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Abstract—In this paper, we examine the use of differential is a simple modification of PPM that can achieve improved
pulse-position modulation (DPPM) for optical communication power and/or bandwidth efficiency. Hard-decision decoding

systems using intensity modulation with direct detection in the ot hpp\ on photon-counting channels is analyzed with the
presence of additive white Gaussian noise. We present expressions

for the error probability and power spectral density of DPPM. We window tec.hnlque |n_[9]_ It is shown that over such channel;,
show that for a given bandwidth, DPPM requires significantly less DPPM achieves a higher cutoff rate than PPM for a certain
average power than pulse-position modulation (PPM). We also range of physical parameters. In [10], it is shown that DPPM
examine the performance of DPPM in the presence of multipath s superior to PPM in optical multiple-access applications.
intersymbol interference (ISI). We find that the ISI penalties  y4\yever, channels featuring additive white Gaussian noise
incurred by PPM and DPPM exhibit very similar dependencies . .

upon the channel rms delay spread. We discuss the use of chip-(AWGN)' suc?h as the infrared wireless channel, are fun-
rate and multichip-rate equalization to combat ISI. Finally, we damentally different from the photon-counting channel, and

describe potential problems caused by the nonuniform bit-rate the assumptions made in the window technique cause an

characteristic of DPPM, and we propose several solutions. underestimate of the performance of DPPM. In this paper, we
Index Terms—Differential pulse-position modulation, intensity €valuate the performance of optimal soft-decision decoding
modulation, wireless optical communication. and hard-decision decoding of DPPM on AWGN channels.

Although infrared channels are not subject to multipath
fading, they are subject to multipath dispersion, which causes
intersymbol interference (IS1). The effects of ISI are especially
) o o . severe in diffuse and high bit-rate systems. The ISI power

IRELESS indoor communlcatlon is drawing mcregsmgenames for on—off keying (OOK) and PPM are studied

'V attention as an emerging technology [1]. TransmissiqR 111] and [12]. Methods to combat ISI include optimal
using mfrare_d r_ad|at|0n_ has_recently become a viable optigyimum-likelihood sequence detection (MLSD), equaliza-
As a transmission medium, infrared offers several advantaqpo%, and trellis coding [11]-[13]. We analyze the performance

over radio, including a virtually unlimited spectral region tha(Bf DPPM over ISI channels and find that it incurs penalties
is not regulated worldwide, relative security against eavesdrafmilar to those of OOK and PPM.

ping, reuse of the same spectrum in every room of a buildingrhe remainder of this paper is organized as follows. In
without interference, and immunity to multipath fading. Manyqtion I, we review the channel and noise models appro-
applications of infrared links require high average-power €fflsiae for wireless infrared communications. In Section I,
ciency to minimize ocular hazards [2] and power consumptioghe nower requirements of hard-decision DPPM are analyzed
Pulse-position modulation (PPM) is a technique that achievgs jjeal and dispersive channels. In Section IV, we discuss
very good average-power efficiency and is widely used in thegg, itficulties of implementing soft decisions and present ap-
applications. For example, the infrared data association (IrDﬁPoximate bounds on the error rate with MLSD. In Section V,
has designated 4-PPM as the standard modulation techniwgepropose and analyze two equalization schemes for DPPM.

for 4-Mb/s serial ldfc\ta Iir_1ks [3], [4]. The National Aeronauticsr,g power spectral density (PSD) of uncoded DPPM signal
and Space Administration (NASA) has also proposed {0 UR€ presented in Section VI. Methods to remove or mitigate

PPM in various free-space communication applications [S].the nonuniform bit-rate problem are proposed in Section VII.
Examples of modulation techniques derived from PPM aoncluding remarks can be found in Section VIIl.

multiple PPM (MPPM) [6], combinatorial PPM (CPPM) [7],

and overlapping PPM (OPPM) [8]. Differential PPM (DPPM)

I. INTRODUCTION

Il. CHANNEL AND NOISE MODELS

Coherent optical detection is not feasible in the indoor
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Fig. 1. Waveforms for (a) 4-PPM and (b) 4-DPPM using rectangular puldeepresents the average transmitted power&ntepresents the chip duration.

represent the instantaneous optical power of the transmitter. TABLE |
The constraints orzr(t) are EXAMPLES OF MAPPINGS BETWEEN SOURCE BITS
AND TRANSMITTED CHIPS FOR4-PPM anD 4-DPPM
1 7 , ) :
a?(t) >0 and lim — / at(t) dt < P, (1) Source Corresponding Corresponding Corresponding
T—oo 21 J_ 1 bits 4-PPM chips 4-DPPM chips 4-DPPM chips

