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Performance Analysis of Direct Detection Spectrally
Sliced Receivers Using Fabry—Perot Filters

Mark S. Leeson

Abstract—The use of a spectrally sliced (SS) broad-band source Additionally, as demonstrated subsequently in this paper the

provides a cost effective alternative to laser diode sources for effect of intersymbol interference (ISI) is greatly increased as
wavelength-division multiplexing (WDM). In this paper the per- m is reduced.

formance of direct detection p-i-n diode intensity modulated SS Analvsis of SS t ina G . . tatistics | t
systems is analyzed using the saddlepoint approximation. Using nalysis o SyStems Using SSaussian Noise SatStics IS no

this approach, based on moment generating functions, the effects @ppropriate in the regions of practical interest, that is narrow

of pulse distortion, intersymbol interference (ISI) and nonideal channels and high bit rates, as recently demonstrated by Arya
modulator extinction ratios have been included in the analysis of and Jacobs [6]. To date the theoretical framework used to pre-
SS systems for the first time. The presence of ISI error floors as dict the bit-error rate (BER) performance of SS systems has not

the product of optical bandwidth and bit time decreases is demon- . s o L .
strated using a model that agrees with previous work in the case included realistic filter or modulator characteristics. The main

of low bit rate, widely spaced channels. In addition, comparisons Purpose of this paper is to analyze the sensitivity of a p-i-n diode
with recent experimental results from the literature are made with  receiver using SS signals via an improved statistical model of a
good agreement. Subsequently, the use of an integrate and dumpproad-band source and an accurate transfer function for the filter
filter where the integration time starts after the beginning of abit ;564 1o slice it. Additionally, itis demonstrated that care must be

is investigated and shown to produce significant enhancements - - . . . . .
to bit-error rate performance. Furthermore, it is shown that a exercised in the approximation of the receiver optical filter by

modulator extinction ratio of 20 dB will suffice for 10—° bit-error ~ an equivalent optical bandwidth rectangular filter on two counts.

rate (BER) in most cases, with 30 dB offering a performance close First, the approximation is increasingly inaccurate at low values
to that possible with an ideal modulator. Finally, the likely system  of ;m and second the use of an orthogonal function expansion for
power for an SS system is presented. analysis requires the calculation of the exact eigenvalues rather
Index Terms—intersymbol interference, optical communication, than an equal eigenvalue approximation. Moreover, using the

saddlepoint approximation, spectral slicing, wavelength-division saddlepoint approximation (SPA) [7] described all the neces-

multiplexing (WDM). sary calculations may be carried out relatively quickly using a
PC. Further to this, the methods used are shown to correlate well

|. INTRODUCTION with experimental results from the literature and to allow incor-

AVELENGTH division multiplexing (WDM) offers an poration of nonideal extinction ratios. Also, it is demonstrated

increasinalv attractive path for uoarading the di itaﬁhatthe use of receiver integration times starting after the begin-
gy P P9 9 g .ning of a bit period offers significant benefits in terms of reduced

telecommunications access network to cope with mcreasw%qS. This enables the error floors due to ISl to be dramatically re-

customer bandwidth requirements [1]. The economic aspe : L
. N . . Uced and operation at low values to be possible in exchange
of service provision in this portion of the network are suc .

or a small power penalty at high values.

tahrztr:(;\(l:veg(s); mg;heogs tgﬂ%irlirizggas (;a?ig:il ﬁ‘)i:ct(\al\rla':\(;elergsr :Section Il provides an outline of the receiver structure used
Y- P b P gor the analysis and presents the mathematical framework for

narrow slices of a broad-band noise source prodluqng T problem. Section lll presents the SPA for the SS system
approach commonly known as spectral or spectrum slicing ( . . ) : . .
suming a rectangular receiver filter without intersymbol in-

[2]-[5]. This provides a cost-effective alternative to laser diodé : . .
. . . erference (ISI). Results are first obtained using an orthogonal

sources for WDM systems but introduces excess intensity noise : S . .
. . . expansion for the noise in which the eigenvalues are assumed

due to the source incoherence. To investigate the performanc X :
t0'bem in number and all of equal value. It is demonstrated

Of SS systems it is useful to define the parametggiven by that this assumption is likely to be inaccurate at lewalues

the produpe.of the optical bandwidth (.Jf .the SS SIgr %)(. and results obtained using the correct eigenvalues for the rectan-
and the bit time 7). To reduce the statistical fluctuations in . : : o
ular filter. Section IV describes the modification of the model

signal energyn should be large, but this limits the number O€ include Fabry—Perot (FP) filters comprising two main ele-

available WDM channels and introduces a power penalty due & : . : .
. ) . . ments. First, the photocurrent resulting from a received pulse is
fiber dispersion. The use of low: values, however, increases . .

reduced because of the impulse response of the FP filter. Second,

the number of photons per bit needed to achieve a given €8l is present since the FP produces an exponential pulse tail,

rate because of the energy fluctuations in the noise like SOUrCE:: 1 also leads to a crossproduct (beat term) when two one

pulses follow each other. The modifications to the simplified
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Fig. 1. The model of the spectrally sliced system considered.

improved model and also a comparison with experimental neen-Gaussian statistics in the SPA. They include favorable
sults from the literature. In Section VI the benefits of startingomparisons with both the results in [6] and experimental
the receiver integration period after the beginning of a bit aresults in addition to a proposal to improve the performance of
investigated. This method, although studied for optically prearB8S systems using integrate and dump filters.

