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Performance of Pulse-Position Modulation on
Measured Non-Directed Indoor Infrared Channels
Malik D. Audeh, Joseph M. Kahn, and John R. Barry

Abstract—We examine the performance of pulse-position mod-
ulation (PPM) on measured channels with intersymbol inter-
ference (ISI). We summarize the bit-error-rate performance of
unequalized systems and review the perfermance of maximum-
likelihood sequence detection (MLSD) for PPM over ISI channels
with additive white Gaussian noise. We evaluate the performance
of PPM links over 46 experimentally measured indoor infrared
channels. Detailed results are presented for 2, 4, 8, and 16-PPM
at bit rates of 10 Mb/s and 30 Mb/s, and these techniques are
compared to on—off keying. Our results show that when MLSD
is employed, 16-PPM provides the best average-power efficiency
among the modulation techniques considered in this study.

I. INTRODUCTION

ON-DIRECTED infrared (IR) radiation [1]-[3] has been

shown to be a viable alternative to radio for wireless
indoor communication. Many applications of non-directed IR
links require high average-power efficiency to minimize ocular
hazards and power consumption. We consider L-pulse position
modulation (L-PPM) a technique that yields an average-power
efficiency improvement with increasing order L. However, in
high-speed (>10 Mb/s) indoor IR systems, we must consider
the effects of intersymbol interference (ISI), resulting from
reflections off floors, walls, and room objects.

The channel and noise models we consider have been
discussed in detail in [2]-[4]. In order to obtain a high SNR,
practical non-directed systems employing intensity modulation
with direct detection (IM/DD) use photodetectors with large
areas, which result in optically incoherent reception without
multipath fading. However, we do observe multipath distor-
tion, which is characterized by a linear, time-invariant impulse
response h(t) that changes only when the detector is moved
by distances on the order of tens of centimeters [3]. In IM,
the transmitted signal X (¢) is an instantaneous optical power.
The received photocurrent Z(t) is the integral of the received
optical power over the detector surface, multiplied by the
photodetector responsivity R.
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The optical IM/DD channel is normally modeled by a
signal-dependent, Poisson-rate, photon-counting model. Due
to the intense ambient light in indoor environments, a wireless
indoor IR channel corresponds to the background-limited,
high-photon-rate case. Therefore, we can neglect the shot noise
caused by the signal and model the ambient-induced shot noise
as a Gaussian process, which is known to be highly accurate
for high-density shot noise [5]. Since the SNR of practical
receivers is limited by the effects of ambient light, we do not
consider the use of an avalanche photodiode, which would
only decrease the receiver SNR [2].

Our channel model for IM/DD can be summarized by
Z(t) = RX(t)®h(t)+ N(t) [4]. We emphasize that our treat-
ment of the noise N(¢) as Gaussian and signal-independent
simplifies calculation of the error probability without any
significant loss of accuracy. This channel model is similar to
a standard linear, baseband channel. In particular, the receiver
electrical SNR is proportional to |X (¢){%, as in conventional
electrical and radio systems. However, IM/DD IR links differ
from conventional systems in two respects [2], [3]. First, X (¢)
cannot be negative, since it describes an optical power. Second,
the average transmitted power constraint is given by

T
P, = Jim §1~T— /_TX(t) dt. M
For a given average optical power P;, the receiver SNR can
be improved by transmitting a wave form X (¢) having a high
peak-to-average ratio, such as L-PPM [2]. We note that the
optical path loss of the channel is H(0) = [°7_ h(t) d¢, and
the received optical power is P.= H(0)P,.

II. L-PPM SYSTEMS

A. Unequalized Systems

Figure 1(a) displays the block diagram of an L-PPM trans-
mitter. Independent, identically distributed (i.i.d.) input bits
a; enter a block coder of rate (log, L)/L, which produces
a length-L symbol vector having one unit chip value and
L — 1 zero chip values. The chip sequence by, scaled by the
peak optical power LFP,, drives the transmitter filter p(¢), a
rectangular pulse of unit magnitude and duration T'/L. This
results in the transmission of an optical signal X (¢) over the
multipath channel A(t), which is assumed to be fixed, positive,
and have finite duration. The additive white Gaussian noise
N(t) has double-sided power spectral density Ng.

