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Abstract

This paper investigates how a type Il Hybrid ARQ (HARQ)
scheme combined with Adaptive Modulation and Coding
(AMC) can improve the throughput on top of the MAC
layer, by comparing it to the existing type | HARQ + AMC
mechanism in the IEEE 802.11a context . The studied type
I HARQ+AMC strategy relies on Incremental Redundancy
(IR) by use of Rate Compatible Punctured Codes as well
as Chase Combining. The performance of the various
strategies is mainly affected by two parameters. One of
these is the inaccuracy of the link quality predictor, since
the SNIR inherently fluctuates due to fading and interfer-
ence; the other is the MAC overhead, which is especially
important in IEEE 802.11a due to the CSMA/CA protocol.
From the simulation results presented in this paper, it can
be observed that even when MAC overhead is taken into
account, the type Il HARQ+AMC strategy still provides up
to 1.5dB gain with respect to current type | HARQ + AMC
scheme.

I. Introduction

In wireless communications, adaptive mechanisms are
needed to adjust the transmission parameters such as the
constellation size and the coding rate to the momentary
link quality which fluctuates due to fading and interference.
In current OFDM Wireless LAN standards such as IEEE
802.11a [1] and ETSI BRAN HIPERLAN/2 [4], an Adap-
tive Modulation and Coding (AMC) [7] scheme enables the
bit rate of the Physical Layer to range from 6 to 54 Mbit/s.
In addition, a Hybrid ARQ [10] of type | (HARQ-1) is speci-
fied, which consists in retransmitting all the convolutionally
coded hits corresponding to a packet as long as the latter
is detected as erroneous by the receiver. IEEE 802.11a and
HIPERLAN/2 ARQ strategies are different; while the first
uses Stop and Wait and the second Selective Repeat, their
parameters can be designed to approach the ideal ARQ per-
formance [13]. The goal of AMC is to select the constella-
tion size and coding rate in order to maximize the through-
put given the link state under some constraints such as Qual-

ity of Service. Thus, AMC requires a link quality metric. In
[12], we computed the throughput of an isolated HIPER-
LAN/2 connection when using the instantaneous SNR as
the link quality metric, assuming ideal ARQ and neglecting
the overhead of the Medium Access Control (MAC) layer.
In [6], a combination of Hybrid ARQ of type Il with AMC
is studied with a view to further increase the throughput.
This HARQ-II scheme relies on Incremental Redundancy
(IR) which was introduced by Mandelbaum in [11], and
makes use of Rate Compatible Punctured Codes (RCPC) as
described in [8]. In [6], the authors neglect the MAC over-
head and propose a blind scheme which starts transmitting
at the highest coding rate and constellation size, removing
the need for a link quality metric. Actually, the 802.11 MAC
layer introduces a significant overhead at each transmission,
which has a large impact on the 802.11a throughput. This
must be taken into account in the design of a combination
of IR and AMC.

In this paper we propose a type Il HARQ scheme com-
bined with AMC which takes into account 802.11a con-
straints. Our scheme relies on both IR and Chase Combin-
ing [3]. The decision on the initial constellation and cod-
ing rate is based on Signal to Noise plus Interference Ratio
(SNIR) as link quality metric. As a result, the average num-
ber of retransmissions is reduced and the MAC throughput
is improved. The effect of interference and SNIR predic-
tion errors are evaluated by simulation. Since the punctur-
ing matrices defined by the 802.11a standard do not respect
the rate compatibility restriction, we introduce a new punc-
turing pattern for the code rate % This pattern is compatible
with rate 3 and also with rate 5% of HIPERLAN/2, so that IR
would be feasible with both physical layer specifications, at
the expense of a slight degradation of the BER performance

The paper is organized as follows. In Section Il an
overview of the characteristics of the studied Hybrid ARQ
schemes is given. At the end of the section the proposed
type 1l HARQ combined with AMC is described. Section
111 analyzes the limitation due to the IEEE 802.11a standard
to the rate compatibility restriction and describes the new
puncturing pattern to solve this problem. Assumptions of



the performance study and simulation results are presented
in Section V. Finally, conclusions are drawn in section V.

