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Decision-Feedback Equalization of Pulse-Position Modulation
on Measured Nondirected Indoor Infrared Channels
Malik D. Audeh, Member, IEEE Joseph M. KahnMember, IEEE and John R. BarryMember, IEEE

Abstract— We examine the performance of two decision- equalizers (DFE'’s) for PPM have been proposed: a symbol-
feedback equalizers (DFE’s) for pulse-position modulation rate DFE, a chip-rate DFE, and a correcting-chip-rate DFE
(PPM) on measured nondirected indoor infrared channels [10]. For pulse-amplitude modulation (PAM) equalizers, the

with intersymbol interference. PPM offers high average-power : .
efficiency, but on IS channels, unequalized PPM suffers BER can be computed directly through formation of the folded

severe performance penalties. We have previously examined SPectrum and computation of the mean-squared error (MSE)
the performance of the maximum-likelihood sequence detector [11]. However, for PPM, the MSE does not uniquely determine

(MLSD), and found that it yields significant improvements. the BER [10]. Therefore, in this letter we develop tight bounds

However, the MLSD often requires such large complexity and ¢, the BER of the symbol-rate and chip-rate ZF-DFE's.
delay that it may be impractical. We investigate suboptimal,

reduced-complexity equalization techniques for PPM, providing

a performance analysis of zero-forcing chip-rate and symbol-rate Il. CHANNEL AND NOISE MODELS

DFE’s. Our results show that a symbol-rate DFE provides o ] ] )
performance that closely approaches that of the optimal MLSD. ~ Our channel model [5] with intensity modulation and direct

Index Terms—Amplitude shift keying, decision feedback equal- detection (IM/DD) can be summarized (1) = RX(f) @

izers, demodulation, maximum-likelihood detection, optical com- :(t) + N (#), where the symbof> represents convolution. In
munication, optical propagation, pulse position modulation. IM, the transmitted signalX(¢) is an instantaneous optical

power. Z(¢t) represents the received photocurrent, white
represents the photodetector responsivity. The channel is de-
scribed byi(t) < H(f), which are fixed for a given position
ONDIRECTED infrared (IR) radiation [1]-[7] has beenof the transmitter, receiver, and intervening reflectors. The
shown to be a viable alternative to radio for wirelesadditive noiseV(t) is modeled as white and Gaussian, and in-
indoor communication. Many applications of nondirected Ildependent of the received signal. Our treatment of the noise as
links require high average-power efficiency to minimize oculaaussian and signal-independent simplifies calculation of the
hazards and transmitter power consumption. Earlier work hasor probability without any significant loss of accuracy. The
shown L-pulse-position modulationZPPM) is an effective channel optical path loss is given By(0) = [°7_ h(t) dt,
modulation technique due to its high average-power efficienand the received optical power B = H(0)P;, where P, is
which increases with increasing [3], [8]. However, in high- the transmitted power. We define the electrical SNR to be SNR
speed £10 Mb/s) indoor IR systems, we must conside= R2P?/(R,Ny), whereR, represents system bit rate aivg
the effects of intersymbol interference (I1Sl), resulting fromepresents the (two-sided) power spectral density of the white
reflections off walls, floors, and room objects [5]. Because @aussian noise. We note that a 1-dB change of optical power
its poor bandwidth efficiency, PPM is more severely affectatbrresponds to a 2-dB change of electrical SNR.
by ISI than simple on—off keying (OOK).

Prati and Gagliardi [9] have investigated linear equalization
for photon-counting channels. Recent work on indoor IR _ _ ] )
communications has quantified the effects of 1SI on un- Fig- 1(2) displays the block diagram of a discrete-tife
equalized PPM systems, and the improvement obtained M system with a chip-rate ZF-DFE. Independent, identically
using the maximum-likelihood sequence detector (MLS istributed (|.|..d.) input bitsa; enter a block coder of r_ate
[8]. Since the complexity and delay of the MLSD ma)( og L)/ L, which produces lengtfi- symbol vectors having

be prohibitive in many applications, three decision-feedba@@€ unit chip value and. — 1 zero chip values. The chip
sequenceb;, is scaled by the peak received photocurrent
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I. INTRODUCTION

Ill. CHIP-RATE ZERO-FORCING DFE
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Fig. 1. L-PPM transmission over a multipath channel, followed by: (a) chip-rate zero-forcing decision-feedback equalizer or (b) symbol-rate zero-forcing
decision-feedback equalizer. The blocks “P/S” and “S/P” represent parallel-to-serial and serial-to-parallel convertors, respectively.

devices. The first decision device, in the feedback loop ®he symbolwy refers to the Hamming weight. A more
Fig. 1(a), makes chip-by-chip decisioﬁ’,§, wherelA);C = 1if compact expression for (1) is

7, > A and zero otherwise. These chip-by-chip decisions are
fed back through a reverse filt&P R(h;, — hoby) containing

the strictly causal portion of;. The second decision device p bt

P[symbol error|X]
-1

makes symbol-by-symbol decisions, based on which is the =7 Z Fomo +ZP1J7T1J + Pomry
largest of theL sample values_r41,---, 7, independent =0 3=0
of the chip-by-chip decision device. L-1

