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Abstract—\We present a comprehensive treatment of optically of optical filters with bandwidths down to about 10 GHz, and
preamplified direct detection receivers for non-return-to-zero jjj) the employment of return-to-zero (RZ) coding have led to
(NRZ) and return-to-zero (RZ) on/off keying modulation, taking  {ecppjcally realizable situations in which narrow optical filter

into account the influence of different (N)RZ optical pulse shapes, . . . .
specified at the receiver input, and filter transfer functions: bandwidths start to deteriorate receiver performance by intro-

0ptica| Fabry_Pérot filters (FPFs) and Bragg gratings as well as dUCing Optical-filter-induced Signal distortions. Hence, a few
electrical fifth-order Bessel and first-order ow-pass filters analyses appeared that include, both on signainoise! the
I 'I_f'fh der B I_df'_ d RCI f'I_ I d that include, both all 1 th

are considered. We determine optimum optical and electrical influence of Fabry—Pérot optical filters for non-return-to-zero
filter bandwidths and analyze the impact of bandwidth deviations (NRZ), oN-OFFkeying (OOK) transmission [11]-[13]. Widely
on receiver sensitivity. Optimum receiver performance relies on differi ’ fi tical filter bandwidth ina f ) 371
a balance between noise and intersymbol interference (ISI) for I_erlng opumum opuca I.er _an WIdths, ranging from 5. ) 0 )
NRZ transmission, while for RZ reception detection noise has to 8 times the data rate, are given in these references for the simpli-
be traded against filter-induced signal energy rejection. Both for fying case of rectangular data signals and integrate-and-dump
NRZ and 33% duty cycle RZ, optical filter bandwidths of around  electrical postdetection filters. Only reference [14] includes re-
twice the data rate are found to be optimum. Receivers using RZ g jistic (NRZ) optical pulse shapes and (third-order Butterworth)
coding are shown to closely approach the quantum limit, and thus lectrical filt h teristi - t i tical
to outperform NRZ-based systems by several decibels. We further elec ”“13 litér charac e”_s ICS, arrving at an optimum optca
analyze the impact of important degrading effects on receiver bandwidth of about 1.2 times the data rate. Reference [15], on
sensitivity and optimum receiver bandwidths, including receiver the other hand, treats the filtering action of arrayed waveguide
noise, _flnlte_ extinction ratio, chirp, and optlcal carrier frequency  grating routers, both for NRZ and RZ rectangular optical pulse
(or optical filter center frequency) fluctuations. shapes and first-ordétC electrical low-pass filters, resulting in

Index Terms—Chirp, extinction ratio, frequency control, inter-  an optimum optical filter bandwidth of 0.9 times the data rate for
syr_nbol inte_rfere_nce (ISl), non-return-to-zero (I_\I_R_Z), optical am-  the case of NRZ transmission.
plifiers, optical filters, retum-to-zero (RZ), sensitivity. Theaimofthis paperisthreefold. First, we give optimumvalues

for optical and electrical filter bandwidths for various typical op-
|. INTRODUCTION tically preamplified receiver configurations, both for NRAd
fRZ reception, using optical pulse shapes wit? -shaped edges
bium-doped fiber amplifiers (EDFAS), optically pream-_s’p_ec'_f'ed at th_e receiver input, as We_II asrealisticfilter cr’1arac_:ter—

plified receivers have become the technically most practicabfilicS; the optical filter is modeled either as a Fabry—Pérot filter
way of achieving (nearly) quantum-limited receiver perfOI(FPF)oras afiber Bragg grating (FBG), and the electricalfilter is

mance in the 1.5:m wavelength range [1]. By establishingassumed either a first-ord&C low-pass or a fifth-order Bessel
the connection between optically preamplified receivers affe'- Second, weexplainindepththe (different) degradingmech-

classical square-law detectors, it was shown that the optim@RSms that determine receiver performance for NRZ and RZ;

optically preamplified receiver should employ a matched optic4€ Poth qualitatively and quantitatively show that for NRZ sys-

filter [2], [3]. Owing to technological constraints howeverl€ms, atradeoff between receiver noise and intersymbol interfer-

the optical bandpass filter following the EDFA to reduce th8"c€ (IS1) has to be made, while RZ systems rely on a compro-

amplified spontaneous emission (ASE) power at the detecfBSe between noise and filter-induced signal energy reduction.

always had to be taken much broader than the bandwidth of t]ley'rd, we discuss and interpret the influence of some important

data signal [3], [4]. In various analyses of optically preamp“ﬁeanperfection_s (receiver noise, extinction ratio, chi_rp, frequer_1cy
receivers, the optical filter had therefore been assumed to let fiift) onreceiver performance as well as on the optimum receiver
data signal pass undistorted [5]-[10]. However, i) the increasendwidths. The analysis of optically preamplified receivers for

data rates into the 10—40-Gbl/s range, ii) the growing availabiliyZ c0ding is particularly interesting, since recent experimental
[16]-[18] and theoretical [16], [19], [20] work has shown that the
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Fig. 1. Optically preamplified receiver structure. The optical (N)RZ input feeld¢) (cf. optical power eye diagrams) is optically preamplified (g&innoise

figure F') and corrupted by amplified spontaneous emission (ASE). In addition to an optical bandpass filter [Fabry—Pérot filter (FPF), or fiber BragieR§Bating

with power transmissiofB( f)|2, a polarization filter may be employed to reduce ASE. The impulse response of the detection chain is assumed to have fifth-order
Bessel (BF) or first-ordeRC' low-pass (LF) characteristics [impulse respoh§g)]. Electronic noise is accounted for by a noise equivalent power (NEP). Sampling

and threshold decision of the electric signal with me@) and variance?(t) leads to a bit error probability (BEP).