(nominal mapping) | (nominal mapping) | (reverse mapping)

where P, is the average optical-power constraint of the trans-

. X . 00 1000 1 0001
mitter. The received photocurrent is
01 0100 01 001
y(t) = Rh(t) @ z(t) + n(t) () 10 0010 001 o1
11 0001 0001 1

where R is the photodetector responsivity amdt) is the
channel impulse response, which is fixed for a given con-
figuration of transmitter, receiver, and intervening reflectors.
The received average optical powerfs= F,H(0), where
the channel dc gain i&(0) = [ h(t) dt.

The optical IM/DD ch(ar)meljis ofte(n)modeled by a signa[’—A" PPM and DPPM
dependent Poisson-rate photon-counting model. Wireless inPPM is a well-known orthogonal modulation technique [18].
frared links are subject to intense ambient light that gives ri$@ L-PPM, a block oflog, L input bits is mapped to one df
to a high-rate, signal-independent shot noise, which can @stinct waveforms, each including one “on” chip ahd- 1
modeled as white and Gaussian [1], [12]. When such ambiéaff” chips. A pulse p(¢) is transmitted during the “on” chip.
light is absent, the dominant noise is preamplifier thermBIPPM is a simple modification of PPM. A DPPM symbol is
noise, which is Gaussian. Thus, we modgl) as white, obtained from the corresponding PPM symbol by deleting all
Gaussian, and independent of signgt). Infrared links are of the “off” chips following the “on” chip. Specifically, the
also subject to cyclostationary noise arising from fluorescehtDPPM symbol set,,(t), 0 < n < L — 1, using rectangular

Ill. HARD-DECISION DETECTION OF DPPM

lighting [14], which we neglect here. pulses, is
ISI caused by multipath can be neglected at symbol rates 0 t<nl.
below about 10 MBd in diffuse systems and about 100 MBd sn(t) = {Pc nT, < t < (n+ )T, (5)

in directional, line-of-sight systems [16]. To assess the effect

of ISI, some previous studies have employed an ensemblevdfere . is the peak power and. is the chip duration. The
measured channel responses [16]. We model multipath dispgighal waveforms of PPM and DPPM are shown in Fig. 1.
sion using the ceiling-bounce model developed by Carruthé?®M and DPPM can also be conceived as block codes over
and Kahn [17]. This model has been shown to quantify IS20K links. The DPPM or PPM encoder first transforms the
effects with high accuracy. The channel impulse responsesiurce bit sequence into a chip sequence according to the

given by DPPM or PPM coding rule, such as the ones shown in Table |.
Note that the code rate of DPPM is not constant. The chip
6a® sequence is subsequently transmitted by an OOK transmitter

hlt; a) = H(0) (t+a)7 u(t) 3) using a pulse shapg(t). Fig. 2(a) shows the block diagram

_ _ _ of a DPPM transmitter.
whereu(t) is the unit step function. The parametedepends  One of the advantages of DPPM over PPM is that symbol
on the room size and the transmitter and receiver positions ajjghchronization, which is an important requirement for PPM

is related to the rms delay spredd by detection, is not necessary with DPPM. But more importantly,
DPPM achieves higher power and bandwidth efficiency than
a E. (4) PPM. Before presenting the error-rate analysis of DPPM, we

T2V will provide an intuitive explanation of its better average-
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source bit transmitted chip transmitted received the transmitter pulse; a slicer at the filter output determines
sequence sequence waveform channel  waveform whether chips are “on” or “off.” Fig. 2(c) shows the equivalent
a,| DPPM b (D) D ) pny > xw@n@y  discrete-time system for obtaining the detected chip sequence.
cneocer - The discrete-time impulse responsefis= P.p(t) ® h(t) ®
e Ml peak power P r(t)|t=rT, Whereh(t) is the channel impulse response. Unless
(@) the channel is nondispersive, i.e., the rms delay spread is zero,
) ) detoctod chi dotected b fx contains a zero tap, a single precursor tap, and possibly
Jocelved e Soquence Sequence.  multiple postcursor taps.
b [ orem ) We_ f|rst_con3|der a DPPM system transml_tfung over a
x(1) ® h(1) —’(?—' ro X £ decoder [ % nondispersive channel. Let denote the probability that an
1=kT; “off” chip is detected to be “on,” and vice versa fgn.
n(t) . . . .
Throughout this work, we will model the input bit stream to be
() an independently, identically distributed (i.i.d.) Bernoull/£)
transmitted chip detected chip process. The packet-error rate for Arbit, N-chip packet is
sequence sequence
bk—b fk —b?l’ :l: —> Ek PF, DPPM = ]_ — (]_ — pO)A_(F/ 10g2 L)(]_ _pl)(F/ 10g2 L)
r r
~|N-— . 6
& < 10g2L>p0+10g2Lp1 ©