In analyzing the error probability, we lét= [bo---br_1] + Z Ps s+ Pamy 3. 2)
denote the transmitted PPM codeword. X denotes the event j=l+1

that all previous chip decisions and symbol decisions from

prior PPM codewords are correct, a standard assumption 'ij€ notation in (2) is defined by drawing & one-to-one cor-

DFE analyses [13]. Assuming; is the L x 1 vector of all respondence between the terms in (2) and those in (1). We

zeros except for a single one at positipre {0, ---, L — 1}, note_thatPo = 0 since a symbol error can occur (_)nly if
a chip error occurs. To simplify subsequent expressions, we

we find: ’ ;
let mx = LPRhi//No represent the normalized impulse
response. The normalized threshold of the chip-rate slicer is
Plsymbol error|X] set to the minimax value ok = 70/2, which maximizesr,
1Lt the probability of all chips being detected correctly. In what
= EZ{P [error| X, b = ¢f] } follows, we give exact expressions for the terms in (2), except
=0 for P, which is intractable. Consequently, we bound the error
1 Lt Ny Ny probability.
= EZ{P[eUOﬂXab =bb=c]Pl) =bX,b=c[] The symbol-decision error described By ; in (2) occurs
=0 when a chip (represented by) prior to the transmitted
=1 5 chip (represented by) is detected above the threshold, and
+ Z Plerror[X, V' —b = ¢;,b = /] therefore, in error. As a result, we know that one noise sample
jfo ) (we will denote itz;) is above, and is thus described by a
<PV —b=¢;|X,b= ¢+ Plerror|X, V' =0,b = ¢ truncated Gaussian distribution. Following [8], we find below
. L-1 . the probability of a symbol errop; ;
PV =0[X,b=c]+ Y Plerror|X, ' —b=r¢c;,b=c]
g=t+1 Pj=1- E[(l — Qro(z1 + 10 — m—5))

Pl —b=¢;|X,b=c¢
[ ) % ! X (1= Qui(z +m0 —m—j))
+ Plerror|X, wg(b' —b) > 2,b = ¢ L1

- Plug (V' —b) > 2b = cl]}. 1) < I G-QG+m—mj+n)| @G
i=j+15£1
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Here Q1 (z) = max{[Q(z) — QA + ni—;)]/[1 — QA + 102

7i—5)],0}, ¢ # 7 and Q1 ;(z) = min{Q(z)/Q()\),1}. Since

71 is a truncated Gaussian random variable, (3) is not analyti-

cally tractable, so we resort to numerical integration to evaluate

(3) for actual channels. The probability of the event whereby 493 |

one chip error prior to the transmitted chip occurs is given by:
-1

Ty =(1=QWY QMW [T A -Qm-;+\)

Symbol-Rate DFE:
Upper Bound

Chip-Rate DFE:
Upper Bound
Simulation

Lower Bound

Simulation

Lower Bound

MLSD

Bit-Error Rate

i=j+1 10 |
L—-1
x Qm—j—mo+A) ] (0= Qicj —mi—t+ 1)
i=I+1
4 1051 1deal 30 Mb/s 8-PPM
The symbol-decision error described B in (2) occurs Channe! 50 Shmoration
. .. . s —— Chip-Rate DFE
when th.e transmitted chip is detecteq in error. More specifi- — Syr':bof_gateDFE
cally, this means that none of the chips is greater than.
We let z, represent the one noise sample (in positipthat 106 : : : : : :
is less than the threshold. In this case 2 0 2 4 6 8 10 12 14
SNR (electrical dB)
P,=1-FE|(1-Q2o(z+ 770))1 Fig. 2. BER versus electrical SNR for an 8-PPM system operating at 30

Mb/s over a typical multipath channel, comparing results of analysis and
1 simulation for chip-rate and symbol-rate zero-forcing DFE’s.

x ] (= Qaulzz+m0 —nid))|- 5)

i=l41 backsymboldecisions, not intermediate chip decisions [3]. The

Q-,; is given by an expression analogous to tha€)f;, with feedback filter differs from the chip-rate DFE in that it feeds

n:—; replaced byn;_;. The probability of the event where noback appropriate values to cancel all postcursor intersymbol

chips are above the threshold is given hy interference, but does not cancel intrasymbol interference. We
L—1-1 let N, represent the largest number of symbols that can be
=(1-0QW\) H (Q(n: — A)). (6) spanned by;. Ateach timek = JL—1, whereJ is an integer,
i=0 a symbol decision is made; the resultant veéLQrL+1, e Ek