B
BOI*
[16)

h(®

ontheorderof 0.7 times the datarate. The use of optimized RZvehere £, denotes the optical energy for a “1"-bif,, is the
ceivers will lead to significant system improvements, especiaigffective pulse duration
for space-borne laser communication systems, where neither dis-

oo
persion nor nonlinear effects set a lower limit on the RZ pulse du- J pi(t)dt
ration, and where utmost receiver sensitivity in combination with T — == _ £y @)
a robust receiver setup is the prime goal [21]-[25]. P max, {p1(1)}  max; {p1(t)}

The paper is organized as follows. Section Il presents Ofiy the parameter specifies the pulse shape. Varyingrom
model for the optically preamplified receiver, specifying opy {4 0, the pulse changes froras?(t)-like to rectangular. Log-
tical pulse shapes and optical and electrical filter characteristigs,| «g»_pits are ideally represented by the absence of an optical

Section lll details the employed calculation method. Section Ié’lgnal; the employed model for finite extinction ratios will be
gives a qualitative explanation of the different tradeoffs to b(S(pIained in Section VI-B. Setting, = T (T being the bit
. p =

made when optimizing bandwidths in an RZ and an NRZ ey, ation) yields an isolated NRZ “1-bit, whil&, = d - T pro-
ceiver, respectively. Section V then quantitatively treats an idegl es RZ with duty cycld. The results presented in this work
optically preamplified receiver, i.e., a receiver with ideal ops.a g1l based on pulses with= 1 anda = 0.4 as well as on
tical and electronic components, discussing separately the ipr 7 duty cycle ofl = 33%; the respective input signal eye
fluence of different receive electronics (Section V-A), diﬁererﬁiagrams for NRZ and RZ are given in Fig. 1.

opticql pulse shapeg (Sectipn V-B), and diffgrent optical filters 1o optical amplifier both amplifies the input field byG
(Section V-C). Section VI incorporates the influence of elecsy 5dds a circularly symmetric complex Gaussian noise

tronic noise and nonideal optical amplifier characteristics (Seﬁr'ocess the ASE, with power spectral density [26]
tion VI-A), of finite extinction ratios (Section VI-B), of optical ’ ’

pulse chirp (Section VI-C), as well as of frequency drifts of Nase = heGFoquiv/(2X) 3)
the optical carrier with respect to the optical filter's center fre-

quency (Section VI-D). Finally, Section VI states the most reRer spatial (and polarization) mode, where/A denotes the
evant conclusions of this work. photon energy at wavelength and /" > 2 is the amplifier's

noise figure. Note thaf" may also include the influence of in-

coherent background light with power spectral dengWy at

the receiver input, which in fiber-based systems can be caused
The structure of the modeled optically preamplified receiveyy the accumulated ASE of in-line optical amplifiers, and in

is shown in Fig. 1. The optical input field is given by its equivfree-space systems can be generated by an optical booster am-

alent baseband representatian(t) at thereceiver inputin- plifier at the transmitter [37]. In this case, the additive noise

corporating all propagation influences (e.g., dispersion) on theocess at the amplifier output can be specified by an equiva-

transmit signal. The input field is normalized to let its squaragnt noise figureF . quiy as

magnitude yield the optical input powepi{(t) = |ein(t)|?).

The optical power waveform representing a single “1"+bit}t) Nase + GNy = heGFequiv/(2X) (4)

is specified within the time intervdl, (1 + «)7,] as

Il. SYSTEM MODEL

with
n(t) Fequiv = F + 2N, M/ (he). (5)
2% [1 —sin (JTP (‘t —(1+ )| - %))} ; If the input signal’s state of polarization is known (which is
o PR 2 M e e oo
T, e[y, Tp] reduce the number of ASE modes to a single one in a (usually