plified systems, has not before been examined in the context of

SS systems. Section VII presents the impact of nonideal extincdll. SADDLEPOINT APPROXIMATION FOR ARECTANGULAR

tion ratios on the SS system to simulate the effect of practical FILTER

modulators. The system implications of the performance of SS
transmission are addressed in Section VIII by determination of
the available power budget. The outcomes of the study are disThe saddlepoint approximation (SPA) uses moment gener-

cussed in Section IX and conclusions drawn in Section X.  ating functions (MGF'’s) to produce estimates that bit errors
occur. The probability that the noise alone exceeds a threshold

Equal Eigenvalues

Il. M ODEL OF THE RECEIVER STRUCTURE «, denoted by, («), is given (for a continuous distribution) by
The receiver structure assumed in this analysis is shown in g4 () ~ exp [Yo(s0)] )
Fig. 1, where the incoming signal has been produced by taking * 2m1pl (so)

a narrow slice of a noise like source. It arrives at an optical
bandpass filter nominally identical to that used to produce tifghereo
transmitted spectrum. The filter is followed by an ideal square o(s) = In [M(s)] — sa —In|s|. ©)
law detector and an integrate and dump filter. For the case of

on—off keying, considered here, the integrated pulse energyTise parametes, is the positive root of the equation
compared with a decision threshold. In the formalism of [6], )

the current signal at the input to the decision circuit may be Po(s) =0 (4)
expressed as

(s) is related to the noise MGF by

and the primes indicate differentiation with respecs.to
1 T When a “0” arrives only the receiver thermal noise current is

I= o [2%(t) + y2(¢) + @°(t) + 9°(¢)] dt + 1. (1) present, which is Gaussian and white with zero mean. Thus the
0 appropriate function is
where z%(t), y2(t), £2(t) and ¢3(t) are independently iden- $252
tically distributed baseband Gaussian processes with optical Po(s) = —2 — sa — ln s (5)

bandwidthB, /2 and variancer2. This latter quantity is equal

to the photocurrent contributed by each of the two orthogorfalr a noise current power (mfg and decision thresholdl.
polarizations. The ternf,, represents the thermal noise current The case of a “1” arriving adds the filtered noise-like signal
induced in the electrical part of the receiver, which is muchith a modified chi-squared distribution [8]. The mean signal
greater than shot noise (taken as negligible) for a p-i-n diod#hotocurrentg?, is given by

A receiver filter is always necessary for a spectrally sliced
system for wavelength-division demultiplexing (WDM) so

the noise like signalsg, ¥, &, andy, are thus doubly filtered where
Gaussian processes and must be analyzed accordingly. Th
squaring of these processes by the photodiode renders the
n(_)n-Gaussian _sinc_e itisa nonli_near opera_ltion_. Des_pite fthis it iS]Tp mean number of photons per bit:
still worth considering a Gaussian approximation since it leads j bit rate.

. . . b
to an analytically straightforward method. The rgcen_t regults Hlitered noise-like signals, such as those produced during spec-
[6] have shown, however, that such an approximation is only, gjicing, are well described by a Karhunen—Loeve expansion

justified when the slicing filter bandwidth is a large muliplgg; sing the eigenfunctionsi(£), and eigenvalues, obtained
of the bit rate. In other cases the Gaussian approximationgi§., the equation ’ ’

far too conservative and leads also to error floors that are not
presentin practice. The sections below present the analysis and B T
results of the decision problem at the detector approached using r(t) = A R(t — u)d(u) du ™

o> = NpngRs (6)

photodiode quantum efficiency;
electronic charge;
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where 100000 T—
T bit time;
R(r) autocorrelation function of the noise-like signal. 2= i
The parametefn = B,T is used to characterize the perfor-:%g
mance of the system. Assuming that all the eigenvalues neeté 2 10000 |
for the KL expansion are the same and equatigm yields a & i
moment generating function (MGF) of 3 §
o £
[ra =2
1
\I/(S) = 2\ 2m (8)
1.3 1000 : : : : : :
m 0 10 20 30 40 50 60
m
and hence (5) becomes, for a one received
Fig. 2. Receiver sensitivity aP. = 10~° using the parameters of [6]
202 502 calculated by the equal eigenvalue approximation (chain line), via the exact
Z/)1(3) = 9 _9m ln {1 _ _} —sa—1n |3| (9) eigenvalues for a rectangular filter (dotted line) and for the FP filter (solid line).
m
The appropriate probability in this case is no signal present in an optically preamplified direct detection
receiver.
exp [¢1(s1)] The eigenvalues for the bandlimited spectrum are the radial
q-(a) = 77 (10)  prolate spheroidal functions [9] and may easily be found b
2mpy (1) p > SPp . _ y y y
numerical solution of (7) using the kerngh(wBy7)/wByr.
wheres; is in this case the positive root gf, (s) = 0. The nu_m_ber of dominant eigenvalues is known taibe- 1 [9]
For equally likely ones and zeros the overall BER is foundnd this is demonstrated by two different valuesrofshown
from in Fig. 3(a) and (b). The former illustrates a case of latge
namely 40, and the error introduced by neglecting the 41st
BER = % (g4 (@) +q_()]. (11) gnd subsequer_n eigenvalugs will be small. In contrast. the latter
illustrates the inaccuracy introduced by the equal eigenvalue
In [6] a threshold oo, is suggested based on the integral of thessumption form = 2. Here the contribution of the third

thermal noise alone with no pulse. Initially this assumption wa&dgenvalue is not negligible and the second one is significantly
adopted leading to a simple quadratic equation fegyts) =0 Smaller than the first, so the use of equal eigenvalues is very
for so. To find a value fors; was only marginally more difficult inaccurate.
requiring numerical solution af’;(s) = 0 from (9). A direct numerical solution of’; (s) = 0, with ¢ (s) from