II. Hybrid ARQ Schemes

The two following retransmission strategies were com-
pared:

1. A type | HARQ combined with AMC mechanism,

compatible with the IEEE 802.11a standard [1]. In the
following it will be called: HARQ-I+AMC.
The receiver discards the packet upon erroneous recep-
tion (i.e. when errors remain after Viterbi decoding)
and it asks for an entirely new retransmission. There
is no combining of earlier and later versions of the
packet, each one is standalone. Retransmission takes
place at either the same or lower code rate until the
packet is correctly received or a pre-set number of re-
transmissions have taken place or until a delay con-
straint has been exceeded. This method does not re-
quire a buffering of corrupted packets at the receiver
for later decoding since only the correctly received
data that has not already been sent to the upper lay-
ers is stored in memory. Therefore this scheme is rel-
atively simple to implement. The disadvantage of type
I HARQ scheme is that once the coding rate is chosen,
all the parity bits for error correction are transmitted
even if they are not all needed, therefore the channel
use efficiency is reduced. We assume in this refer-
ence scheme that the AMC is only based on SNIR es-
timate. Consequently the constellation and coding rate
remain fixed during all successive retransmissions of
the packet, provided the SNIR remains constant. Note
that we implicitely assume that there exists a means to
signal the SNIR, although this feature is not specified
in the standard.

2. A type Il HARQ which relies on IR combined with
AMC mechanism. In the following it will be called
HARQ-IR+AMC. This HARQ scheme gains from
both the advantages of RCPC codes [8] and Chase
combining [3]. The operation of an IR strategy with
RCPC is the following: the codeword Cy obtained by
the convolutional encoding of the packet is punctured
in order to obtain a set of codewords C; corresponding
to different coding rates R; > Rg. The codes obtained
are RCPC, meaning that the puncturing matrices are
chosen such that the coded bits of C; are included in
Cj if Ri > Rj. An IR strategy based on RCPC first
transmits at the highest code rate R;. If the transmis-
sion fails, the next lower code rate R|_; is obtained by
sending only the coded bits which differ between C,
and C;_1. With each retransmission, more and more
punctured bits are transmitted. Retransmissions will

continue until all the coded bits of codeword Cq are
received. The procedure can be restarted if Co cannot
be decoded. At any moment, it can be interrupted in
case of successful decoding or if a delay constraint is
exceeded. To summarize, IR allows the effective code
rate to be gradually lowered until the packet can be
successfully decoded.

The principle of the HARQ-II+AMC [5] is to start at
an initial constellation and coding rate and to use a
more robust mode at each retransmission either by re-
ducing the coding rate (e.g. from 3 to 2) or by select-
ing a more robust constellation (e.g. from 64-QAM
to 16QAM) when all the coded bits of Cy have been
received using the current constellation.

In the second strategy, the receiver performs the demapping
of the bit-interleaved coded modulation to obtain bit metrics
at each transmission attempt. After deinterleaving, these bit
metrics have to be combined with those obtained from pre-
vious attempts, prior to Viterbi decoding. This combination
requires careful attention. In [2], the noise variance o3 is
simplified in the expression of the bit metrics of a convo-
lutionally coded OFDM system. Here since the interfer-
ence power o7 affecting each transmission can vary, the bit
metrics must be weighted by the inverse of the momentary
noise plus interference power EIZ%E The operation of the

receiver is the following:
1. Bit metrics are initialized to the null value

2. If code rate equals %, then try to decode without com-
bination. If decoding fails go to step 3.

3. Combine with previously received bit metrics. Combi-
nation can be performed simply by adding the properly
weighted metrics. If this is not the first attempt, go to
step 4.

4. Try to decode the combined metrics. If it fails, send a
negative acknowledgement to the sender.

The bit metrics combination can be viewed as a generaliza-
tion of Chase combining [3], since Chase only addressed the
soft combination of packets transmitted in the same mode.
Also note that packets heavily corrupted by interference
should not disturb the decoding since their relative weight in
the combination is reduced. The effect of interference and
SNIR estimation errors is addressed in section IV.2. An-
other issue is the MAC overhead due to the CSMA/CA ac-
cess of 802.11. In the HARQ-IR+AMC studied in this pa-
per, while the initial constellation is suggested by an AMC
algorithm based on the knowledge of SNIR [12], the coding
rate is always set to the highest allowed one: R = %. Justi-
fication for this choice is given in section IV.2. If the MAC
overhead was negligible, the best strategy would always be



to perform three steps of IR in order to reach successively
R= 2 R= 5 and R = 3 before changing of constellation.
But the 802.11 MAC overhead makes such a strategy inef-
ficient. Therefore, in the following, only rates R = % and
R= % are kept. Although having a large number of rate
compatible codes may not be a good strategy in the 802.11
context, it is interesting to see how a reasonable set of RCPC
could be obtained by slightly modifying the 802.11a and
HIPERLANY/2 standards. This is the purpose of the next
section.

