction between k£ = 1 and k = 2, 3 in Fig. 2(b) and (c) seem
to say that for k£ > 1, using one ARQ slot creates a delay mean
or variance larger than that of using two ARQ slots. This is be-
cause when only one ARQ slot is used but a cell can be resent
in two or three frames, then each additional retransmission con-
sumes one more frame time. But if the number of ARQ slots is
increased, then competition to gain access becomes less fierce,
and a cell has a better chance of being successfully resent in the
ARQ region of the first frame. It is less likely to need to go to
another frame for a successful retransmission.

Now we come to investigate the effect of nonzero round-trip
propagation time in Fig. 3, where we plot the same set of per-
formance measures for a m = 20 configuration by assuming
a round-trip delay of 0-50 slots, i.e., £, = 0-50. As we have
expected, the cell-loss behavior is really indifferent to the in-
troduction of round-trip propagation time, but delay mean and
variance do show an increasing trend when the round-trip time
becomes longer.

III. THE TDM SCENARIO

In this TDM arrangement, the m-slot region in Fig. 1 is
assigned one by one to m basestation—terminal pairs, and the
n-slot retransmitted or ARQ region is shared by those basesta-
tion—terminal pairs awaiting an opportunity for retransmission.
We assume that each time an ARQ region has emerged for a
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Fig. 3. Effect of round-trip propagation time.

new round, each basestation—terminal pair (having at least one
cell awaiting retransmission) is given the opportunity of no
more than one slot. These basestation—terminal pairs are drawn
randomly to access the ARQ region. Although channel condi-
tions in different slots appear to be somewhat independent due
to their independent movements, the TDM situation becomes
more complicated since we are now dealing with a sort of
interleaving between m Gilbert-Elliot channels.

In [6], we have conducted approximate mathematical analysis
for the case in which each of these m Gilbert—Elliot channels
has the same parameter set of pog, po1, P10, and p11.

In Fig. 4, we again plot cell-loss probability versus n for
m = 10. Simulated results are also provided to verify the quality
of approximation. Each simulation is run for a total of 5000
slots. The simulation results are plotted with a 95% confidence
interval. We clearly observe the closeness between approxima-
tion and simulation. The downhill behavior and the order of
magnitude improvement of Fig. 4 resemble Section II.
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Fig. 4. Cell-loss performance of a ten-connection setup.

IV. CONCLUSION

We have in this letter investigated the impact of using ARQ
error-control techniques on cell-loss performance, amid the in-
fluence of correlative Gilbert-Elliot channel errors. Thanks to
the groundwork paved by Yee and Weldon [5], we have suc-
cessfully, although still sophisticatedly, derived the formulas of
cell-loss probability and delay mean and variance for the FDM
scenario. Due to its further complication, we are able only to
obtain a cell-loss result for the TDM scenario through approx-
imation whose accuracy has been checked by simulation and
proves to be good.

We may draw the following conclusions from the numerical
examples we have presented. First, it is indeed effective for a
group of data slots to share only a very few ARQ slots to bring
cell-loss probability to one to two orders of magnitude less.
Second, under a fixed time constraint of k frames, a cell-loss
probability floor prevails regardless the number of ARQ slots
that one wishes to invest. To push this floor further down is pos-
sible only if more delay can be tolerated. Third, the reduction in
cell loss, of course, is achieved at the cost of longer delay and
larger variance. Fourth, although round-trip propagation time
imposes an impact on delay behavior, it does nothing to help
or hurt cell-loss rate.
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