The unequalized receiver, designed to perform symbol-by-
symbol ML detection in the absence of ISI, is shown in
Fig. 1(b). This receiver employs a unit-energy filter matched
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Fig. 1.

unequalized L-PPM receiver. The soft block decoder chooses the received symbol based on the largest of the received samples yi_ Lis "

(a) Block diagram of L-PPM transmission over a multipath channel. The electrical signal Z(t) is input to the receiver. (b) Block diagram of

, Yk, and yields

the corresponding bit sequence. (c) Equivalent discrete-time block diagram of unequalized L-PPM system sampled at the chip rate L/T. (d) Block diagram of

L-PPM receiver with whitened-matched filter followed by MLSD. (e) Discrete-

to p(t), followed by a chip-rate sampler. We can simplify the
system that combines Fig. 1(a) and (b) by converting to an
equivalent discrete-time model sampled at the chip rate L/T,
as shown in Fig. 1(c). We define the discrete-time impulse
response hy, = p(t) ® h(t) ® g(t)|;—rr,r. The receiver makes
decisions based on samples of the form y. = s + nz, where

equivalent model} of L-PPM system prior to MLSD, sampled at the chip rate L/T".

the signal samples s; are derived from the chip sequence
b € {0,1} by the convolution s, = LPiby ® hy. We
note that this convolution causes each nonzero transmitted
chip to interfere with samples within the same PPM symbol
(intrasymbol interference), and also within adjoining PPM
symbols (intersymbol interference). We refer to these two
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Fig. 2. BER versus SNR for 30 Mb/s, 8-PPM system, illustrating agreement b
channel in the shadowed diffuse configuration.

effects collectively as ISI. The noise samples nj are ii.d.
Gaussian random variables with zero mean and variance Nj.
We emphasize that nj, and s are independent, in contrast
to the case of a photon-counting detector for PPM, which
has been analyzed previously [6]. This receiver makes symbol
decisions based on which is the largest of each L-length block
of samples Yr—r+1, ", Ys-

To illustrate the calculation of the bit-error rate (BER) for an
unequalized PPM system with ISI, we assume that symbol 1
(corresponding to a chip sequence by, of a single one followed
by L — 1 zeros) was transmitted and we assume k = [
[see Fig. 1(b)]. Considering the L samples yi,---,yz, the
probability of bit error can be well-approximated at high SNR
by the following union bound:

P[bit error|transmit symbol 1]

L2 {Q( )+~-+Q< ﬂ 2)

T L1
The factor (I/2)/(L — 1) represents the average number of bit
errors per symbol error. To obtain the BER for random input
data, we average over all L possible desired symbols, and over
all possible interfering symbol sequences (which constitute a
finite set, as i(¢) is finite-duration).

S1 — 8o
2N,

81— 8L

2Ny

etween results of theory and Monte-Carlo simulation for a typical multipath

B. Systems with MLSD

Following [2], the MLSD receiver [see Fig. 1(d)] employs
a whitened-matched filter (WMF) [7], which consists of a
unit-energy continuous-time matched filter r(¢), followed by
a discrete-time unit-energy noise-whitening filter wy. The
WMF output sequence ¢ represents a sufficient statistic for
optimal detection. We simplify the continuous-time realization
of Fig. 1(a) and (d) into the discrete-equivalent model shown
in Fig. 1(e). We define the discrete-time impulse response
cr = [p(t)Rh(t)@7(t)]s=kr, 1] ®w}. The received samples are
gk = ug + vk, where the noise samples vy, are i.i.d. zero-mean
Gaussian random variables with variance N.

It is well-known that the optimum detector for pulse-
amplitude modulation (PAM) with ISI in additive white Gauss-
ian noise is MLSD [7], which can be implemented using
the Viterbi algorithm (VA) when the signal generator can be
modeled as a finite-state machine driven by a white input
sequence. In a PPM system, the input chip sequence by €
{0,1} can be viewed as a PAM signal. Accordingly, the MLSD
for this signal [2] chooses an estimate of the sequence by, to
minimize the sum over the entire reception of the per-chip
branch metric |gr — ux|?. As the sequence by is not ii.d.
(in fact, it is cyclostationary), however, the MLSD for PPM
cannot be implemented using a chip-by-chip VA. Thus, we
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(a) Normalized optical average power (left axis) and electrical SNR (right axis) required to achieve 10~6 BER versus delay spread divided by bit

duration with five different modulation schemes for unequalized systems. These graphs include all four link configurations at 10 and 30 Mb/s. The horizontal
dashed lines represent performance over an ideal channel. In the region of irreducible bit-error rate (infinite penalty), the different symbols have been vertically
separated to enhance visibility. The solid lines represent fourth-order least-squares polynomial fits to the data for each modulation scheme.

view the signal as a sequence of L-length PPM symbol vectors
that pass through a multiple-input, multiple-output channel
[2]. Since this symbol sequence is i.i.d., the MLSD can be
implemented using a symbol-by-symbol VA that employs a
per-branch metric given by Sy 7, |gx — ux|? provided that
the duration of ¢; is finite.

