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I. Introduction

Wireless local-area networks (W-LAN) are becoming increasingly popular because of their high data rates,
low costs, and easy installation. Systems based on the IEEE 802.11b standard operating on the 2.4 GHz ISM
band are already widespread, and support data rates of up to 11 Mbps. The next generation of W-LANs is
under development, and both the European HIPERLAN/2 and the North-American IEEE 802.11a standards
operate in the 5 GHz frequency band and utilise coded orthogonal frequency division multiplexing (OFDM)
to transmit at data rates of up to 54 Mbps [1].

W-LAN standards are all packet-based transmission systems and rely on error-correcting codes (ECC),
cyclic redundancy checks (CRC) and automatic repeat request (ARQ) schemes to guarantee nearly error-free
transmission of data packets in a hostile wireless environment.

High-speed W-LAN systems are targeted at static or slow-moving applications in an indoor environment,
where typically the channel changes very slowly. For instance, at walking speeds (V ' 1m/s) with carrier
frequency fc = 5GHz the maximum Doppler spread is fd = V fc/c = 16.67Hz, which yields a coherence time
Tc ' 1/2fd = 30ms, corresponding to 15 MAC frames in HIPERLAN/2 (there is no fixed frame length in
IEEE802.11a). Under these channel conditions, a packet may have to be retransmitted many times or with a
large delay between retransmissions until it is received without errors.

A significant improvement can be achieved if retransmitted packets are combined before decoding. Even
erroneous packets contain some valuable information, and, instead of discarding them, they can be stored and
combined with the signal received at subsequent retransmissions. This approach, known as packet or code
combining, was extensively investigated in the literature, for instance in [2]–[7] and, unlike conventional ARQ
schemes, it was shown to permit reliable transmission even under very low signal-to-noise ratios (SNR). Packet
combining can be very effective in increasing throughput, and requires no modification in existing standards.
In this letter we investigate the application of packet combining to an IEEE 802.11a transmission link.

II. System Description

Let bold letters represent data vectors. The input data packet of Npack bits d(n) is divided into blocks of
Nb bits di, corresponding to the i-th OFDM symbol. These are coded with a rate-Rc convolutional code,
and the Nc = Nb/Rc code bits bi are then mapped to Kd = Nc/ log2(M) QAM or QPSK symbols xi, where
M is the constellation size. Kp pilot and Kz zero subcarriers are introduced, and the signal goes through
a K-point inverse fast Fourier transform (IFFT), with K = Kd +Kp +Kz. To the time-domain signal thus
obtained we add at the beginning of each K-sample symbol a cyclic prefix of G samples, which eliminates
multipath interference up to a delay spread of TG = GTs, where Ts is the sampling interval. This signal is
filtered, converted to radio frequency, and transmitted through a multipath channel.

The receiver performs the reverse operations. The received signal is filtered, converted to baseband, and
sampled at a rate 1/Ts. The cyclic extension is removed, and a fast Fourier transform (FFT) performed. The
zero and pilot subcarriers are removed, and the received signal at the k-th subchannel after this operation is

ri,k = hkxi,k + νi,k, (1)

where hk is the gain of the k-th subchannel and νi,k a complex white noise component with variance σ2 = N0.

Based on channel estimates ĥk, we can equalise the received signal to obtain

yi,k =
ri,k

ĥk

. (2)

Assuming that perfect channel estimates are available we have

yi,k = xi,k + ν ′

i,k, (3)

where ν ′

i,k is a complex Gaussian random variable with variance

σ′2
k = N0/|hk|

2. (4)
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We consider a soft-input Viterbi decoder at the receiver. Let us suppose that BPSK modulation was
employed, i.e., xi,k = 2(bi,k − 1). The input of the Viterbi decoder is the log-likelihood ratio

Λi,k = log
Pr{yi,k|bi,k = 1}

Pr{yi,k|bi,k = 0}
, (5)

which, as νk has a Gaussian distribution, is given by

Λi,k =
2

σ2
yi,k|hk|

2 =
2

σ2
ri,kh

∗

k. (6)

Because σ2 is the same for all symbols and all subcarriers, the multiplicative term 2/σ2 can be ignored by the
Viterbi algorithm.

The physical-layer parameters used throughout this work are those from IEEE802.11a, but they also apply
to HIPERLAN/2 with only marginal modifications.

III. Packet Combining

Now suppose the same information is transmitted over L different packets. This can be seen as transmission
with a new code of rate R′

c = Rc/L, composed of the concatenation of the original Rc-code and a repetition
code. As shown in [3] this new code has distance properties just slightly less favourable than those of a
maximum-free-distance code of the same rate. The gist of this code-combining scheme is that as the coding
rate is reduced, the same information can be transmitted reliably at a lower SNR. The L repeated versions
of a given code bit yi,k,l, with 0≤l<L, belong to the same branch of the Viterbi decoder, and we need now to
obtain the log-likelihood ratio

ΛL
i,k = log

Pr{yi,k,0, yi,k,1, . . . , yi,k,L−1|bi,k = 1}

Pr{yi,k,0, yi,k,1, . . . , yi,k,L−1|bi,k = 0}

= log
L−1∏

l=0

Pr{yi,k,l|bi,k = 1}

Pr{yi,k,l|bi,k = 0}
(7)

=
L−1∑

l=0

Λi,k,l

with
Λi,k,l = ri,k,lh

∗

k,l. (8)

From the equations above we can see that optimum code combining is equivalent to a maximal-ratio packet
combining. Similar expressions can be obtained for higher-order Gray-coded QPSK or QAM modulation,
except that there each symbol xk corresponds to several code bits, and a different expression may be needed
for each code bit.