[11. Ratecompatibility restrictions

The IEEE 802.11a standard defines two puncturing pat-
terns allowing coding rates % and % from the mother code
rate % These puncturing patterns are defined by the follow-
ing puncturing matrices:

110
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M, | 111111
$§7 1101010

M

To perform any IR algorithm which uses the RCPC
codes (Rate Compatible Punctured Convolutional codes),
it is necessary to add a rate compatibility restriction on the
puncturing rule. The rate compatibility criterion requires
that the puncturing matrices be well chosen to make the
coded bits of high rate punctured code belong to the lower
rate code. An evaluation of the performance of the RCPC
codes is given in [8].

The puncturing matrices defined by the IEEE 802.1la
standard do not respect the rate compatibility restriction on
the puncturing rule: where a zero is at the fourth position
of the second row of M%, a 1is at the same position of M%.
With the interest in adopting an IR strategy that uses the
RCPC codes, we investigated other puncturing matrices for
the code rate 2.

In particular, we considered a puncturing matrix for the
code rate % which respects the restrictions for the code
rates of 3, 2 and % (defined by both ETSI HIPERLAN/2
and IEEE 802.11a standards [1],[4]) with the aim of main-
taining the physical layer compatibility between the two
standards. It has to be noted that the performance of such
puncturing matrices are not worse than that of a puncturing
matrix not compatible with rate 1—96. The puncturing matrix

proposed for the rate % is the following:

110110110110110110
111101101111101111

We verified that the resulting convolutional code is not
catastrophic. As it can be seen on figure 1 the performance

M, =
3

loss due to the proposed puncturing pattern is less than 0.5
dB at every SNR. To conclude, the BER performance of the
two puncturing matrices ( M% and M%) is almost the same,

but with the remarkable difference that I\/IN% respects the re-
striction on the puncturing rule to generate a RCPC code.

IV. Simulation results

The performance in terms of average throughput versus
average SNR was evaluated by simulation for both retrans-
mission strategies: HARQ-I+AMC and proposed HARQ-
IR+AMC. In order to enable a fair comparison, the same
transmission modes are used. Table 1 provides the list of
the modes. As explained in section I, rates % and 1—% are not
used. The following assumptions are made:

o the packet size is 1000 bytes

e the Cyclic Redundancy Check (CRC) enables perfect
error detection and the feedback channel is error-free

e \We neglected the additional signalling which would
be required to implement HARQ-IR according to the
standard

e The maximum number of transmission attempts is lim-
ited to 5

| Modulation | Code Rate | PHY bit rate |

BPSK 172 6 Mbit/s
BPSK 3/4 9 Mbit/s
QPSK 2 12 Mbit/s
QPSK 3/4 18 Mbit/s
16-QAM 12 24 MDbit/s
16-QAM 3/4 36 Mbit/s
64-QAM 12 36 Mbit/s
64-QAM 3/4 54 Mbit/s

Table 1: Simulated physical layer modes

Under these assumptions, simulations were performed in a
typical indoor NLOS (Non Line Of Sight) channel with 50
ns RMS delay spread following the ETSI BRAN-A model
and static terminals. The resulting average throughput ver-
sus SNR is plotted on figures 2- 5. As mentioned in sec-
tion 11, the initial constellation for HARQ-IR+AMC is se-
lected according to the throughput maximization criterion
of a HARQ-I+AMC scheme for the current SNR, but the
starting coding rate is always %. The first motivation for
this choice is that it enables to take advantage of IR, al-
though the gain to be expected is reduced due to the MAC
overhead. The gain should be higher when the predicted
SNIR is lower than the actual one: in such cases the success



probability of the first transmission is significant. Further-
more, the SNIR is not the best metric, since the Packet Error
Rate (PER) depends not only on the SNIR, but also on the
actual channel coefficients, as shown in [9]. If the PER per-
formance of the current channel is better than average, once
again the success probability of the transmission at rate %
can be high, obviously leading to a throughput gain. If the
channel PER performance is worse than average, then a gain
can also be expected: since our HARQ-IR strategy system-
atically reduces the mode at each attempt, a mode with low
PER will be quickly reached, whereas the HARQ-I+AMC
strategy will perform lots of retries in the inadequately se-
lected initial mode.