For the purposes of comparison the same values, @255 (12) and a threshold dfo,, gave the results plotted using the
nA), n (0.7), andR, (5 Gb/s) as [6] were used, giving the resultglotted line in Fig. 2. To enable solution of (12), and subsequent
shown by the dash-dot line in Fig. 2, where the mean numb#milar expressions, truncation of the infinite sum was used with
of photons required for 20~° BER is shown. The results ob-250 eigenvalues being calculated. Although this may appear
tained are very similar those shown in [6, Fig. 2] but the methdather large, Lawetz and Cartledge [12] have demonstrated that
employed here is extremely fast producing each of the resuttarge number of eigenvalues are necessary for the FP case and

plotted in a less than a minute on a 350-MHz Pentium PC fffe computational burden in the SPA was not excessive.
any value ofm. The graph clearly demonstrates the impact of the equal

eigenvalues approximation on the number of photons required
to achieve al0~® BER. At high values ofn the results are

L . . very close but for lown the mean number of photons required
_ The appr_OX|mat|on of the eigenvalues bye_qual valu_es IS is considerably overestimated. Given that lew represents
likely to be inaccurate for low values . It relies on a signal ¢,qely spaced channels at high bit rates, the use of the equal
passing undistorted through a receiver filter [10] and this ag;yavaiue approximation is insufficiently accurate for the
sumption will break down as the filter bandwidth narrows. TQ.iarmination of system performance limits.
obtain more accurate results it is necessary to use a KL expattha use of the thresholfs. was found to be reasonable
sion with the eigenvalues taking on appropriate values for tB§ comparison with a solutiogl fory, s1, anda by Newton's
particular filter transfer function. The functiofo(s) remains  Joihod in the manner suggested7 in [7]. Using the optimum
the same buf, (s) becomes threshold made only a small impact on the number of pho-
5 o - tons required to achievH)—9.BER (N, ret;iu_ced by 2%-5%).
S0y 9 Z In[1 — s7;] — s — In s (12) The actual thresholds obtfauned were within a fgw percent of
2 6o, over the rangen considered. In the calculations of Sec-
tions IV=VII below, however, the optimum threshold was deter-
where~; are the eigenvalues of the bandpass filter. This is tineined because the ISI dominated, low cases required thresh-
expression recently given by Monroy and Einarsson [11] withlds much greater thav, to optimize BER performance.

B. A More Accurate Calculation

P1(s) =

i=1
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Fig. 3. The eigenvalues for rectangular filters: (ajrat= 40 and (b) atn = 2.

IV. SADDLEPOINT APPROXIMATION FOR A FABRY—PEROT have been filtered at both the transmitter and the receiver and
FILTER thus has a PSD of

A. Autocorrelation Function and Signal Shape

_ . | _ Su(f) = [H(HI* No (14)
At this stage the unrealistic assumption of a rectangular filter
transfer function was laid aside in favor of the FP filter. This is Bence an autocorrelation function
common choice for optical filtering (either in fiber or bulk form)
and the receiver and transmitter were assumed to use filters with R(1) = %
identical characteristics. Spectral slicing takes the output of a 4
broad-band optical source [modeled by white Gaussian noiseref enable meaningful comparison of the performance of two

two-sided power spectral density (PSD) /2] and filters this Fp filters with the idealized situation use must be made of the
to produce a narrow slice. The noise remains Gaussian bugiivalent bandwidth [14], which is given by

no longer white since the PSD is modified by filtering. For high

[1 + 7|7|Bpp] ¢ ™I"1Bre . (15)

mirror reflectivities FP filters may be modeled by a Lorentzian o0 2
characteristic and the equivalent baseband form of a low pass U Sn(f) df} 21 Byp
filter characteristic used with the single-sided PSD [12], [13]. B, = =5 =— (16)
The low-pass filter has transfer function / S2(f) df
H(f)= ;f (13)  Additionally the pulse shape, assumed rectangular when it
1+ <%> reaches the receiver, is distorted by the FP filter producing

nonstationary signal statistics. To develop the KL expansion, a
where f, is the 3 dB bandwidth of the filter (the full-width at kernel must be found for the eigenvalue equation. The received
half-maximum (FWHM),Bgp, is then2f;). The received ex- pulse has a shape that will be the result of filtering by one FP
cess noise component of the spectrally sliced sign@a), will because it arises from on—off keying (OOK) after the slice is
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obtained. The received “1” pulse(t), is thus, for an ideal where

extinction ratio Pag(s) SPA phase function for symbel preceded by
symbol 3;
o= (1—e™Bret) 0<t<T 17 Vi eigenvalues obtained using the kernel (18);
s(t) = (1= Bty g5 (CTOR (1/10m)(1 — e=25m)2(1 — ¢=om),

The form of the SPA expressions means that, in contrast to Sec-

and the statistics in question are givenvyt) = s(t)n(t). The tion Ill, the equations are not stable for a solution using the ma-
KL expansion does not rely on the stationaritynaf¢) and, as trix form of Newton’s method. Hence the equations in (21) were

shown in the Appendix, the relevant kernel is solved simultaneously and standard numerical technigisesl
to find the value ofw that gave the minimum BER. Although
Ko (£, u) =02 (1 _ e—wBFpt) (1 _ e—wBFpu) this increased the amount of computation required, solution was

still easily obtainable in a few minutes using a 350-MHz Pen-
x [+t —u|Bpp] e ™ 1P (18)  tium PC.