(1) spatially single-mode) system. The subsequent optical bandpass
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filter with dimensionless, complex baseband field transfer funghis filter's 3-dB bandwidth evaluates to 0.8§. Electronic
tion B(f) and complex baseband impulse respoli(gis as- noise is specified by the detection chain’s noise equivalent
sumed to be either a Fabry—Pérot filter (FPF) or a fiber Braggwer (NEP); this quantity, usually given jw//+/Hz], will be
grating (FBG), the latter in combination with a circulator to condefined in (17) below [28]. Sampling and threshold decision
vertthe FBG’s bandstop characteristics into bandpass charactérthe electrical (analog) output signal with meaft) and
istics [30]. For an FPRB(f) is given in its Lorentzian approx- variances2(¢) finally leads to a bit error probability (BEP).
imation (which is valid for the practically relevant case of high

etalon finesse) as [14], [29] lll. CALCULATION METHOD

Brpr(f) = 1/(1 + j2f /FWHH) (6) To arrive at BEP results, we chose a quasi-analytical method.
Given a pseudo-noise (PN) bit sequence of lerigjth— 1,
where FWHH denotes the filter's full width at half height omwe generated the input optical field,(¢) and calculated the
3-dB bandwidth. For an FBG, we have [30]-[33] signal’s mears(t) at the decision gate according to [29]

. jnsin [BUA] s(t) = C |(ewm * D)) * h(t) (12)
Brra(f) = tan[xl] j8(f) cos [B(F)I] — (2n f Jug)sin[B(f)i] WhereC stands for the overall optoelectronic conversion factor
7) ([A/W] or [V/W]), and the symbok denotes a convolution

oo

wheref3(f) stands for (@ xy)(t) = 2(t) xy(t) = / z(ryy(t—7)dr.  (13)

. . Neglecting both signal shot noise and ASE shot noise, whose
B =\ @rflvg) — ( variances are typically several orders of magnitude smaller than

. - . . . . those of the beat noise terms between signal and ASE and be-
andx is the grating’s coupling coefficient. In our simulations

x was kept constant at a typical value of 6cthj30], while the tween ASE with itself, the signal’s varianeé(?) reads [15],
; : [19]

length of the grating and the group velocity, were appro-

priately set to achieve the desired FWHH at a constant sidelobe o2(t) = 02 sgp(t) + 02spAsE + T e (14)

suppression ratio of 7 dB. The power transmissiBff)|* of

the two filters is shown in Fig. 1. Note that both the FPF andith the signal-ASE beat noise

the FBG are normalized to unit peak transmission; any insertions2 , <. (#)

loss L of the optical filter can readily be accounted for, both for o

ggLr?aI and noise, by using an effective optical amplifier gain of — 202N, spRe {// ein(T)ER (P — )t — 7)
After optical filtering, the signal field is detected by means —o0

of a pin photodiode, mathematically described as a square-law

device, followed by electrical preamplification and lowpass fil- - h(t—7)dr d%} (15)

tering. The impulse response of the entire electronics [transfer

charactgoristics*{(f)] is denoted:(t) and is normal_ized to unit he ASE_ASE beat noise

area [ h(t)dt = H(0) = 1. In the frame of this work, the — )

electronic circuitry is either assumed to have a first-orér Oase-ase = MC"Nigp / |ro (T)|" r(7) dr (16)

low-pass characteristic or a fifth-order Bessel characteristic. TQ o

latter type of receive filter is widely used in optical receivers,

even at data rates in the multigigabit-per-second regime, since

it produces only little overshoot. The transfer function of thtn these equations

RC low-pass filter (LF) is given by ro(®) = /oo

Hip(f) =1/ (1 +Jnf/(2By)) ) genotes the optical filter's autocorrelation function [with the

whereB;, denotes the filter's power equivalent width [29] same notati_o_n for the electrical filter_’s autocorrel_ati;o_[(t)],
and M specifies the number of (spatial and polarization) ASE

B, — =~ HOPR df. 10y Mmodes.
! /0 H I df (10) With the expressions for signal and noise at hand, the BEP at
a sampling time offset, and for a decision threshokg,, reads

o

fid the noise of the electronic circuitry
02.. = NEPPC?By,. 17)

b(r)b™(r —t)dr (18)

For the LF, the 3-dB bandwidtiB; 45 is related toB; by

B; gp = 2By, /7. The transfer function of the Bessel filter (BF)BEP(¢,, sin) = ﬁ
is given by [19], [27] -
5 . . 1 sin—5(ts+koT)
H =945/ 2 +15 41055 f2 —420 £ 494575 £ +945). . —erfc[—
Br(f)=945/(jf°+15f*—1055 f 49455 f+ (i)l) {; 2 V20 (ts+koT)

2In the (in practice most likely) case of ac-coupled detection, this normaliza- 1 51 (ts + k T) — Sth
tion readsH(f,;) = 1, wheref; is the lower cutoff frequency of the receive + Z 5 erfc (19)
ky

electronics. \/ia(tS +k1T)
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where the indexeg, and k; are used to distinguish betweerthe signal power decreases more rapidly than the signal-inde-

the2m~1 — 1 transmitted “0™-bits and the™ ! “1"-bits of the  pendent noise3 g sk + o2 [20], so that the influence of

PN sequencg.In the frame of this work, we will be interestedsignal-independent noise limits receiver performance well be-

in the optimum BEP values only, obtained by minimizing (1%ore ISl sets irp.