(©
Fig. 2. (a) Configuration-time block diagram of the DPPM transmitter. Thlar the threshold is set at the mean of expected on” and “off

“on” chips in the transmitted sequence induce generation of a unit-amplitu@vels, e.g..F%p = P, then
pulsep(t) of durationT.. (b) Continuous-time block diagram of unequalized

hard-decision DPPM receiver. The receiver filtdt) = p(—t) is matched

to the transmitted pulse shape. (c) Discrete-time equivalent system for the P ~ N RP,
communication of the chip sequence. The equivalent discrete-time impulse F,DPPM Q ¢
response isfy = Pep(t) @ h(t) @ p(—t)|i=kr, .

(L ;}12 }Vg L @
b4iV0
whereN, is the (two-sided) noise PSD at] = log, L/(L+
power efficiency. InL-PPM, asL is increased, the average-1)7, is the average bit rate. Choosifig= f,/2 is found to
power efficiency improves while the bandwidth efficiency istroduce less than 0.1-dB optical power penalty at practical
reduced. This results from increased signal-set dimensionaliigcket lengths and packet-error rates, as compared to the
and higher peak-to-average ratio. In DPPM, we omit the redupptimally chosen threshold. As shown in Section VI, the
dant “off” chips following the “on” chip without substantially bandwidth required to support communications at bit fates
affecting the error probability. For a fixel, L-DPPM has W = (L+1)R;/2log, L usingL.-DPPM,W = LR, /log, L
a higher duty cycle and, thus, lsssaverage-power efficient using L-PPM, andW = R, using OOK [12].
than L-PPM. However, for a fixed-average bit rate and fixed- Throughout this paper, we normalize all power require-
available bandwidth, one can employ a higllewith DPPM ments to the power required by OOK to send a 1-kB
than with PPM, resulting in a net improvement in averag@acket at average packet-error rate td—¢. The error
power efficiency. probability for an F-chip OOK packet is Pp ook =~
The fact that DPPM symbols do not have equal duratiagNQ(RP,/(R,Ny)*/?) and for an F-chip PPM packet
complicates the analysis and application of DPPM. Notse Prppy =~ NQ(RP(L log, L/4RyNo)/?) [12]. In
that a single-chip error not only corrupts the bits directliFig. 3, we display the average optical power and bandwidth
associated with that chip, but also shifts the bits that follovequirements of OOK, PPM, and DPPM. Among many choices
those bits. This makes the usual definition of bit error ratdf L-DPPM, 16-DPPM is especially attractive. It provides a
(BER) a meaningless performance measure for DPPM. 3adB optical average-power gain over 4-PPM, the modulation
our analysis, we compare modulation schemes in terms fofmat adopted in the IrDA finite impulse response standard
packet-error rate because most data networks in use tofily and requires just slightly more bandwidth. 16-DPPM also
employ error detection and automatic-retransmission requestipports the same bit rate as 16-PPM using less than half of
for error control. Another distinct property resulting from theéhe bandwidth, albeit at 1.4-dB higher average power.
nonuniform symbol length is that the symbol boundaries areWe now consider using unequalized hard-decision detection
not known prior to detection. The optimal soft decoding odf DPPM and PPM on dispersive channels. The slicer com-
DPPM requires use of MLSD, even in the absence of errgrares the receiver filter outpus, to a thresholdd to obtain
control coding or ISI. Furthermore, the Viterbi algorithm igy, the estimate of chipy
not applicable. Therefore, most practical implementations of N )
DPPM would probably employ hard-decision decoding. b = 1iff 7y, > 6. (8)

The average chip-error probability is calculated as follows.
Note that f;, contains a zero tap, a single precursor tap, and
Fig. 2(b) shows the continuous-time block diagram of possibly multiple postcursor taps. Suppose that the duration of
hard-decision detection DPPM receiver. The received signfl is m taps. Lets be anm-chip segment randomly taken
is passed through a receiver filteft) = p(—t) matched to from a (very long) DPPM packety(s) be the probability

B. Error-Probability Analysis



1204 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 47, NO. 8, AUGUST 1999