) V. RESULTS FORFP HLTER SPECTRALLY SLICED SYSTEM
B. The Photodiode Output )
. ) . A. Bit-Error Rate

The intersymbol interference (ISl) resulting from the expo- ) ) . _
nential decay in (17) above has been the subject of study of this "€ Presence of ISl introduces floors in the achievable min-
author and others [15]-[18] but not in the context considerd@UM BER for a giverm. Hence, in this section the first results
here. The only previous consideration of the performance of §8m the calculations above, shown in Fig. 4, are BER against
systems with nonrectangular filters by, Arya [19], does not if'€an photons per bit wittw as a parameter to indicate this be-

clude IS and will thus be optimistic havior. Note that in this section remains the product of the bit
time and the bandwidth of the ideal filter. This need not be an
1 T integer since the probability density function (pdf) for the noise
— [s(t)n(t) + ISI(H)]> dt + I, “1” received like source [4] contains a gamma function in general which is
I= 2r OT replaced by a factorial when integervalues are usefr math-
1 2 . . ematical convenienc&rom the figure it may easily be seen that
2T J, ISKO)L dt + L 07 received. the error floors are extremely severe for low valuesrofin-

(19) deed itis not possible to achieve a BER beldw?® whenm is
By using the variable:; (¢) it is possible to produce a KL ex- 10 or less. This is illustrated by the solid line on Fig. 2, which
pansion for the noise like signal to play the role of the secortows error floor behavior with the number of photons required
termin (12). In the Appendix it is shown that the ISI may be into achievel0—? BER rising steeply to infinity as» approaches
cluded to a good approximation by consideration of only 1 presn. This is a highly significant result, indicating that there is an
vious pulse and that the crossproduct betwegit) andISI(¢)  absolute limit on a simple spectrally sliced system in terms of
has an approximate MGF channel spacing and bit rate to achieve a given BER.

82 . . .
Fy(s) 2 1+ (0100)? (20) B. Comparison with Published Results

2 As indicated by Arya and Jacobs [6] there is a lack of ex-
wheres; ando are related tar in the manner demonstratedP€rimental data for spectrally sliced systems at fewalues.
in Section C of the Appendix. Given these approximatiorf@ne of the most useful recent practical contributions has been
the ISI appears only when the previous pulse is a “1” and theade by Keating and Sampson [4] and here comparison is made
crossproduct only when the current and previous pulses #fih their results for the standard SS system. To undertake the
both “1.” Thus the SPA uses the condition (11) plus the fo@omparison an avalanche photodiode (APD) was incorporated

equations into the model using the approach of [7]. In essence the MGF is
modified to take account of the shot noise within the APD and
802 its gain (M) to become, for each orthogonal component
Poo(s) = Tg —as—In|s] (21a)
so? g = 1 22
You(s) = =% = 2In(1 - 2kisro™s) — as — In|s| (21b) arol) zl;[l V1= (Ta(s) — 1) #2
2 oo
ST
P10(s) = TQ - 22 In(1 —sv;) —as —In|s| (21c) where ¥,(s) is the MGF of the avalanche gain, given by
i=1 Personick’s relationship [20]. The use ©F,(s) — 1) in the

MGF corresponds to the customary Poisson transform [7] to
account for the doubly stochastic Poisson statistics within the
2

so i 52 APD. Modeling carried out in [4] used the Gamma distribution
P1(s) = Tg -2 2 ln(1 — sv;) +4ln <1 + (0109)2 5) g [4]

—21In(1 — 2kis1o’s) — as —In |s] (21d) 1All the calculations in this paper were performed using MATLRAB
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are used. This may be seen by substitufihg= 1/27 into (24)

for the integrate and dump filter to give SNR= 2m, i, = 202
and recognizing thdt(2m) = (2m—1)! for integermn. Keating
and Sampson’s experiment used a polarizeés$&, = m and

1 = %, leading to an MGF equivalent to the rectangular filter
approximation, namely

w(s) = - (25)

(1- -1 Sng)SNRI

including the APD. For further validation and comparison, the
standard case of a laser source was incorporated the framework
by removing the excess noise MGF. One further refinement
was required in that a nonideal extinction ratio had to be incor-
porated to account for the characteristic of the Mach—Zehnder

Fig. 5. Comparison of calculated results (solid lines) with the experiment Brodulator used in [4]. The result of thiS. was that there was no
Keating and Sampson [4] (diamonds) for: (a) a laser diode and (b) an SS soutomger a state where zero photons arrive and both SPA func-

tions contained functions of the form (22) with different eigen-

for in which the statistics of;, the optical power received, arevalues for “0” and “1.” For extinction ratie, [V, photons were

given by
o SNR,
xp | —x
_ SNR, SNR,, —1 Hz
p(z) = < - )a: T(SNR.) , (SNR)
(23)
wherey.,, is the mean value of and
pBo
NR, = 24
SNR, = 55 (24)
with
By equivalent bandwidth of (16) above;
B, electrical noise equivalent bandwidth;

p=1(2) polarized (unpolarized) light.

assumed to arrive during a “1” pulse ang = N, /e photons
ina*“0,” resulting in a mean numbe¥; (1 +¢~1)/2 of photons

per bit. The necessary parameters for the APD were assigned
typical values for an InGaAs device [21], a center wavelength
of 1534 nm was used for the FP and the laser was assigned a
realistic wavelength of 1560 nm. The best fit was obtained by
allowing the APD quantum efficiency and gain to be slightly
different for the laser and the SS. This is likely for different
wavelengths and also it is possible that the APD and modulator
exhibited some nonlinearity. Fig. 5 shows a comparison of the
calculated logy(BER) as a function of received power, using
the parameters shown in Table I, for the SS and laser compared
with points taken from [16]. The agreement is very good, given
that all diode parameters had to be estimated, with the extinction

Equation (23) represents the pdf corresponding to the MGFriatio and SNR used being only 1.5 and 1 dB away, respectively,
(8) when an unpolarized source and an integrate and dump filkerm those quoted for the experiment.
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log1o(BER)

Received optical power in dBm

Fig. 6. Extensions to the calculations of Fig. 5. 1—calculated results for the experiment of [4]; 2—integrate and dump withBENB—(25) with SNR, = 37;
4—integrate and dump with SNR= 14; and 5—2 FP system witle =~ 15.