with respect tar, andsyy,. Generally, we anticipate at this point that broader than op-
In (19), Gaussian signal statistics are assumed. Thiswum filtering is to be preferred to too narrow filtering, since

frequently employed assumption significantly simplifies nuthe degrading effect of increasing noise power is less severe than

merical calculations by allowing the use of the complementaejther introducing ISI or spectrally truncating the signal.

error function The qualitative description given here for the effects deter-
T ) mining the optimum receiver bandwidths will be demonstrated
erfe(z) = I / exp(—t~) dt. (20)  and underlined by the following quantitative analyses.
It has been shown [9], [34], [35] that the Gaussian approxima- V. |DEAL RECEIVER

tion yields very accurate results in the case of OOK modula- hi . gi he d q fth .
tion, with predicted receiver sensitivities typically 0.2 to 0.5 dg_ " this secpon, we |fsgusrs]t e eFen denlce oft lef.rlecegver;en-
worse than the exactly calculated ones. That this statement \ﬁmv'ty as a function of both optical and electrical filter band-

hold over a wide range of receiver bandwidths can be expecf’g@ths for various'deal opticglly preamplified re_ce_iver setu_ps;
from the results of [13], [36][44]. for given optical and electrical filter characteristics, the ideal

receiver is specified by = 1 (i.e., a single-mode system in-
‘gding polarization filtering) /' = 3 dB, and@ sufficiently
arge to leto2 , o (t) + 03 sp ask @ways dominate?

elec*

Finally, the receiver sensitivity, is calculated, defined as the
required average number of photons per bit at the optical am
fier input to achieve BER= 10~%; unless stated otherwise, th
results presented in this work are given in terms of a sensitivity ) . )
penalty~, relative to the quantum limit, A. Different Receive Electronics’ Transfer Functions

Fig. 2 shows, as a first example, the sensitivity penalty
[cf. (21)] relative to the quantum limit as a function of both the
wheren, evaluates to 41.0 photons/bit using the Gaussian a;H_gtical and the electrical b_andwidth. The optical bandwidth is
proximation with optimized decision threshaid. ven as an FWHH normalized to the data rateand the axes
representing the electrical bandwidth are scaled both in terms
of a normalized power equivalent widttB{ /R, upper axes)
and in terms of a 3-dB bandwidttB§ 45/ R, lower axes). The

Optimizing optical and electrical filter bandwidths in an opunderlying scenario comprises NRZ transmission witk= 1
tically preamplified receiver is a process of trading several dand an FPF for optical filtering. While Fig. 2 (a) is obtained
grading effects with different significance for NRZ and RZ sigusing a BF in the electrical domain, Fig. 2(b) applies to an LF.
naling. Theoptical filter primarily serves to reject ASE, thusThe contour lines are separated by 0.25 dB. The two pairs of
reducing the signal-independent ASE-ASE beat noise comphick lines represent the optimum optical bandwidths for fixed
nento3 sp_asg, Which is normally important for the detectionelectrical bandwidths (left to right), and the optimum electrical
of “0"-bits only. If chosen too narrow, however, the optical filtetbandwidths for fixed optical bandwidths (top to bottom). Their
can introduce severe I1SI to NRZ signals, with the adverse effeaigersection gives the globally optimum optical/electrical band-
of closing the eye and—even more important—of raising theidth constellation, which is quite different for the two receiver
“0"-bit noise level due to “0”-bit signal-ASE beat noise. For RZelectronics. For identical bandwidths, the BF impulse response
signals, on the other hand, optically induced ISl is typically nig temporally more confined and thus produces significantly less
issue; too narrow-band optical filtering rather causes significal®l. The BF power equivalent width can therefore be chosen as
portions of the input pulse energy to be rejected, leading to lowesirrow as).8 R, while the optimum LF bandwidth amounts to
electrical signal amplitudes and thus to worse receiver perfar6 R (1 - R in terms of Bz 4g). For RZ, on the other hand, the
mance. A similar situation is found for tiedectrical filter, used difference between BF and LF is not as pronounced, since it is
to reduce all detection noise terms of (14). For NRZ, a balannet ISI but signal energy rejection that determines the optimum
between noise and ISI has to be sought, while for RZ, againrexeiver setup in this case. To quantitatively express the influ-
compromise between noise and signal amplitude reduction derece of 1SI on the optimum electrical bandwidth, we compared
to too narrow-band filtering is aimed at; a degrading effect of I$he results for a PN sequence with the sensitivity values found
is usuallynotencountered at optimized receiver bandwidths fdor a single “1"-bit (i.e., without allowing S| effects) using NRZ
RZ with sufficiently small duty cycle, since at low bandwidthswith o = 1 and optical FPF filtering. AB;, = 0.8R, an elec-

trical-filter-induced ISl penalty of 0.9 dB was found for the BF,
3For the results presented here, a PN sequencewitl: 7 proved suffi- and as much as 1.9 dB for the LF.

