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Automatic repeat request schemes for
infrared wireless communications

V. Vitsas and A.C. Boucouvalas

The effectiveness of employing a stop-and-wait automatic repeat
request protocol as well as a go-back-N protocol to cope with
transmission errors. in infrared wireless connections is examined.
Protocol performance for various link parameters, such as window
size, packet size and timer time-out values is presented. High window
size implementation results in better performance.

Introduction: The increasing number of laptop computers on the
market creates a demand for their wireless connectivity. The Infrared
Data Association (IrDA) has been very successful in developing
standards for wireless indoor point-to-point connections using the
unregulated infrared spectrum [1]. It is-a remarkable achievement for
the IrDA 1 .x standard to establish such a widespread deployment in such

a wide range of devices within a relatively short time {2]. [rDA recently

proposed the advanced infrared (Alr) standard for indoor optical

wireless LANs. The Alr standard employs the IrDA 1.x protocol

stack. A new physical layer (Alr-PHY) is proposed that employs wide -
angle infrared ports [2]. IrLAP, the IrDA 1.x data link layer, was split

into three sub-layers, the Alr medium access control (Alr-MAC), the

Alr link manager (Alr-LM) and the Alr link control (AlIr=LC) sub-layers

[3]. 'DA 1.x IrLAP performance is examined in [4, S]. In this Letter

we report our examination of an Alr Ir'LAP performance evaluation.

AIr-MAC is a carrier sense multiple access with collision avoidance

(CSMA/CA) protocol employing a request-to-send/clear-to-send

(RTS/CTS) reservation scheme to address the hidden station problem
[2]. ‘A successful reservation is always terminated by means of an end-
of-burst/end-of-burst confirm (EOB/EOBC) packet exchange. Infra-
red link quality is affected detrimentally by background ambient light,
sunlight and diffuse propagation paths, and physical obstacles cause
loss of line of sight. To improve link quality, the Alr-LC sub-layer
utilises a go-back-N (GBN) automatic repeat request (ARQ) retrans-
mission scheme and the Alr-MAC sub-layer utilises an optional stop-
and-wait (SW) ARQ scheme [3]. We also investigated the effectiveness
of employing the SW ARQ scheme at the MAC layer when the GBN
ARQ scheme at the LC layer is implemented. The packet level acknowl-
edgment (PLACK) protocol utilises the GBN ARQ scheme at the LC
layer and the SW ARQ scheme at the MAC layer. The no packet level
acknowledgment (NoPLACK) protocol utilises the GBN ARQ scheme
at the LC layer and the no ARQ scheme at the MAC layer. Analytical
models for the utilisation of the PLACK and NoPLACK protocols are
presented. PLACK is compared to NoPLACK performance for different
parameter values.

Analysis: The utilisation of the PLACK protocol, Up,ck, is calcu-
lated first. For packet error rate (PER) p. and window size w, the
probability P, that i reservations are needed to successfully transmit
all packets is given by

w+i—2)
i — D{w—1)

We have calculated the total time required, Ip, for a complete window
transmission

Py = A =p)"p" M

Iy=3 P(C,+D)+(w+i— D+F+2d+p +E) ()
i=1

where C, is the average contention period, D is the total transmission
time of the RTS/CTS/EOB/EOBC packets, ¢ is the payload data
transmission time, F' is the data packet overhead transmission time, d
is the one-way propagation delay, p, is the preparation time of a data
packet and E is the time required for a packet acknowledgment. The
time required for the LC layer acknowledgment (ACK) packet is
given by

2 .
Iy= ; (1 = Pact Pt (AC, + D) + ity +2d +py + ) (3)
where p,. and t,. are the LC layer ACK packet error rate and

transmission time, respectively. Upy 4ck 1S given by

wit
U, = —— 4
PLACK Ip+1, . C)]

The utilisation of the NoPLACK protocol is calculated as follows.

The transmission time of data packets and the corresponding
acknowledgment, R, is given by.

R=2C,+Dy+w(t+F+p)+pi +lox +p3+d (5)

where p3 is the processing time of an acknowledgment and other
parameters are the same. The probability, p;, that either the poll bit or
the corresponding final bit are lost i times is given by

21 = @o+ (1= PIPack W Pack + (1 = Poaci o)™ O]

and, Iz, the average window transmission time can be evaluated by
oo

Ip=R+ Y p{T,+C,+D+p;+iu+p3+d) Q]
i=1

where T, is the LC layer time-out period. NoPLACK protocol
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utilisation is finally given by [4]:
1—p. (1= =p)")
Pe Ip

A utilisation ratio is defined to compare PLACK and NoPLACK
protocol performance:

®)