IV.1. HARQ-I+AMC versus HARQ-IR+AMC over a
fading channéel

First, the comparison is performed without interference.

A new independent channel impulse response is used at
each new packet transmission, but it is assumed to remain
constant during the successive retransmissions. This model
is well adapted to the simulation of a static environment.
The SNR fluctuates due to fading at each new transmission,
but we assume that it can be perfectly predicted in order to
perform AMC. The average PHY and MAC throughput are
plotted respectively on fig. 2 and fig. 4.
On figure 2, it can be observed that HARQ-IR+AMC out-
performs HARQ-I+AMC by up to 1.5dB. For high order
modulations (i.e. at high SNR) the gain is more important
than for lower modulations (i.e. lower SNR). This is due to
the fact that a larger number of IR steps are available in case
of initial transmission failure. Unfortunately, the throughput
gain on top of MAC layer is insignificant due to the MAC
overhead, as shown on figure 4.

IV.2. Impact of interference and SNIR prediction er-
rors

Contrary to fading which fluctuates slowly in WLAN,
interference can produce large and quick changes of the
SNIR. Besides, these variations are hardly predictable due
to the random nature of traffic sources. In this section, we
assume that the SNIR fluctuates randomly from one packet
transmission or retransmission to the next. The SNIR fluctu-
ation at each transmission attempt is modeled as a sequence
of i.i.d. variables uniformly distributed between — 6dB and
+ 6dB. We assume that the SNIR can be perfectly estimated
in order to weight the soft bit metrics prior to combina-
tion with previous attempts. However, we add a random
error to the SNIR prediction used by AMC. We take for the
prediction error the same uniform distribution as the SNIR
fluctuation. Therefore, the metrics weighting remains opti-
mum, but the decision of the AMC on the initial transmis-
sion mode can be erroneous.

Our simulation results show how in presence of bad selec-
tion of the initial transmission mode due to a prediction er-
ror in the AMC, the HARQ-IR+AMC outperforms HARQ-
I+AMC at both Physical and MAC layer. As shown re-
spectively on figures 3 and 5 we observed up to 2.5dB gain
at Physical layer and still up to 1.5 dB gain at the MAC
layer. These results validate the interest in adopting the pro-
posed HARQ-IR+AMC strategy in a realistic transmission
scenario.

V. Conclusion and further work

In this paper, we study an AMC scheme based on SNIR
prediction combined with a type Il Hybrid ARQ relying on
IR adapted to the IEEE 802.11a standard. Modifications of
the retransmission strategy and puncturing pattern are pro-
posed, as well as means to combine the soft bit metrics.
Contrary to classical IR which tries to have a fine granular-
ity in the incremental retransmission process, the proposed
HARQ-IR+AMC scheme balances the number of retrans-
missions with the need to limit the MAC overhead. The
average throughput performance is evaluated under fading
and interference conditions. In the presence of fading only,
the MAC protocol overhead makes the throughput gain neg-
ligible. However, the HARQ-IR+AMC strategy presents an
interest when interference bursts deteriorate the SNIR pre-
diction used by the AMC. In that case, an improvement of
1.5 dB can be observed. Overall, this scheme improves the
system robustness to interference, at the expense of only
slight modifications to the standard.
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Figure 2: Impact of new HARQ-IR scheme on physical
layer throughput (no interference, perfect SNIR estimation
and prediction)
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Figure 3: Impact of new HARQ-IR scheme on physical
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Figure 4: Impact of new HARQ-IR scheme on MAC layer
throughput (no interference, perfect SNIR estimation and

prediction)
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Figure 5: Impact of new HARQ-IR scheme on MAC layer
throughput with Interference and SNIR prediction error