ciently long to incorporate all relevant bit combinations producing ISI [20]. . .
4The frequently cited value of 42.0 photons/bit is obtained if a computatio Reducmg ISI by broadenlng the LF must, on the other hand,

ally much simpler, but slightly suboptimum threshold is employed [34]. Not%e accompanied by narrowing the optical filter to compensate
that somewhat different results for, as a function of the receiver bandwidths

may be obtained if the receiver sensitivity is defined by other BEP values, sincélf the signal-dependent noise ter , . () were the only one present, the
these require other input power levels, which, in turn, can give rise to differeglectrical filter could be chosen still narrower; the optimum electrical bandwidth
ratios of signal-dependent to signal-independent noise. would then be solely determined by IS, as explained in [20].

vq = 10log(ns/n,) [dB] (21)

IV. TRADEOFFS FOROPTIMUM RECEIVER BANDWIDTHS
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Fig. 2. Sensitivity penaltyy, relative to the quantum limit as a function ? %
of the optical filter 3-dB bandwidth (FWHH) and the electrical filter power 8 \

equivalent bandwidth®,,) and 3-dB bandwidth B 45), all normalized to

the data rateR. NRZ transmission withh = 1 and FPF optical filtering is
considered. (a) and (b) apply to BF and LF electrical filtering, respectively. Th
contour lines are separated by 0.25 dB. The two pairs of thick lines represe
the optimum optical bandwidths for fixed electrical bandwidths (left to right) &
and the optimum electrical bandwidths for fixed optical bandwidths (top t¢
bottom).

FWHH/R

s 9

for the increased detection noise until a new balance betwe
noise and (both optical and electrical-filter-induced) ISl is es
tablished; the optimum FWHH in Fig. 2(b) is thts R, while
itis 2.4R in Fig. 2(a). However, even for optimized bandwidths,
the LF option performs 0.8 dB worse than the BF realizatior
The advantage of using more sophisticated Bessel electrical 1
tering is less for RZ signaling, where it typically amounts to 0.z
dB.

B,/R
@

Fig. 3. Sensitivity penalty, as a function of normalized FWHH arisl, for
) . ) ) ) . optical filtering and BF electrical filtering. (a) and (b) represent NRZ and RZ
Fig. 3 visualizes the influence of different input pulse shap&®% duty cycle) withr = 1, while (c) and (d) were obtained far = 0.4.

on ideal receivers with FPF optical filtering and BF e|ectricéliheco_ntourlines are_separated by 0.25 dB, and the crosses indicate the optimum
e . . . . . bandwidth constellations.

filtering. Fig. 3(a) and (c) give the sensitivity penalties relative
to the quantum limit for NRZ withh = 1 anda = 0.4, re-
spectively, while Fig. 3(b) and (d) apply to RZ with = 1 Comparing the two NRZ input signals, we note that the NRZ
anda = 0.4. The optimum bandwidth constellations are indisignal with steeper edges & 0.4) yields a significantly higher
cated by crosses. The most striking difference between the foeceiver sensitivity, 2.4 dB above that for NRZ with= 1. The
plots is the RZ sensitivity gain [15], [16], [19], [20]. Using RZreason for this behavior is twofold. First, the temporally more
coding instead of NRZ, one arrives at a sensitivity enhancemeninfined pulses witkh = 0.4 experience less ISI than those
of 3.6 dB fore = 1 and of 1.0 dB fokx = 0.4 at optimized band- with o« = 1; for the optimum filter configurations, we find an
widths. Comparing NRZ witly = 0.4 and RZ witha = 1 and ISI penalty of 0.5 dB fore = 0.4 and of 1.8 dB forao = 1.

d = 33%, two signaling formats with approximately the sam8econd, the remaining difference of 1.1 dB reflects the com-
rise and fall times, we find an RZ sensitivity gain of 1.2 dB. Fuibined effect of smaller receive bandwidths that are made pos-
ther, it is evident from the figure that RZ coding is significantlysible by less ISI and considerably cut down detection noise, and
more tolerant with respect to suboptimum receiver bandwidthsf; a broader pulse spectrum that better fills the receive charac-
using the optimum NRZ receiver bandwidths for RZ receptioteristics, as detailed in [20].

we still have an RZ gain of 3.5dB fer = 1, 0.9 dB forae = 0.4, The surprising, at a first glance, fact that a spectrally three
and 1.1 dB for the equal rise/fall time signals. times broader RZ signal may even ask fiarrower optical fil-

B. Different Input Pulse Shapes
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Fig. 5. The upper plots give the sensitivity penaity as a function of the
Fig. 4. Sensitivity penalty;, as a function of normalized FWHH arigh, for  electrical bandwidth3,, /R for optimized optical bandwidths FWHK, / R,
NRZ with a = 0.4, electrical LF filtering, and (a) optical FPF and (b) an FBG the latter being shown in the lower plots. Optical FPF filtering and electrical BF
The contour lines are separated by 0.25 dB, and the crosses indicate the optirfilfing is employed, and (a) and (b) apply to NRZ with= 0.4 and 33% duty
bandwidth constellations. cycle RZ witha = 1, respectively. The solid lines represent an ideal receiver,

the dashed lines incorporate the effect of electronic noise (NER'R) =

5.107'° W/Hz), and the dotted lines illustrate the influence of an enhanced

tering than its NRZ equivalent [cf. Fig. 3(a) and (b)] can alseptical amplifier noise figureX' = 7 dB).
be explained by the different degrading mechanisms. For NRZ,

the optimum optical bandwidth is found by trading COIIeCte‘;iPF realization. Since signal distortion is typically not the