The symbol-decision error described BY ; in (2) occurs of length L is input to the feedback filter and produces output
when the a chip (represented By following the transmitted -, given by:
chip is detected in error, specifically, it is greater thaiVe let N1
z3 represent that noise sample that is greater than the threshold ., — 7. pR Z bk i1 )60) @ (hagir—rur)  (8)
and find:

where l; € {0,---,L— 1}, 4 = 1,---,N, — 1 represent

Pyy=1-FE|(1-Q1o0(zs+m0)) previously detected symbols. A minimum-Euclidean-distance
detector operates on the received samplgsryi1,- -, 7.
L-1 The symbol decision device chooses the detected symbol to
x [ Q=Quis+m+m-))|- (7) minimize S§Z Ire — LPR(by, @ h)|? over the L possible
i=j+1 choices ofbk

As stated earlier, the computation £, which represents  Our error-probability analysis relies upon the standard as-
events where more than one chip is detected incorrectly,sismption that all previous symbols have been detected cor-
intractable. We can compute a lower bound ferror|X] rectly, and that symbol-to-symbol error propagation can be
by letting P, = 0. We can calculate an upper bound foignored. To compute the BER, we find the BER conditioned
Plerror|X] by letting P, = (L—1)/L, i.e., a random selection on the transmission of each of tte possible symbols, and
amongL choices. For this upper bound, we must then compuiigen average over these:

74 = 1 — (7m0 + m1 + w2 + 73). The factormy represents the L
probability that all chips in the symbol are detected properly P[bit error] = 1 Z P[bit error|b = ¢ (9)
and is given simply byl — LQ()). L~

Finally, to obtain the probability of bit error [11], we we will compute lower and upper (union) bounds on the con-
multiply the symbol error probability given by (1) or (2) bygitional probabilities in (9). Define the normalized Euclidean

the factor Z/2(L — 1). distance between transmitted symband another symbot
asd?, = $iz |m®(b(") b(l))|2 Whereb( ") corresponds to
IV.  SYMBOL-RATE ZERO-FORCING DFE the vector of values;, for symboln and we recall thaty, =

The block diagram for the system with a symbol-rate ZF=PRh/+/No. To obtain lower bounds on the conditional
DFE is shown in Fig. 1(b). The symbol-rate ZF-DFE feedgrobabilities in (9), we find the minimum Euclidean distance
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our simulation approach the calculated symbol-rate ZF-DFE
upper bound as the SNR increases. For the chip-rate ZF-DFE,
we observe that at low BER’s (below 19 or so), the upper
and lower bounds tend toward each other, while the simulated
BER lies between therh.

Fig. 3 shows the optical average-power (and electrical SNR)
required for 4-PPM to achieve 18 BER on a collection of
multipath channels at bit rates of both 10 and 30 Mb/s, as a
function of the channel rms delay spread divided by the bit
duration® At low delay spreads, equalization provides little, if
any, performance improvement. As the delay spread increases,
the DFE’s provide a significant performance improvement,
leading to a finite power requirement for all channels, even
those having an infinite power requirement without equaliza-
tion. Since the symbol-rate ZF-DFE utilizes the information
contained in the noncancelled intrasymbol interference, it
outperforms the chip-rate ZF-DFE, and performs nearly as well
as MLSD on the channels considered here.

VI. CONCLUSIONS

We analyzed both a chip-rate ZF-DFE and a symbol-rate ZF-
DFE for PPM systems. Simulations showed that our analysis
is accurate at low BER’s. We applied our analytical results to
a variety of experimentally measured indoor infrared channels,
and found that the ZF-DFE performance is very close to
MLSD on the channels considered.

410
-2
. {8
3 | [ T I L 11
0.01 0.1 1.0
Delay Spread
Bit Duration

Fig. 3. Normalized average optical power (left axis) and electrical SNR
(right axis) required to achieve 1§ BER versus rms delay spread divided by

bit duration for 4-PPM systems with four different detection schemes. Poweld]
requirements are normalized such that O dB represents the average optical
power required to acheive 16 BER on an ideal channel using OOK. Points
lying in the shaded region have normalized power requirements greater tha
dB. The dashed line represents performance over an ideal channel. The scﬁﬁ
lines represent fourth-order least-squares polynomial fits to the data for eas
modulation scheme. 4]

min

2 _ 2 (5]
min,l T nE{l,---,L},n;él dnl'The

for transmitted symboal, i.e., d
lower bound is
. L/2 dmin l (6]
P = ——Q —— . 1
[bit error|b = ¢] > L—1Q< 5 ) (10)
Upper bounds on these conditional probabilities are found b%
considering all possible erroneous symbols for each transmit-

ted symboli:

dn
o(%) ay
nE{l,mL}
n#l

L)2 (6]

Pbit b= —
[bit error|b = ¢ < 71

El

V. PERFORMANCE ONMEASURED CHANNELS [10]

In this section, we quantify the performance of the chip- and
symbol-rate ZF-DFE’s on a collection of 46 experimentallyl]
measured channels [5]. To verify the accuracy of the theopy)
given in Sections Il and IV, we performed Monte-Carlo
simulations of the performance of these DFE's on a typic?lls]
multipath channel [5], using 8-PPM at a bit rate of 30 Mb/s. We
assume a rectangular-pulse transmitter filter of duration equaél
to one chip. The results are shown in Fig. 2. The analyticg|
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