Unoprack =1

. UNOPLA CcK
Ur'atio = U, (9)
Y PLACK

The parameters used are as follows. AIr-MAC specification [3]
defines that D, E and F are 1.984 ms, 872 ps and 250 ps, respectively.
The processor speed is 100 MHz, p, and p; values are both 40 ms.
The packet length / is 16 Kbytes, the link rate C is 4 Mbit/s, the LC
layer ACK transmission time f,.; is 250 ps and p,. is approximated
by pack =pl’/l), where I’="72 is the MAC ACK packet length. The
one way propagation delay is 0.33 ps and the average contention
period C, is 2.8 ms. The chosen C, value corresponds to an infrared
LAN having only two active stations, the transmitter and the receiver

[3]-

Results: Fig. 1 compares PLACK and NoPLACK protocol utilisation
for different w values. It shows that the Alr protocol practically relies
on large window sizes to achieve high channel utilisation. Link
utilisation is very low for small window sizes for both protocols
caused by the increased number of contention periods and
RTS/CTS/EOB/EOBC exchanges. The NoPLACK protocol achieves
a higher utilisation for low error rates since it does not spend time
transmitting unnecessary (in this case) acknowledgments. The situa-
tion is reversed for high error rates as the PLACK protocol immedi-
ately realises a packet loss by the absence of the corresponding
acknowledgment. Fig. 1 also shows that the employment of larger
window size shifts the error rates from which the PLACK protocol
outperforms the NoPLACK protocol to higher values.

utilisation

-4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0
log {packet error rate)

Fig. 1 Utilisation against packet error rate for various window sizes
C,=2.8ms, =16 Kbytes, T,=35 s, C=4 Mbit/s
O Uprack, w=2 packets
Unorrack, w=2 packets
Uprack, w=4 packets
® Unoprack, w=4 packets
Uprackx, w=8 packets
A Upoprack. w=38 packets
x Uppack, w= 16 packets
* Unoprack, w= 16 packets .

Fig. 2 plots U, against PER for different LC time-out 7, values. It
shows that as 7, decreases, the error rates from which the PLACK
protocol outperforms the NoPLACK protocol shift to higher values.
PLACK performance is independent of 7, values (4), but NoPLACK
performance degrades with an increase in 7, (5) since it relies on the
successful transmission of the last data packet to carry the poll to the
receiver. If the poll is lost, the situation is resolved by a transmitter’s LC
T, expiration.

Fig. 3 shows Uy, against PER for different packet sizes. Increasing
packet size when the PER is stable corresponds to better bit error rate.
Fig. 3 identifies a specific PER value independent of packet length at
which the PLACK and NoPLACK protocol performances are equal.

Fig. 3 also shows that decreasing packet length increases the’

No-PLACK superiority at low PER and also increases the PLACK
superiority at high PER.

1.2
% Unoprack>Uprack
1.04

0.8

Uprack>Uno-pPLack

0.6

utilisation ratio

0.4

0.2
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-4.0 -3.5 -3.0 -25 -2.0 -1.5 -1.0

log (packet error rate)

Fig. 2 Utilisation ratio against packet error rate for various LC time-out
values

w=8 packets, C, =2.8 ms, /=16 Kbytes, C =4 Mbit/s

O Uyario, T1=5's

© O Uario> Tr=Ts

A Uhio, T;=10s
X Uyatioy T;=15's
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1.4

121 UnopLacK > UpLacK
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Fig. 3 Utilisation ratio against packet error rate for various packet sizes I

C,=2.8 ms, w=28 packets, 7,=5s, C=4 Mbit/s
O Usario» 1 =2 Kbits

& Usatio» 1="4 Kbits

A Uaii, | =38 Kbits

X Uario, 1= 16 Kbits

Conclusions: The Alr protocol should implement large window sizes
in order to achieve high channel utilisation. This is due to the large
time utilised for contention and for RTS/CTS/EOB/EOBC packet
exchange for every successful reservation. The NoPLACK protocol
outperforms the PLACK protocol for low error rates. The situation is
reversed for high error rates, leading to the conclusion that if some
utilisation loss (~10%) is acceptable at low PER, PLACK offers a
robust choice. If NoPLACK implementation is chosen, increasing
window size and lowering LC time-out values is of great importance.
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Peak-to-average power reduction for OFDMI
by repeated clipping and frequency domain
filtering

J. Armstrong

It is shown that repeated clipping and frequency domain filtering of an
orthogonal frequency division multiplexing (OFDM) signal can
significantly reduce the peak-to-average power ratio (PAPR) of the
transmitted signal. The technique causes no increase in out-of-band
power. Significant PAPR reduction can be achieved with only moder-
ate levels of clipping noise.

Introduction: One of the main disadvantages of orthogonal frequency
division multiplexing (OFDM) is its high peak-to-average power ratio
(PAPR). The simplest approach to reducing the PAPR of OFDM
signals is to clip the high amplitude peaks. A recent paper [1]
described a new clip-and-filter technique that gives better perfor-
mance than earlier techniques. Like other clip-and-filter techniques,
the filtering results in some peak regrowth, so that the final signal will
exceed the clipping level at some points. In this Letter it is shown that,
with this form of filtering, repeated clip-and-filter operations can be
used to reduce the overall peak regrowth.