TABLE |
PARAMETERS USED IN COMPARISON OF
CALCULATED RESULTS WITH THEEXPERIMENT OF KEATING AND SAMPSON [4]

and dump filter as a way of either increasing the available bit
rate per channel or permitting closer channel spacing by virtue
of smaller FP bandwidths being possible. To demonstrate this

Parameter Value forLaser | Value for SS | Units  curve 4 shows the BER of an integrate and dump based system
: o _ . ‘
APD ionisation coefficient ratio,k | 0.65 0.65 with SNRJU_ 11'.0 dB (m N 14). to match the e>.<per|mentall fit
A considerable improvement in performance is shown with the
APD gain Mapp 34 39 - error floor reduced by two orders of magnitude.
- S S — Note that the experimental arrangement fed the output of the
modulator straight to the APD, there was no receiver filter and
Quantum Efficiency 0.72 0.69 no ISI. This system would not be satisfactory for WDM so once
Waveienglh T 3 — good agregment with the measured. results had been obtained
the analysis was extended to examine the likely performance
Thermal Noise Current 250 250 nA of such a system for WDM. The eigenvalues from the kernel
R 5 3 5 (18) were use_d in (26) _a_nd ISl included (the crossprc_)duct_ was
neglected as it is negligible for the values relevant in this
SNR, 115 dB section). The double FP combination resultedrin~ 15 and
B Rate 53 53 Gops a BER pe_rformance_ show_n by curve 5, yvhlch is on_ly_ slightly
degraded in comparison with curve 4. This is a promising result

since it represents the arrangement that would be needed for an

To quantify the benefit of an integrate and dump filter th@Perational WDM system.

MGF in (25) was replaced with one including the eigenvalues

for the FP filter, namely VI. REDUCED INTEGRATION TIME

Two particularly promising proposals have been considered
to date to improve the performance of SS transmission systems,
namely, optical preamplification [6] and feedforward noise re-
The value ofm for a straight substitution in the experiment ofluction [16]. Here a simpler option is considered, requiring no
[16] was 37, since the nominal experimenilr> was 0.23 nm additional optical components. The integration tif#g,: ) is ad-
at 1534 nm. Such a high valueaf produced dramatic changegusted so that it starts from some timE,, greater than zero.
in BER, as may be seen from curve 2 on Fig. 6. Comparisdimis will considerably ameliorate the effects of the ISI while not
with the fit to the experimental SS results, reproduced as curvesignificantly reducing the integrated output urfil becomes a
shows several dB’s improvement for all BER’s and removal ddrge fraction of7".
the error floor. Such a comparison is not the most useful one beThe benefit likely to be obtainable by using a reduced inte-
cause increasingp, which is effectively SNR, is bound to give gration time was investigated in several ways. Initially the likely
much improved performance. This is demonstrated by curvestarting point for integration was examined by calculating the
which shows the result of a calculation based on (25) but usiggowth of the power received in the bit and the ISI, normalized
SNR, = 37. Again, vastly improved performance is demonto their respective maximum values. The former was found by
strated but the integrate and dump offers an advantage of a fgsing the kernel (18), calculating the eigenvalues resulting from
dB’s. A better approach is thus to view the use of the integratbanging the limits of integration froffi, 7] to [T, 7] and then

(26)

= 1
o =1l some o

=1



20 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 1, JANUARY 2000

] e 1.2
0.9 -
08 - .
E E
s 07 038
£06 - 2
205 - - 064
204 3
g 03 B T 04
=4
0.2 1 0.2
0.1 -
0 T st 0
0 0.2 0.4 0.6 0.8 1

Integration time as a fraction of bit time

Fig. 7. Normalized eigenvalue sum (left hand scale) and normalized ISI (right hand scale) as a function of integratiomtimeXddotted line) andn = 10
(solid line).

taking their sum. To find the latter the multipligfs; was modi-
fied to take account of the changed integration time and beca

L 1 1 —2.5m(Ts/T) _ ,—2.5m 2
Fist = <[1 - TS/T]> <10m> (C ¢ )
X (e—f)rn(Ts/T) _ e—f)rn) . (27)

log1o(BER)

Fig. 7 shows the variation of the eigenvalue sum and ISl for
low m value of 2 and for a mid range value of 10. It is apparer -1 ‘ ‘ ‘
that the ISI is mostly confined to the first 10%—20% of the bit ~ %7® 0.85 0.95
Thus by reducing the integration time to 80%—90% it is possib.. Integration time as a fraction of bit time
to gree}tly reduce ISI Whl_le S,“” capturing the ma!orlty Of the'Fig. 8. Logarithm of the BER as a function of integration time for= 5
power in a one pulse, which is at 80% or more of its Maximuipper curves) and: = 10 (lower curves) aiV, = 9000 (dotted lines) and
for such integration times. Np = 10000 (solid lines).