4 T T T v T 10 T T

Soft-decision PPM J
Hard-decision PPM
Soft-decision DPPM
Hard-decision DPPM
00K

—— optimum threshold
—— threshold type 1 ’

04 5 - - - threshold type 2 [

> 0O e O m

2F

32

Normalized Optical Power Requirement (dB)

104 2 3 4 5 6 7

Normalized Bandwidth Requirement B/R,

Normalized Optical Power Requirement (dB)

Fig. 3. Comparison of average-power efficiency and bandwidth efficiency

of PPM, DPPM, and OOK on nondispersive channels. Both soft-decision and -10 3 2 1
hard-decision detection are considered. The normalized power and bandwidth 10 10 10 1
requirements of OOK are set to 0 dB and 1, respectively. The numbers
represent values ok, the PPM, and DPPM orders.

Delay Spread / Bit Duration
@)

of occurrence ofs, and I(s) be the receiver filter output 10 T T
(excluding noise) of the next-to-last chip af The error
probability of the next-to-last chip of is ¢(s) = Q((6 —
I(s))/(No)'/?) if it is an “off” chip or Q((I(s)—8)/(No)*/?)

if it is an “on” chip. The average chip-error rate for DPPM
or PPM is

—— optimum threshold
—— threshold type 1
- - - threshold type 2 ’

P =3 ps)e(s) ©)

summed over all possible.

The error rates in the above analysis are functions of the
slicer threshold. Because “off” chips are more likely than
“on” chips, the optimum threshol@*, which minimizes the
chip-error rate, cannot be chosenj g2, as on nondispersive
channels. The optimum threshdld is a complicated function
of the signal and noise powers, the impulse respgiseand
the orderl,, and is determined here by numerical optimization. '1010_3 1(;_2 1(;_. 1
On dispersive channels, for a fixed channel dc gain, the . )

; ; Delay Spread / Bit Duration
optimum threshold* is found to decrease as the delay spread
increases. ()

In addition to the optimum threshold, we consider twéig. 4. Average optical-power requirements to transmit a (a) 1-kB DPPM

ot ot u n o : cket and (b) 1-kB PPM packet at10 packet-error rate using unequalized
heuristic thresholds. Heuristic threshold type 1" is deﬂneﬁgrd-decision detection with various threshold choices. The reference level (0

by 6, = % >k fr. and “type 2" is defined byfy = gB)is the optical power required for OOK on a nondispersive channel.
L E(ri|br=1)+3% E(ri|br=o). The optical power requirements
for unequalized DPPM and PPM systems, using optimum tyB enomenon has also been observed for PPM [11]. At a given

1 and type 2 thresholds, are displayed in Fig. 4. The type' 1. . ; .
heuristic threshold performs nearly as well as the optimuFﬁtIO of rms delay spread to chip duration, the ISI penalty is

threshold. The type 2 heuristic threshold leads to a significésr“ghﬂy larger for DPPM than for PPM.

performance degradation and also leads to error-rate flogrs

at much lower delay spreads than the other two threshd\ré‘ MAXIMUM -LIKELIHOOD SEQUENCEDETECTION OFDPPM

choices. The type 1 heuristic threshold can be implemented in . _

practice by observing the total power received when isolatéd MLSD on Nondispersive Channels

“on” chips are transmitted. Because the symbol boundaries are not known prior to
If the z- and y-axes in Fig. 4 are changed to represemtetection, the optimal soft decoding of DPPM requires use of

the ratio of delay spread to chip duration and the opticMLSD, even in the absence of ISI or error-control coding. In

power penalty due to ISI, respectively, it can be seen thather words, to detect al-chip DPPM packet which encodes

the relationship between these two quantities is very neaybits, the likelihoods of all possiblé’-bit packets with the

the same for all values of the DPPM ordé The same same packet length must be compared.

Normalized Optical Power Requirement (dB)




SHIU AND KAHN: DPPM FOR POWER-EFFICIENT OPTICAL COMMUNICATION 1205

Considering each received Chip Sample to represent an eceived receiver  whitening detected chip detected bit
orthogonal dimension, the ML detection criterion is seen Wwaveform filter - filter sequence sequence
to correspond to minimum-Euclidean-distance detection. The x(:)@h(t)MLSDl—Ek—'l DPPM }—»ﬁk
minimum-distance errors correspond to situations when the o 1= kT,
detected packet and the transmitted packet differ in the position
of one particular “on” chip. The Hamming distance between