Implementation in IEEE 802.11a

In IEEE 802.11 the ARQ scheme simply consists in retransmitting a packet if no positive acknowledgement
(ACK) is received, which renders the implementation of packet combining straightforward. However, some
system-specific aspects have to be taken into account.

We first need to consider that the information bits are scrambled before encoding, such that repeated
packets are not exactly the same. Let d be the desired information bit sequence. At the l-th packet the
scrambling sequence cl is employed, and the data sequence

dl = cl ⊕ d (9)

is transmitted, where ⊕ is the binary addition operator.
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Now let fc(·) represent the coding operation. Because linear convolutional codes are employed, we have

bl = fc(dl) = fc(cl) ⊕ fc(d). (10)

Hence, scrambling can be accounted for by changing (7) to

ΛL
i,k =

L−1∑

l=0

(2ci,k,l − 1)Λi,k,l, (11)

where ci,k,l corresponds to the k-th subchannel of the i-th symbol of the l-th coded scrambling sequence.
As already mentioned, the optimum code combining scheme corresponds to a maximal-ratio combining of

the received signal ri,k,l. We can hence store either the weighted values of the received signal or the log-
likelihood ratio of each code bit. Both approaches amount to the same with BPSK modulation, but for
higher-order modulation schemes each symbol corresponds to several code bits. The former approach has the
advantage of requiring less storage memory, but the latter is more flexible, as it can accommodate packets
retransmitted using different modulation schemes.

The scrambling sequence is obtained from the first seven bits of the 16-bit SERVICE field, which is trans-
mitted at the beginning of each packet. This means that we must first detect these bits without employing
packet combining. Furthermore, a MAC header is transmitted at the beginning of each packet. Among other
things, this header contains the packet target address and a packet sequence number, and packet combining
should only be applied if these parameters are the same as for the stored packets. This implies that the MAC
header must be also detected without employing packet combining. The MAC header is typically 24 bytes
long for a data packet, and it may differ in different retransmissions of the same packet, e.g., in the retry
bit, which is zero for the first transmission of a packet and one otherwise. Therefore, also the last four bytes
of a packet, which correspond to the frame check sequence (FCS), as well as the six termination bits of the
convolutional code may be different.

The considerations above mean that packet combining can be applied only on the pure data bits, but not
on the overhead bits. We can however expect packet lengths of several hundreds of bytes, up to a maximum of
2312 bytes, such that the overhead loss is kept to a minimum. The total overhead amounts to approximately
31 bytes. As long as the SNR is not too low, an erroneous packet contains usually just a few bit errors, which
are much more likely to occur among the more numerous data bits. With this in mind it is easy to see that
packet combining is also effective when applied on the data bits only.

For packet combining the physical layer must have some knowledge about the overlying MAC layer, in
particular the header and FCS size, and the position of the sequence number and address within the header
must be known. This conflicts in principle with the ISO/OSI layered model, but no modifications in the
standards are required. Furthermore, packet combining is transparent to the MAC layer, which does not have
to be informed whether packet combining is used. The retransmission scheme is still under control of the MAC
layer, but the packets received from the physical layer are less likely to be in error after a few retransmissions.
However, the packet buffering can be rendered more efficient if the physical layer is informed by the MAC
layer whether a packet was received correctly, which is decided based on the FCS bits.

A false packet combination can in principle occur, i.e., different packets can be combined if any error in
the header causes their addresses and sequence number to be equal. This is however very unlikely, as these
parameters are 20 bytes long. In any case the falsely combined packet would be detected by the frame check
in the MAC layer with very high probability.

IV. Performance Results

In this section we investigate the performance of a IEEE 802.11a system employing packet combining
through simulation. We consider transmission over a frequency-selective Rayleigh-fading channel, more specif-
ically the ETSI type-A small-office channel model [8]. We also consider a simple retransmission scheme, in
which erroneous packets are simply retransmitted at the next frame. The channel is considered to be constant
until a packet is received correctly, which is reasonable in the nearly-static environment expected for W-LANs,
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Fig. 1. Throughput with packet combining and different packet sizes
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as long as not too many retransmissions are needed. To that purpose we limit the number of retransmissions
to ten, after which the packet is considered to be lost.

In Fig. 1 the throughput with and without packet combining is displayed for different packet sizes and
different data rates (different transmission modes). The throughput is defined here as the number of correctly
received packets divided by the total number of packets transmitted. We can see that the performance
improves little with packet combining for short packets, as in this case a great part of the packet errors occur
in the header, which cannot be combined. Longer packets have a higher packet error rate (PER), and hence a
lower throughput, but the performance gain is much higher when packet combining is employed, because for
low error rates most errors are likely to occur in the data sequence, whose reliability can be increased through
packet combining.

As we can see for instance from the performance results with short packets in Fig. 1, the performance
of packet combining is limited by the error rate of the MAC header, which cannot be improved through
combining. In Fig. 2 we display the throughput gains that can be expected if ideal packet combining is
performed, i.e., assuming perfect header detection, and they are quite substantial. This means that if the
MAC header can be transmitted with higher reliability, for example by employing lower data rates for the
header than for the data, we could achieve significant performance gains, especially at low SNRs. This would
however require a modification in the standards. Note that the throughput curves for packet combining
rapidly approaches zero for low SNRs, but only because the number of repetitions is limited to ten. If infinite
repetitions were allowed, the curves would tend only asymptotically to zero with decreasing SNRs.
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