To further quantify the effects of integration time a modified

) ; X 70000
crossproduct term was included. For this the variance of the nor
stationary component became % 60000 7
$ 50000
,  0.12¢=5m(T:/T) £ 40000 |
e g
m £ 30000 -
x [1 1,062 /T) 0.36—5’"<TS/T>} o2 (28) £ 20000 -
(0]
. o _ = 10000 -
The integration time was varied from 75% to 100% of the bit 0 ‘

time for different values ofn and received photons. The out- 3 5 7 9 11 13 15
come may be summarized with reference to Fig. 8, which show
the variation in BER withZ},, for the m values of five and
ten at two different numbers of mean received photons per hily. 9. Receiver sensitivity &, = 10=° using the parameters of reference
There is an optimum value for the integration time to achieV@l calculated forTi,, = T' (chain line);Tin = 0.997T (dotted line);Tine =
the lowest BER, where the benefits of ISI amelioration are ndt>7 (dashed line); and,,. = 0.9 (solid fine).

outweighed by the loss of collected power. The optimum moves . . . .
to higher percentages of the bit time sasincreases since thegeswed BER may be obtained is considerably extended. The re-

ISI becomes less significant so the impact of collected po Hce_d integration time removes the error floor but price paid for
loss rapidly dominates. The minima are quite flat, however, su is is power penalty of up to 1 dB as gets large.

gesting that benefits are easy to obtain by control of the integra-
tion period requiring only modest precision. The impact on the
performance of SS system using the reduced integration timeThe results in the preceding sections, apart from Section V-B,
may be demonstrated by the results shown in Fig. 9. This shoalsassume an ideal extinction ratio. As shown, however, by
the mean number of photons per bit needed to achiév@ the comparison with experimental results above this is not al-
BER as a function ofn and usingli,; as a parameter. Com-together realistic and extinction ratio will play a part in the per-
parison with Fig. 2 reveals that the rangeroffor which the formance achievable in SS systems. The effect of a nonideal

VII. | MPACT OF EXTINCTION RATIO
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extinction ratio will be particularly noticeable for low values of
m, where the ISl is already producing an error floor. This was
investigated by calculating the BER achieved as a function of
the mean number of photons received using the extinction ratio,
€, as a parameter. The SPA equations were modified using the
same approach as Section V-B above and took on a form sim-
ilar to (21d), since there was always a photocurrent present. The
four cases arising from the use of one previous bit were incorpo-
rated by the use of the appropriate photocurrents for the signal,
ISI and crossproduct.

Typical results are shown in Fig. 10 faz = 5 with other
parameters being the same as used in Sections II-IV. The dottgd10. The logarithm of the BER as a function of the received photons per
lines represent the use of the whole bit for integration, for corhi for m = 5 with extinction ratios of 10, 15, 20, and 30 dB; solid lirBs, =
parison with Fig. 4, while the solid lines represé@it, = 0.97. 0-97 and dotted lines,, = T.

The benefit of the reduced integration time may clearly be seen
as is the effect of a low extinction ratio. The results with an in-
finite extinction ratio are not shown on the figure because they
would be indistinguishable from the 30 dB results.

In addition the problem was addressed from the angle of as-
certaining the minimum extinction ratio that will permit a par-
ticular error rate to be achieved. Fig. 11 shows the necessary
extinction ratios as a function of: for BER’s of 10~° and

l0g1o(BER)

-7 ‘ ‘ ‘ ‘ ‘
0 2000 4000 6000 8000 10000
Mean photons per bit

Minimum extinction ratio (dB)

106 using a 90% integration time. The figure shows illustra- 81

tive results for mean numbers of photons received of 20 000 and 61

15000 but the effects were similar for all signal levels. Exam- 4 T T

ination of the figure shows that an extinction ratio of 20 dB or 2 4 6 8 10 12 14 16 18 20 22
better will allow operation down to the minimum set by the m

ISI.

Fig. 11. The minimum extinction ratio required to achieve a BER @f°
(upper curves) antl0 —¢ (lower curves) as a function of: for Np = 20000

VIIl. SYSTEM IMPLICATIONS photons per bit (solid line) and 15000 photons per bit (dotted lifig);, =
’ 0.97.

In this section the results from the above sections are used to
make an assessment of the power budget likely to be available. 49
True determination of the system limits needs definite parame-
ters to be meaningful since if, for example, a physical layer BER
of 10~¢ is acceptable and a power budget of 20 dB will suffice
then the total capacity will be hundreds of gigabits per second.
Such high figures may indeed be possible but the exploration
of the full space of system possibilities is not the focus of this
paper. With this caveat it is instructive to compare the available 151
power budget as a function of the optical bandwidth per channel. 10 + ‘-
The power budget may be obtained using the ratio (expressed 5
in dB’s) of the mean number photons that would be received 0.01 0.1 1
by a photodiode straight in front of the transmitter to the mean Optical bandwidth per channel (nm)
number actually required to achiei@® BER. By equating the
power received and the power in the slice just after the trarfdg. 12. Available power budget as a function of optical bandwidth per

; ; ; ; ; hannel calculated using the method of [6] (dotted line); the eigenvalues of the
mitter the followmg is obtained for the number of transmltte@ectangular filter (chain line); the eigenvalues for 2 FP filters vilith, = T

35
30
25 1
20

Available power budget (dB)

photons per bitV,r (heavy solid line) and., = 0.97 (solid line).
o WBFPNO
T = e (29)  of [6]. Substituting the equivalent bandwidth and inserting
these values into (29) give¥,; ~ 330 000m as the maximum

where number of transmitted photons. Using this relationship power

h Planck’s constant; budgets as a function of filter bandwidth for four cases were be

v frequency of the light; obtained as shown in Fig. 12, which uses a logarithmaxis

Ny PSD of the broad-band source. to emphasis subsequent comments. The first case, shown in