@

these two packets is two. With DPPM, in contrast to PPM, a transsergiutggghip destggﬁ:éinggip
'rnm|mLim-?|st§\nce error _pac_ket can be gonstructed by remov- b ot m 5,
ing an “on” chip and placing it anywhere in the packet, as long
as the resulting packet does not have a run of more than T
“off” chips. The number of packets lying at Hamming distance (b)
two from a given packet is not constant. An estimate for this tod chi detocted chi detocted bit
number is((L — 1)/4)(F/log, L)?; this estimate employs ™ 'equence sequence sequence
the fact that the average packet length measured in chips is N by I DPPM 1. 5
— i b
N = (F/log, L)((L + 1)/2) and approximately half of the . > ° M
“on” chips correspond to the aforementioned case. For short "
packets, simulation shows that this is a good approximation. ©
At high signal-to-noise ratio (SNR), minimum-distance errors
dominate. An approximate upper bound of the packet-error transited chip detected chip detected bit
probability at high SNR is thus — 5
by decision L1 DPPM a
device decoder k
L —1 F 2 feedback k chips
Pr prpv = <T) <@> rate:k—lrc

(d)

M (10) Fig. 5. (a) Continuous-time block diagram of whitened-matched-filtered
4R, Ng MLSD receiver. The matched filer isr(t) = p(—t) © h(-t)
and the maximum-phase whitening filte#¥’(z) is specified by
W(z)W(—z) = Z{Pep(t) @ h(t) @ r(t)|i=x7.}. (b) Discrete-time

B. MLSD on Dispersive Channels equ@valent system for obtainin_g the detected chip sequence. The disqrete-time
equivalent impulse responsegs = [Pep(t) @ h(t) @ r(t)|i=x1,] © Wi.

The equivalent discrete-time model [11], [18] used to study) Block diagram for hard-decision chip-rate DFE. (d) Block diagram for
MLSD and equalization techniques on ISI AWGN channels [Buftichip-rate DFE.
shown in Fig. 5. The continuous-time system consists of the )
transmitter filterp(t), the channel impulse responagt), a Can be approximately upper bounded by
matched filter-(¢) = p(—t) @ h(—t), a whitening filteriW (),
which is the inverse of the maximum-phase patpt= p(t)® 1
h(t) ® 7(t)|:=xT., and a detection device. The discrete-tim&y pppy & Z a(e)Q 3
channel impulse response gs = P.h;, ® wy. Nonnegativity ecs
is enforced omp(t), h(t), »(¢), andg; because they represent
optical power. We note that the, are proportional to the
transmitted optical power. F

To calculate the packet-error probability using MLSD, we + =
follow a procedure similar to that introduced by Forney [19]. (e*,e2)eD 2
Let € be a vector over{—1,0,1}; the leading and ending
entries ofe are nonzero. We defineto be anerror unit if it 1 2 2 2
does not contain any run of zeros longer than the number of Dolek @ gl 4D |k @ gl
postcursor taps of. An MLSD-detected packet can contain - Q 5 i N i
any number of nonoverlapping error units, as long as the 0
overall chipwise sum of these error units is zero, to conserve
the number of symbols. Isingleterror events, the detected (11)

packet contains a single error unit. In doublet error eveniSheore a(e) and a(e!, &%) are the prior probabilities foe

it contains two error units, and the chipwise sum of eithey 4 (@', 2%). The upper bounds of packet-error probability
error unit is nonzero. (Note that a doublet error event is ngj, OOk and PPM can be similarly found to be

equivalent to a combination of two singlet error events.) If the

length of the packet is not very long (i.e., less than 1 kB),

we find that at high SNR, singlet and doublet error events _
dominate the packet errors. Lét be the set containing all Pr ook < Z TH(G)Q
error unitse causing singlet errors and be the set of all error €

unit pairs ¢*, €2) causing doublet errors. The packet-error rate

Q| RP,
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] P :Q<253V_0). (14)

- When compared to the ISI-free channel, the optical power
. penalty is—10 log(go/F.) dB. By employing the appropriate

. technique to reconstruct symbol sequence from the detected
- chip sequence, this chip-rate DFE can be applied with DPPM,
g PPM, and OOK.