ASE with optical-filter-induced ISI, which sets in noticeably imiting effect for RZ reception, the two filters behave almost
FWHH ~ 3.5R and FWHH~ 2R for « = 1 anda = 0.4, identically for RZ

respectively. For RZ, on the other hand, there is no optically in-
duced ISI, and the required balance between signal energy rejec-
tion and collected ASE is established at FWIHH2R, where
almost 30% of the signal energy do not pass the optical filter. We now proceed to study the influence of some important
The same argumentation holds, both for NRZ and RZ, when inenideal effects, starting with the incorporation of more realistic
terpreting the change in optimum bandwidths going frem 1 receiver noise parameters, i.e., of alimited optical amplifier gain
to « = 0.4. Whereas the accompanying slight spectral broahcombination with electronic noise, and of an optical amplifier
ening causes the optimum bandwidthshoinkin the NRZ case noise figure exceeding the theoretical limit of 3 dB.

due to less ISI, it leads foroaderoptimum bandwidths for RZ

in order not to reject too much signal energy. A. Receiver Noise

VI. DEGRADING EFFECTS

Since electronic noise and optical amplifier nodterently

C. FPF Versus FBG influence the optimum receiver bandwidths, we first analyze the

When comparing FPF and FBG, the FBG proves to be marapact of noisy receive electronics, still assuming an ideal op-
sensible to suboptimum bandwidth choices, especially ftcal amplifier (¢ = 3 dB) with polarization filtering {4 = 1),
NRZ. This behavior is visualized by the contour line densitieen FPF, and a BF. We assume the electronic noise to be speci-
in Fig. 4, where the sensitivity penalty, is shown for NRZ fied by the parameter NERPGVR) = 5- 10~ 'Y W/Hz, which
with o« = 0.4, electrical LF filtering, as well as an opticalcorresponds, e.g., to a 10-Gb/s receiver with an equivalent noise
FPF [Fig. 4(a)] and an FBG [Fig. 4(b)]. If the FBG is chosegurrent density of 25 pA/Hz at the photodiode output, a pho-
too narrow, its steep filter edges lead to much higher sigraldiode sensitivity of).8 A/W, and an optical amplifier gain of
distortions than would be encountered for too narrow an FPE dB. The results for this scenario are shown in Fig. 5, where
On the other hand, if chosen slightly too broadband, the FB&g. 5 (a) and (b) represent NRZ with = 0.4 and RZ with
collects more ASE while leaving the signal unaffected, whereas= 1, respectively. The upper diagrams give the sensitivity
increasing the bandwidth of the FPF beyond its optimum valpenalty-, with respect to the quantum limit as a function of the
additionally reduces ISI, thus, mitigating the effect of increasedectrical bandwidth3,, /R for optimized optical bandwidths
ASE. Only for optical bandwidths exceedi®, where the FWHH,,;/R, the latter being shown in the lower diagrams. The
FPF bandwidth has no influence on the signal any longer, thikeal receiver of Section V is represented by the solid curves,
sensitivity decreases by the same amount for the two filterghile the dashed lines apply to a receiver degraded by the above
Due to the better ASE filtering properties, the FBG optiospecified electronic noise. Noisy electronics lead to a sensitivity
shows a sensitivity improvement of 0.7 dB compared to thidegradation of around 1 dB, both for NRZ and RZ reception. A
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marked difference between NRZ and RZ is experienced witt 10

respect to the optimuraptical bandwidths, reflecting the two 9 g
modulation formats’ different degrading mechanisms. As evi-
dent from the lower plot of Fig. 5(a), in the NRZ case, the op-
timum optical bandwidths are basically the same as those foun 7}
for the ideal receiver; the minute tendency toward larger value: !
is due to the fact that (optical-filter-induced) ISI can slightly ﬁs i
be reduced by broadening the optical bandpass, while the totf'§5 I
detection noise increases only a little due to the presence of = | * \

significant electronic noise floor. For RZ, on the other hand, * A

8r\ | RZ, a=

FWHH/R

the optimum optical bandwidth nearly doubles compared to the 3 N
ideal receiver [cf. lower plot of Fig. 5(b)]. The reason is that the EN

2 S~o

presence of electronic noise in addition to the (lower) ASE-ASE
beat noise level can be compensated for by letting more sign:
energy pass the optical filter, until a new balance between sign:
power and overall detection noise is found.