Using the PSD of Sampson and Holloway [3], namelold, is the use of two matched FP filters afiyy = T
3.2 x 10~1* W/Hz at 1550 nm, and a per channel bit rate of 2.6ere the available power budget falls steadily from 35 dB at
Gb/s permits immediate comparison with the p-i-n diode resubisfilter bandwidth of 1 nm to 29 dB at 0.3 nm before a rapid
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decline as the ISl limit sets in. Reduction of the integratioand interference using an MGF based approach. The squaring
time is the second scenario, shown as the lighter solid line;ojperation at the photodiode means that the truncated pulse train
may be seen that there is a penalty of approximately 0.5 @Bproximation for ISI requires only one previous pulse because
at large bandwidths but the rapid decline due to ISI does rftthe rapid fall off in the exponential tails. The difference be-
set in until 0.1 nm. The third set of results, shown as a chatiween the treatment of terms for SS and, say, an optically pream-
line, indicates the behavior of the system predicted using thkfied system is that all terms are stochastic in SS. This results
rectangular filter approximation with exact eigenvalues as in a crossproduct term that is the product of two Gaussian dis-
Section IlI-B. Finally, the equal eigenvalue approximation dfibutions, in contrast to a system having a deterministic signal
[6] is shown a dotted line using the results of Section IlI-A. It isvhere the relevant term remains Gaussian. Here again the use
easy to see that these methods give the same result as the fifdhe MGF means that this term may be incorporated in the
bandwidth increases, allowing for the small penalty incurreahalysis framework without generating a huge computational
by the reduced integration time. This is as expected becatmsgden.

ISI becomes a large problem only for low valuesrof The The comparison made with recent experimental results in
main benefit of the reduced integration time is illustrated b8ection V-B shows good agreement and enables predictions of
this figure with the lower limit of operation being extended tdhe likely results with integrate and dump filters to be made. The
0.1 nm before the power budget rapidly disappears. error floor for a single channel system may be reduced by up to
two orders of magnitude using integrate and dump filtering. A
WDM SS system offers a BER of less tha 2 for 2.5 Gb/s
channels. Moreover, these figures are for inexpensive SS sys-

The use of the SPA is extremely effective in determining tHeéms based only on broad-band sources and FP filters.
BER of SS systems, for which the Gaussian approximation isThe use of a reduced integration time offers a simple tech-
overly conservative unless is very high. Atm values greater Nique to reduce the impact of ISI. The relatively slowly rising
than 20 the equal eigenvalue approximation produces an erroPiises enable the integration time to be started from as late as
the number of photons required fo—° BER of 0.04 dB or less 10% of the bit time before the photocurrent is reduced suffi-
(compared with the FP calculation). In contrast the Gaussian @r&gntly to offset the benefits of the ISI reduction. Indeed if the
proximation produces an error of some 7.2 dBrat= 20, not intention was to operate at low values one could start the in-
falling below 1 dB untilm is greater than 40. The ease of solutegration at 20%—25% of the bit time, since the penalty incurred
tion of the equations in Section IlI-A means that the equal eige@tises for highn values. The presence of broad minima (Fig. 8)
value method provides a useful BER performance estimate f6f BER as a function of integration time means that benefits
m > 20. Form values below 20 then the accuracy of the equélom reduced integration time will accrue even with imprecise
eigenvalue method decreases rapidly, reaching an underestirg@t¥rol of the starting point.
of 2.7 dB atm = 11. There seems to be, however, little benefit The results of Figs. 10 and 11 show that it is important that a
in using the exact eigenvalues for the rectangular filter since thgnimum level of extinction is possible from modulators used
region of the greatest difference in results is for lowwalues in SS systems. However, 20 dB will be sufficient to achieve
and the ISI error floor results presented above render the resifis® BER in most cases and 30 dB offers performance only
meaningless. To obtain useful performance predictions for Idwarginally different from an ideal modulator.
m itis essential to include the effect of ISI, which eventually be- The representative system power budget results in Sec-
comes the dominant limiting factor. This point has not emergdi@n VIII demonstrate the effect of using a reduced integration
in previous work since it quite possible to operate with only #me. A power budget of in excess of 20 dB is available using
slicing filter in a single channel study. channels having optical bandwidths of 0.1 nm. Clearly the total
For low m the neglect of the ISI and, to lesser extent, thansmission capacity available for an SS system depends on
crossproduct coupled with the leakage of power from the cigcceptable the power budget and BER but seems to be at least
rent bit interval, makes more detailed analysis necessary. Indigs of gigabits per second.
sion of both transmitter and receiver FP filters means that the
noise must be treated as the output of 2 FP filters in series while
the received pulse shape is the result of a single filter. The use
of the equivalent optical bandwidth enables a meaningful com-The SPA has been applied to direct detection SS systems for
parison to be made between the results for 2 FP filters and fhe first time and has provided a tractable approach to BER cal-
the idealized rectangular filter. culations irrespective ofn. Previous analyzes have been ex-
The analysis presented here is a new approach to the probtemded by the inclusion of pulse distortion by the receiver filter
in that the KL expansion is based on a kernel appropriate to n@m ISI term and a signal ISI crossproduct term. The limiting
stationary statistics. This presents no computational problemdaetor in SS at lown values has been shown to be these latter
addition to the determination of the eigenvalues that is necesstyms arising from the exponential tails produced by the re-
for any analysis based on a KL expansion. The BER results ateiver FP filter. Severe error floors have been demonstrated that
tained by the expansion tend smoothly toward those obtaineatweigh the eventual power penalty from the noise like na-
from the more approximate modelssasincreases. ture of the broad-band source. Output from the model has been
The ISl is straightforward to incorporate into the SPA sinceompared with experimental results giving good agreement and
it is not necessary to carry out convolutions for additional noisesing the 2 FP arrangement for a WDM system suggests BER's