. B. Multichip-Rate DFE

The chip-rate equalizer makes hard decisions on a chip-
by-chip basis, utilizing only the transmitted energy in the zero

Normalized Optical Power Requirement (dB)

8 ] tap of the WMF impulse response in making the decision. One
r 7 would expect to obtain better performance by using a trellis
-1(())001 0;)1 0'1 : detector in place of the memoryless threshold device. In this

section, we investigate the gain that can be achieved by using
a more sophisticated decision device.
Fig. 6. Optical-power requirement to transmit a 1-kB packet at®10  In Fig. 5(d), suppose that the decision device has access to
packet-error with MLSD. then most recent received chip samples}s . The postcur-
sor ISI from {#;}, i < 0, in {r/}0~* is completely removed
and by ZF-DFE. The decision device forms a local maximum-
likelihood decision of thek transmitted chipgb;}X~* based
on {#}n~1. That is, it chooses a binary sequerge}; * to
(13) Minimize the quantityZ?;o1 () — b; ® ¢:)?, and the firstk
chips of {b;}2~* are declared as the decisions fr;}5=*.
These decisions are used to remove the ISI, and the process
is repeated fob; }3*~*. In contrast to the chip-rate DFE, the

whereH (e) is the number of nonzero entries in the error evefigtection and fe‘?db?‘Ck take_place eveohips. Therefore, ',[he,

{2}. The average optical power requirements of OOK, Ppl\}?’tructure shown in Fig. 5(b) is henceforth called the multichip-

and DPPM with MLSD are shown in Fig. 6 rate equalizer. The multichip-rate DFE can also be used with
We would like to point out that the dispersive IM/DDDPPMF] PPEA’ and O?K' _ he decisi

channel conserves the transmitter power but spreads it outn t.PT absence ot error propagation, the ecision-error

in time. The Euclidean distance between “off’ and “on” Chipg)rc?bablhty clond|t|oned on the: most recently transmitted

is reduced, sinc€y" g2 < 3" gi)Y/2. This means that once achips {bi}g~" can be upper-bounded by

pulse is spread out, the “effectiveness” of the optical power is . d(b", )

reduced and cannot be recovered. PO <> Q EN s (15)

Delay Spread / Bit Duration

Pr ppm < Z L~HEq

e

2

Here, we write b* for {b}5~*, and d(b", c") =
(i Zo{(br — cx) @ g }?)'/? is the Euclidean distance
Decision-feedback equalizers (DFE’s) are used in many agetween the firsh samples of™ ® g and those of" @ g
p"C&tiOﬂS to mitigate ISI. Zero-forcing (ZF) decision-feedbacifhe summation is taken over aﬂ.ch|p Sequences" whose
chip-rate and symbol-rate equalization for PPM are proposggkt . chips are not identical to the firét chips of b". Let
and analyzed, respectively, by Barry [12] and Audethal. the prior probability oft™ be w(b"), which depends on the

[20]. Although the minimum-mean square-error (MMSE) DFfmodulation format. The average decision-error probability is
generally offers better performance than ZF-DFE, we only

consider ZF-DFE DPPM systems in our analysis because at pP= Z w(b™)P(b"). (16)
b'n,

V. DPPM wITH DECISION-FEEDBACK EQUALIZATION

low-error rates, the two types of equalizers exhibit nearly

identical performance and because the ZF-DFE is easier_to - o )

analyze. In the following, we use the equivalent discrete-tinfd'® rror probability of the multichip-rate DFE with OOK can

whitened matched-filtered front-end shown in Fig. 5. be calculated using)(b™) = 27". With PPM and DPPM, in

order to simplify the error-rate calculation, we will consider the

. transmitted chip distribution to be OOK-like. That is, we take

A. Chip-Rate DFE w(b®) = 2™ for PPM and DPPM, regardless of the order
The diagram of a hard-decision chip-rate DFE system Is This is a plausible simplification because the actual chip

shown in Fig. 5(c). Assuming that the slicer thresholgdg2 distribution is much less important than the chip SNR (see

in the absence of error propagation, the chip-error probabiliBection IIl). The average optical power requirements for 4-
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Fig. 7. Average optical-power requirement to transmit a 1-kB packet withig. 8. Decision-error probability for multichip-rate DFE as a function of
10° packet-error rates using 4- and 16-DPPM. The unequalized systemymalized optical power for 16-DPPMD’ represents the ratio of rms delay
employs hard decisions with an optimum threshold. The power requiremesggead to chip duration. The equalizer parameters usegchare) = (2, 1) at
for unequalized and chip-rate DFE and MLSD systems represent upgef = 0.04 and(n, k) = (4, 1) at D’ = 0.032. At low decision-error rates,
bounds. the union bound (16) merges with the simulation results. At decision-error
rates higher than0~3, the union bound is loose, and the performance of the