Let us next assume an optical gain high enough to let elec
tronic noise be no issue, but an equivalent optical amplifier noist

figure of F.quiv = 7 dB [cf. (5)] andno polarization filterin
9 cauy [cf. (5)] P 9 Fig. 6. In (a), the sensitivity penalty, as a function of the extinction ratio

(M :_ 2)' _The results for this scena.rilolare given by the tht s given for optical FPF filtering and electrical BF filtering (solid: NRZ with
lines in Fig. 5. The observed sensitivity penalty splits into @ = 1, dashed: NRZ witte: = 0.4, dotted: 33% duty cycle RZ with = 1).
4-dB penalty due to the increased noise figure and a 0.2-Tfeg horizontal lines represent the asymptotes for perfect extinction. In(b),
0.3-dB Ity d he hiaher ASE-ASE b b . is shown as a function of the optical and electrical filter bandwidths for NRZ
ad Pena ty lj'e to the 'g er - eat noise varlanGgy, o = 0.4 and¢ = 10 dB; comparison should be made with Fig. 3(c) for
The optimum optical bandwidths are somewhat smaller than fee same scenario but with perfect extinction.
the ideal receiverhoth for NRZ and for RZ, since the higher
(two-polarization) ASE-ASE beat noise asks for compensation

by reducing the optical bandwidth.

TABLE |
OPTIMUM BANDWIDTHS FOR A RECEIVER EMPLOYING OPTICAL FPF
FILTERING AND ELECTRICAL BF

B. Finite Extinction Ratio NRZ,a=1 | NRZ,a=04 |RZ,d=33%,a=1
An important reason for suboptimum receiver performance FWHH | B, |FWHH| B, |FWHH| B,

in practical systems is a finite extinction ratjoFor NRZ sig- (—oo | 25R |08R| 1L7R |07R| 18R 1.2R

naling, we define this parameter as the ratio of the maximum ¢ =10dB| 35R |07R| 33R |06R| 3.1R 0.8R

optical power for a “1"-bit to the minimum optical power for a
“0”-bit. For RZ, we define the extinction ratio as the ratio of the
peak optical power for a “1”-bit to the peak optical power fotjue to the dominance of signal-dependent noise, as outlined in
a “0"-bit, since RZ signals are most conveniently generated [30].
passing a primary optical pulse train through a secondary (NRZ)Fig. 6(b) showsy, as a function of the optical and electrical
intensity modulator fed by the data signal; the RZ extinctiofiiter bandwidths for NRZ withae = 0.4 and an extinction
ratio is then determined by the secondary modulator, which wilitio of ¢ = 10 dB; this figure should be compared to Fig. 3(c)
not completely suppress the pulses of the primary pulse trairf@t the same scenario but with perfect extinction. Note that
logical zeros. the optimum optical bandwidth increases with decreaging

Fig. 6(a) shows the influence of the extinction ratio on systebehavior that can be explained by considering “0"-bit noise.
performance, expressed in terms~gf the sensitivity penalty The poorer extinction ratio implies a higher signal level for the
relative to the quantum limit, for an otherwise ideal receiver (cf:0"-bits, which, in turn, lets the signal-dependent signal-ASE
Section V). The solid and dashed curves correspond to NR£at noise rise significantly above the ASE-ASE noise floor for
with « = 1 anda = 0.4, respectively, while the dotted curve“0”-bit detection. As in the case of high electronic noise (cf.
represents RZ witlx = 1. Optical and electrical filtering, with Section V-A), the optical filter may then be increased for less
bandwidths optimized for perfect extinction, is done by an FRignal distortion, until the growing ASE-ASE beat noise term
and a BF. (Optimizing optical and electrical bandwidths for eadiecomes comparable to the “0"-bit signal-ASE beat noise. At
value of¢ leads to sensitivity improvements of less than 0.25 dB = 10 dB we find the optimum optical/electrical bandwidth
for the depicted range df) The horizontal lines give the asymp-constellations given in Table I.
totic limits for { — oo. The figure shows that an extinction Another interesting aspect that becomes evident comparing
ratio of { = 20 dB causes less than 0.5-dB sensitivity reductidrigs. 6(b) and 3(c) is the significant change of the contour lines’
compared to perfect extinction, while the received power neashapes: for the lower extinction ratio, the sensitivity is more tol-
has to bedoubledfor { = 10 dB, a typical value for today’s erant with respect to optical bandwidth variations. This feature
high-speed intensity modulators. Note that the sensitivity gamdue to the fact that the (largely bandwidth-independent) noise-
of RZ over NRZ only slightly drops with decreasiggwhich is  floor given by the “0™-bit signal-ASE beat noise reduces the de-
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Fig. 8. Sensitivity penaltyy, as a function of the chirp parameter. for
(b) optimized FPF and BF bandwidths (solid: NRZ with= 1, dashed: NRZ with
a = 0.4, dotted: 33% duty cycle RZ withk = 1). The better performance of