IX. DISCUSSION

X. CONCLUSION
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of less thanl0—* for 2.5-Gb/s channels. The use of a reduceR,,, ..(0) = (mNoBrp)/4. Using (16) for the equivalent band-
integration time has been seen to be an extremely powerful, y@tlith yields the required relationship between the rectangular
simple, technique to reduce the impact of ISI. Control of thidter and the FP for meaningful comparison,
starting point for integration need not be overly precise because

e . ) . . 2.5
broad minima are present in the BER versus integration time Brp = == B,. (A.6)
characteristics. Furthermore, it has been shown that an extinc- m

tion ratio of 20 dB will suffice for10~? BER in most cases, The eigenvalues used for the KL expansion have a sum equal to

an ideal modulator. The system power budget may be exteng®dero mean Gaussian random variables with pdf's
by using reduced integration times and offers the potential for

high, low cost system transmission capacity. The SPA may also _ —n2, A7
be used to consider the performance of noise reduction methods v (ni) = S P\ ) (A7)
and optical preamplification, and this forms the basis of further
work by the author. Hence, the eigenvalue equation is
T
APPENDIX vo(t) = / K, (¢, w)o(u) du (A.8)
The integrated photodiode output may be written as 0
where
1 /7 5
T=gp | Bon@) +1S10) dt Koy (t u) =0 (1 — " Bmwt) (1 = =mBee)
1 T X [1+ 7|t — u|Brp] e~ lt—ulBre

=57 [s%(t)n?(t) + 2s(t)n()ISI(¢) + IS (¢)] dt.
0 (A1) The KL expansion isotrestricted to stationary signals and so
' the solution of the nonstationary system may be used to express

This produces three terms. I, thus
N;
A. Square of the Signal L~> n (A.9)
=1
1 T ) with ; large enough to give the required numerical accuracy.
L=or (1 _ e—t/Tc> n2(t) dt. (A.2) The evaluation oF[exp(sl; )] provides the required MGF
0
N
. . . . 1
Now n(t) is a zero-mean Gaussian random variable, with pdf Fyi(s) = - - (A.10)
f~n(n) and spectral densit§ (/) resulting from the filtering 2131 V1—svi

of the white spectrum from the noise like (LED) source by two o

FP filters. Howevers(t)N = N; is not stationary so the stan-for €ach polarization and quadrature component.

dard form of the Wiener—Khintchine Theorem cannot be used.

A modification has, however, been derived by Tsao [22] for no 1S

stationary signals. This allows the autocorrelation function to be The 1SI results from the sum of the tails of preceding pulses
written, for reals(t), as and thus has the form

1

Ry (1) = / T Bt DS (NPT A (A3) (1 - G_T/T") TN gy M (kT
k=0

Since the PSD is known to be = (1—e725m) e~2-5mt/T Z a_ (k1) e~ Z5km (k)
k=0
Sa(f) = [H(F[" No (A4) (A.11)
it follows immediately that where
a; random variable with a 50% probability of being
mNoBrr —#Brpt —#Bpp (t—7) “1” or “0";
Rn , — 1— TOFP 1— TDFP T ’ ) )
(1) 4 (1-e ) ( ¢ ) n(kT) samples of the zero-mean Gaussian random vari-
x [1+ 7|7|Bpp| e~ ™71Bre, (A.5) ablen(t), with variancer2 /2 to account for the pre-

multiplication of (A.1) by1/2T.
The power transmitted may be obtained by considering the dthis series may be dealt with by truncation considering all the
tocorrelation function att = 0 ast — oo, i.e., by saying possible bit combinations for the number of previous bits re-
the receiver may collect photons for an infinite time, to giveained. Since the sum of two Gaussian random variables is also
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Gaussian it is possible to deduce that when all the previous hitkere K (-) is an order zero modified Bessel function of the
are “1” the maximum ISI will be Gaussian with variance second kind. Such an expression may be dealt with using the
Mellin transform [24] enabling its variance to be obtained as

(1 _ 6—2.5771)2 o—3mt/T 0’_2 i o—3km (A.12) (a102)% and an approximate MGF to ordet to be written, for
2 = each polarization and quadrature component, as

Even with the lowesB,T value considere@hn = 1) the second
and subsequent terms in the series will be of magnitude less than
exp(—5) = 6.7 x 1073, Hence it is only necessary to consider

one previous bitbecause the accuracy obtained, for consideragi@ variance ofX, may easily be found as?2

extra calculation, will be small if more are retained.
The value of the integral of the ISl is thus

I N
I, =— ISI=(¢) dt
27T J, ®
1 —2.5m)\ 2 —dm

where x%(0) is a chi-squared variable resulting from the
squaring ofn(t). Note that then(k7") do not vary with time
when the subsequent bit is considered, since they are samp?es
and thus the integration with respect#anay be performed.
The MGF fory2(0) is given by

1
(1 — 2/6{5{0’28)

FISI(S) = (A 14) [1]

for each polarization and quadrature component, where 2l

kst = —— (1—¢725)% (1—¢75m). Gl

10m
[4]

C. Cross Product [5]

The cross product (6]
(7]
8l
only occurs when both the signal and the ISl are nonzero. Giverjg]

the approximation made in Section B of the Appendix above the
integral may be rewritten as [

Is = % /0 ’ s(t)n()ISI() dt (A.15)

T . . 11

I :% / (1 _ 672.ornt/T) 670.02nlt/Tn(t) dt (11]
0

x n(0) (1 — e 2°™) (12]
=X1X»

=X. (A.16) [13]

The random variabl&(; is nonstationary but is Gaussian, since
only linear operations are performed ef¥) to obtain it; X»
is clearly also Gaussian. The product of two Gaussian random

variables is known to have zero mean and a pdf [23] [15]
1 || 16
fx(x) = Ko (A17) [

o109 dg109

28
1+ (0'10'2) E

~
~

Fx(s) (A.18)

o?(1 —

e~25™)2 andX; may be approached using the method for non-
stationary signals in Section A of the Appendix above to give a
variance, after considerable manipulation, of

0.028
ol ~ o?.

— (A.19)

The contribution to the number of photons required to achieve
a given BER is generally small, a few percent at most, and be-
omes negligible as: increases becausé remains zero mean
and typicallyo?, 03 < o2.
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