. . o _chip-rate DFE serves as a tighter upper bound. The reference optical power
and 16-DPPM with both chip-rate and multichip-rate equalize dB) is set at the power required to transmit a 1-kB packet with® BER

ers are shown in Fig. 7. The parameters for the multichip-rat&ing OOK.
DFE are(n, k) = (4, 1). As expected, both equalizers extend

the useful operating range to higher delay spreads. For a 3-€lfnhol soft decisions. The multichip-rate DFE neglects the
average optical power penalty, the chip-rate equalized systgierlying symbol structure; therefore, it can never achieve

can tolerate a delay spread approximately three times highgkformance approaching MLSD.
than the unequalized system. The multichip-rate equalized

system yields a 0.5-dB optical power gain over the chip-rate
equalized system at this delay spread level. Fig. 8 shows the
decision-error probability versus optical power for 16-DPPM As shown in Fig. 2(a), the transmitted DPPM waveform
with multichip-rate DFE. is xz(t) = Y.pl_. bwp(t — KT.). We can viewxz(t) as

In the Monte Carlo simulation, an i.i.d. Bernoulli (1/2)a cyclostationary process and compute its PSD by using
sequence is fed into the DPPM transmitter of Fig. 5(a) t8:(w) = (1/1:)Sy(w)|P(w)|?. For a rectangular pulsg(t),
generate the transmitted chip sequence. Simulation allows|&$w)|> = T2 sinc’(wT./2r), where we use the definition
to observe the error-propagation effects inherent in DFE. $indz) = sin(rz)/mz. Sy(w), the PSD of the chip sequence,
Fig. 8, the error-probability curve from Monte Carlo simuiS given by the discrete-time Fourier transform of the chip
lation merges with the upper bound (16) at chip-error ratéitocorrelation functiorry, which is defined byr,_,, =
below approximately 10*. This demonstrates the tightness of?(0xbm ). The recurrence relationship fey; is

VI. SPECTRAL PROPERTIES OFDPPM

the upper bound and also justifies our simplifying assumptions. min{L,k—1}
The channel rms delay spread affects the optimum choice e = 2 Z Pr(by = 1,bp_1 = - --
of the parametersn( k). First, we find that given a fixed L+1 =
n—k, the decision-error probabilities for DFE’s with different = b_jq1 = 0,bp; = 1|bp = 1) 17)

k are close to each other. Increasihgeduces the number
of decisions per packet. As a result, the packet-error raidich can be simplified tay = 2/(L + 1) and
is lowered. However, largek introduces higher complexity
because the number of Euclidean distance calculations per
detected chip is proportional & /k. Second, we have found
that the difference betweenandk need not be large, even at
high delay spreads. By simulation, we have found that when
the rms delay spread is 64% of the chip duratiBn the
equalizer gain with(n, &k = 1) saturates aften > 4. The solution forry, k£ > L is given byry, = ZiL=1 c;zk. The
We should point out that this multichip-rate DFE is funz; are the roots of the equatiart = (1/L)(z~t + 2572
damentally different from the symbol-rate DFE for PPM--+1). The constraints of;, £k =0, 1,..., L —1 determine
introduced in [20]. The latter inherently uses symbol-bye;. It is not difficult to show that one of the; has value

Y2 1<k<L

2
% (L+1
1L (18)
z Z Th—i k> L.
=1
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0.45 . . . . . can cause transmitter buffer overflow or unacceptable delay of
real-time applications, and provisioning for such packets can
] lead to inefficient utilization of network resources. Packets
requiring too little transmission time can cause transmitter
buffer underflow, receiver buffer overflow, or a temporary
violation of eye-safety requirements.

In the following, we propose two techniques to reduce
. bit-rate variations. They place different demands upon the
network: the first method requires the transmitter to examine
§ the packet contents prior to transmission, and the second
32-DPPM requires the use of large packets and relies upon special
16-DPPM procedures to transmit packets that would otherwise require
01 8-DPPM j excessive transmission time. Both techniques introduce mini-
mal complexity and overhead.

0.4

0.35

0.3

0.25 f

0.2

0.15

Power Spectral Density (arbitrary units)

0.05 .
0 A. Networks Requiring Fixed Throughput
0 1 2 3 4 5 6 In some networks, every packet containing a given number
Frequency / Bit Rate of source bits must require the same time for transmission.