The probability of bit error for MLSD of PPM can be
well-approximated at high SNR by [7]

Pr(bit crror) ~ /2 (2;1) ©)]
2

. = CmCh—m| - 4

2in Helir}l Z - @)

The minimization in (4) is performed over all nonzero error
sequences {ey,} starting at time zero, i.e., over all ex = by — b,
where by, and b}, are valid PPM chip sequences.

III. PERFORMANCE RESULTS ON MEASURED CHANNELS

This section quantifies the performance of the PPM systems
of Section II in transmitting over a collection of 46 exper-
imentally measured channels [4]. Non-directed IR channels
may be classified as either line-of-sight (LOS), which rely
upon the existence of an unobstructed path between transmitter
and receiver, or diffuse, which alleviate the need for a LOS
path by relying on reflections from a large diffuse reflector.
We consider four channel configurations: unshadowed LOS,
unshadowed diffuse, shadowed LOS, and shadowed diffuse
(see Fig. 2 of [4]).

Figure 2 presents the BER versus electrical SNR for an
8-PPM system transmitting at a bit rate of 30 Mb/s over
both an ideal channel h(t) = 6(¢) and a typical shadowed
diffuse multipath channel. In order to facilitate comparison
of average-power efficiency, we define the electrical SNR as
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Fig. 3. (Continued.) (b) Normalized optical average power (left axis) and electrical SNR (right axis) required to achieve 10~% BER versus delay spread
divided by bit duration with five different modulation schemes for systems employing MLSD. These graphs include all four link configurations at 10 and 30
Mb/s. The horizontal dashed lines represent performance over an ideal channel. In the region of irreducible bit-error rate (infinite penalty), the different symbols
have been vertically separated to enhance visibility. The solid lines represent fourth-order least-squares polynomial fits to the data for each modulation scheme.

R2P?/Ry Ny, where R, is the system bit rate (note that this
is 1/L times the usual definition of SNR, E;/Ny). Fig. 2
compares results of analysis and Monte-Carlo simulation. The
BER performance of MLSD is computed both by considering
the union bound of all dominant error events, and by consid-
ering only the error event having the minimum distance. At
moderate-to-low BER, there is excellent agreement between
the BER’s computed considering only the minimum-distance
error event and considering all dominant error events. This
agreement validates our use of (3) to compute the BER of
MLSD in the remainder of this paper. Moreover, we emphasize
that all analytical results shown in Fig. 2 are in agreement with
the results of Monte-Carlo simulation.

In comparing the optical average-power efficiency of vari-
ous modulation techniques in transmission at a given bit rate
over a given multipath channel, we compare the electrical SNR
required to achieve 107® BER, and also the optical power
required to achieve that same BER, normalized to the power
required to achieve the same BER using OOK (or 2-PPM) on

an ideal channel A(t) = §(¢). A 1-dB change of optical power
corresponds to a 2-dB change of electrical SNR in our IM/DD
system with signal-independent noise. In previous work, it was
observed that for unequalized and equalized OOK links, the
impact of multipath ISI is well-correlated to the channel r.m.s.
delay spread, normalized by the bit duration (see Figs. 7 and
11 of [4]).

Figure 3 compares the optical average-power (and electrical
SNR) requirement for unequalized PPM (orders 2, 4, 8, and
16) and OOK links to those employing MLSD, considering all
channels of all four configurations, at bit rates of 10 Mb/s and
30 Mb/s, organized according to the r.m.s. delay spread divided
by the bit duration. We see that either without equalization
or with MLSD, the power requirement for each technique
increases nearly monotonically with increasing delay spread.
We see that as the delay spread increases, the MLSD power
requirement does not grow as quickly as the unequalized
power requirement. Furthermore, we observe that in cases
where the unequalized system incurs an irreducible BER
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[see Fig. 3(a)], the MLSD power requirement is finite [see
Fig. 3(b)]. If no equalization is employed, then the ordering
of average-power efficiency among the modulation schemes
considered depends on the channel delay spread. By contrast,
when MLSD is utilized, 16-PPM consistently yields the best
average-power efficiency.

IV. CONCLUSIONS

We have compared the performance of unequalized PPM
and OOK links operating at 10 Mb/s and 30 Mb/s to those
using MLSD, using measured responses of non-directed indoor
infrared channels. MLSD offers significant improvement over
unequalized systems. Even with MLSD, however, as the ratio
of delay spread to bit duration increases, the advantage of any
given PPM order over OOK diminishes. We have found that
when the delay spread becomes higher than approximately
0.25 times the bit duration, OOK achieves performance supe-
rior to 4-PPM when MLSD is used. Similarly, with MLSD,

659

OOK achieves performance superior to 8-PPM when the delay
spread is higher than 0.35 times the bit duration.
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