PAPR reduction by clipping and frequency domain filtering: Fig. 1
shows the block diagram of the basic PAPR reduction scheme [1]. The
ith input vector A;=ag;- - - ay_1,, is first transformed using an oversize
inverse fast Fourier transform (IFFT). & is the number of subcarriers in
each OFDM symbol. For an oversampling factor of /;, A; is extended
by adding N(/; — 1) zeros in the middle of the vector. This results in
trigonometric interpolation of the time domain signal [1].

1
1
A, | c !
—-] ' l
0 : 0 1
P — IFFT > clip FFT i—» IFFT >,
0 ! 0 . !
' i
H '

clip and filter

Fig. 1 Block diagram of peak reduction technique

The interpolated signal is then clipped. In this Letter, hard-limiting is
applied to the amplitude of the complex values at the IFFT output but
any other form of nonlinearity could be used. The clipping ratio, CR, is
defined as the ratio of the clipping level to the root mean square value of
the unclipped signal.

The clipping is followed by filtering to reduce out-of-band power.
The filter consists of two FFT operations. The forward FFT transforms
the clipped signal back into the discrete frequency domain resulting in
vector . C;. The in-band discrete frequency components of C,,

Coittt CNj2—Lis ONI—N/24+1,i" " Cnr—1,; are passed unchanged to the
inputs of the second IFFT while the out-of-band components,
CNj241,i* - CNL—Ny2,; are nulled. In systems where some band-edge
subcarriers are unused the components corresponding to these are
also nulled.

The resulting filter is a time-dependent filter, which passes in-band
and rejects out-of-band ‘discrete’ frequency components. This means
that it causes no distortion to the in-band OFDM signal. Since the filter
operates on a symbol-by-symbol basis, it causes no intersymbol
interference. The filtering does cause some peak regrowth.

Fig. 2 shows the cumulative distribution of the power of the over-
sampled signal after one to four stages of clipping and filtering. In this
case N = 128, the modulation is 4-QAM and CR = 6 dB. However other
parameters would give similar results. Fig. 2 shows that repeated
clipping and filtering significantly reduces the PAPR (note the logarith-
mic scales).

109+
original signal
1
10 one
clip-and-filter
102 S s
2 clip-and-fitters
:
o three
2 1084 clipping
level \
four
N
104
T T T T 1
0 2 4 6 8 10 12

power, dB

Fig. 2 Cumulative distribution for signal after PAPR reduction

In-band distortion: The new clip-and-filter technique causes no
increase in out-of-band power so the limit to PAPR reduction in a
practical system is the in-band distortion, in the form of clipping noise.

A number of authors have analysed the effects of nonlinearities on
OFDM signals [2]. The real and imaginary components of an OFDM
signal have Gaussian distributions, thus by extending Bussgang’s theory to
the complex case itis possible to show that, subject to certain conditions, [2]

) = Kx(d) + d(0) o

where x(f) is the input to the nonlinearity, K is a constant and y(?) is the
output. d(f) is a zero mean random noise process which is uncorrelated
with x(#), so that

E[d*Ox(t+1)] =0 (2
E[d(n}=0 ©))
Thus,
200
K= oo @

For the case of repeated clipping and filtering Bussgang’s theory applies
only to the first clipping stage as the input of signals to subsequent clipping
stages do not have Gaussian statistics. In the subsequent analysis it is
assumed that Bussgang’s theory applies, however this may cause second-
order errors in the analysis.

In an OFDM system, the output of the nonlinearity, y(¢), is the time
domain signal at the transmitter output. In the absence of distortion and
noise in the channel, samples of sections of (¢) are input to the receiver
FFT. Thus the vector output from the FFT for the ith received symbol
can be described by

Z,=KA,+B, (5)

where B; is the FFT of the vector of samples of d(r). In this case the
signal-to-clipping noise ratio (SCNR) for the th subcarrier is given by
K2E[(a;.,)
SCNR, = LZ)] ©)
El(by )]

where b, ; is the kth element of the noise vector B;.

In general the SCNR depends on the subcarrier index [2]. In the
simulations an average value of the SCNR was calculated. K was
estimated by substituting in (6) the measured statistics for the entire
simulated sequence. This value of K was then used to calculate the
sequence of B;. Fig. 3 shows the SCNR for various cases. Even for
severe clipping, the SCNR is quite large. This is because the main effect
of clipping is to reduce K rather than increase the variance of by ;.

The distribution of the real (or imaginary) component of d() is in
general very non-Gaussian, with a large peak at zero corresponding to
input signal values which are below the clipping level, and are therefore
not clipped. Despite this, because of the FFT, b,; may be Gaussian if
the central limit theorem applies. This is the case if CR is such that there
are a significant number of clips per symbol. This will occur at lower
CR as N increases.
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