Fig. 9. PSD of 8-, 16-, and 32-DPPM. The transmitter pulse shape TJﬂS can be aChieYEd by exploiting the fact that the mapping.
rectangular. The various curves are normalized so that they represent i@iween source bits and DPPM symbols can be chosen arbi-
same average transmitted optical power. trarily. Examples of two DPPM mapping rules, which we refer
to as the “nominal” and the “reverse” mapping rules, are shown
in Table I. The two mappings differ in that the roles of the
one, and that all otheg; have absolute values strictly lesschip symbol and thel{—m-+1)-chip symbol are interchanged.
than one. Therefore;, converges to a constat@/(L +1))* If an input packet produces afi-chip DPPM packet under
asymptotically, in accordance to the intuition that two chipge nominal mapping rule, then under the reverse mapping rule
far away from each other have little correlation between thema.produces ar¥,-chip packet, where the mean packet length
We find thatSy(w) = Sc(w) + Sq(w), where S.(w) is @ is (F, +Fy)/2. Thus, we can have the transmitter examine the
continuous component, anf;(w) is a discrete componentpacket, choose the mapping rule that yields a shorter packet
that arises from the nonzero mean of the chip sequence. Wfegth, add a flag chip indicating the choice of mapping rule
find that at the beginning of transmission, and append “off’ chips at
i} the end of the packet until the packet duration reaches the
- L 2 2 . mean packet duration. The packet duration and the per packet
Se(w) = Z "k = <L_+1> exp(—jkw)  (19) average power both meet exact requirements. Note that the
k==5L reverse mapping can be easily implemented by applying the
5 oo nominal mapping rule on the complemented input packets.
Su(w) = 2 <L> Z 5<w _ ﬂ) (20) The main drawback of this technique is that the transmitter
T.\L+1 X T, must determine the duration of the packet prior to encoding
it, possibly resulting in processing delay. To reduce delay,
We present the spectra for 8-, 16-, and 32-DPPM in Fig. 8, packet can be partitioned intd/ smaller blocks. The
omitting the discrete spectral lines. The bandwidth occupié®ove algorithm is then applied in a block-by-block fashion,
by the first spectral lobe of either DPPM or PPM signals @xcept that the additional “off” chips are appended after the
equal to the inverse of the chip duration. It can be seen that 1agt symbol of the packet to aid the receiver in maintaining
continuous part of the PSD of DPPM does not approach zettoper synchronization. The latency is decreased by a factor
at low frequencies, in contrast to PPM. If highpass filtering &f /; however, the overhead associated with the flag chips is
employed to reduce the effect of fluorescent light noise orificreased by a factor af/.
the channel has a highpass nature, DPPM signals are subject to
greater distortion than PPM signals for a fixed highpass filter Networks Not Requiring Fixed Throughput
cutoff frequency.

and

Assuming that the input bit sequence is i.i.d. and uniform on
{0, 1}, the probability that the packet duration deviates from
the expected packet length by a factorsofan be calculated

An unusual characteristic of DPPM is that the time requireapproximately by using the central limit theorem. Such an
to transmit a packet containing a fixed number of bits @pproximation is found to be very accurate if the number of
not constant because the DPPM symbols do not have egswhbols in a packet exceeds 100. For example, to transmit a
durations. The average bit rate % = 2/(L + 1)T.. The 2-kB 16-DPPM packet, the probability that the packet length
actual bit rate, however, varies froif(Z + 1)/2L)R;, to is longer than the mean packet length by 10% is ahoat?,
((L+1)/2)R,. Packets that require excessive time to transmithich is essentially zero.

VIl. SYSTEM DESIGN ISSUES
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In some networks, packet transmission times are not mddition to the conventional chip-rate DFE, we propose and
quired to be fixed. In such networks, it suffices to use analyze {, k) multichip-rate equalization. We find that it
long scrambler and a large packet size to keep the probabilitffers better performance than the chip-rate DFE, particularly
of packets with excessively short or long duration underwhen the ISl is significant.
desired value. Special procedures can be provided to procesé/e derive the PSD of DPPM signals assuming that the trans-
packets of abnormal duration, depending on the constraintsnoit pulse shape is rectangular. The PSD does not approach
the network. These special procedures include rescramblirgyo at dc. Thus, if highpass filtering is employed to reduce
by another scrambling sequence, and partitioning the southe effect of fluorescent light noise, DPPM signals are subject
packet into smaller units and retransmitting each one as tangreater distortion than PPM signals.
individual packet. We discuss the potential problems arising from the variable

Variable packet transmission time has important implicdit rate nature of DPPM. We propose two techniques to control
tions for networks employing media-access control (MAChe bit rate variation, which are appropriate for different
protocols based on channel reservations. For example, tiework requirements.
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