Fig. 7. Sensitivity penalty, as a function of normalized FWHH ar8),, for : . : wO isualized by th
(@) NRZ and (b) 33% duty cycle RZ with = 1, chirp parameten, = 4, gzéfgpr:ﬂq ';'.RZ signals is caused by reduced (*0"-bit) ISI, as visualized by the eye

optical FPF filtering, and electrical BF filtering. The contour lines are separate
by 0.25 dB, and the crosses indicate the optimum bandwidth constellations. The

figures should be compared to their chirp-free equivalents, Fig. 3() and (b)sensitivity penaltyy, relative to the quantum limit as a function
of |«.| for RZ with « = 1, for optimized FPF and BF band-
teriorating influence of additional ASE-ASE beat noise broughjidths?
by enlarged optical bandwidths. For NRZ, on the other hand, a chirped signal can euen
. provereceiver sensitivity, as indicated by the solid< 1) and
C. Chirp dashed ¢4 = 0.4) curves in Fig. 8. For NRZ withh = 1, a
Mostlaserintensity modulation techniques employedtoday ichirp of || = 4 fully exploits this effect and provides a sensi-
troduce anonlinear phase term (frequency chitp)tothe mod- tivity gain of 1.8 dB compared to the corresponding unchirped
ulated optical field [40]-[43]. Although without direct influenceNRZ signal. This interesting feature owes to the fact that—in
on the optical power waveform at the transmitter, this phase teoontrast to RZ reception—ISI plays a vital role in the case of
both broadens the spectrum and leads to signal distortions whRIRZ [45]. In combination with an optical filter, a chirp can lead
ever dispersive elements (such as optical filters!) are involved.tmsignificant NRZ pulse compression, and thus to less (“0”-bit)
the frame of this work we use the simple chirp model [40] ISI. This effect is visualized by the eye diagrams in the inserts
do(t)  a. ' dpin(t) (22) of Fig. 8; although the eye is slightly more closed far = 4]

At 2pi(t) dt than it is fora,. = 0, the chirped system performs better, since
with the chirp parameter.. being real-valued, constant overthe compressed NRZ pulses yield significantly less “0"-bit sig-
time, and typically lying in the rangler.| < 5. nals and, thus, also less “0"-bit noise. Since NRZ signals with

Fig. 7 shows the influence af. on the optimum receiver steeper pulse slopes shawriori less IS, this effect is less pro-
bandwidths for an otherwise ideal receiver using an FPF an#i@unced for NRZ withx = 0.4, as can be seen from the dashed
BF; Fig. 7(a) and (b), respectively, apply to NRZ and Rz, botine in Fig. 7. If the chirp is chosen very large, the adverse ef-
with & = 1. This should be compared with Fig. 3(a) and (bfect of spectral broadening removes the benefits brought by ISI
where the corresponding chirp-free curves are shown. It canfeéuction, and performance deteriorates for the same reasons as
seen that for RZ reception, the optical bandwidth must be raisédhe RZ case. Note from a comparison of Figs. 7(a) and 3(a)
from 1.8R to 8.9R when going fromx,. = 0 to o, = 4 for op-  that the choice of the optical bandwidth becomes more critical
timum receiver sensitivity. This increase by a factor of nearif} the chirped case, since filter characteristics and chirp have to
5 owes to the chirp-induced spectral broadening of the inpg adjusted to each other to provide maximum pulse compres-
signals requiring a larger optical filter bandwidth to establist$ion; at optical bandwidths large enough to let the signal field
the balance between optical-filter-induced signal energy rejeétass undistorted, chirped and unchirped signals yield identical
tion and detection noise. As the optimum optical bandwidth beeceiver sensitivities, as expected.
comes broader, its (absolute) tolerance to suboptimum values .
also increases. However, due to the higher ASE-ASE beat ndise Uncompensated Frequency Drifts
brought about by the wider optical filter, the performance of RZ Our above analyses show that optical bandwidths of typi-
coded systems steadily decreases with increasind his be- cally twice the data rate lead to optimum receiver performance.
havior is illustrated in Fig. 8, where the dotted line shows thdowever, the choice of such narrow filter bandwidths naturally

6Recall that chirped Gaussian pulses show a spectral broadenjyigy ¢f a2 7Our analyses showed that positive and negative chirp parameters influence
[3], which, too, applies well to the non-Gaussian RZ pulse shape used heresy, alike.
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2

brings up the question of the influence of deviatiaag of the
transmit laser’s frequency relative to the optical filter's center s}
frequency; such deviations can occur in practice due to compeg
nents’ temperature fluctuations or aging, and—in space-borrg
systems—additionally due to Doppler shifts induced by the sl
satellites’ orbital motion. Usually, active frequency-locking
circuitry, accompanied by a significant amount of additional 9,
system complexity, is employed to partly compensate fo(2)
such frequency deviations. In this subsection, we answer tt
question how broad the optical filter should be chosen in thi 06
presence of frequency deviations, and what sensitivity penall
has then to be expected. =047
Frequency fluctuations are slow compared to the data rat%
Thus, for a given optical/electrical bandwidth constellation, re” 02f
ceiver performance is best characterized by the average numt
of photons per bit at the receiver input that guarantees BEP
10~? over theentire rangeof possible frequency deviations (b
Afe[_Afma.xa Afma,x]y i.e.,
N, Afuny (FWHH, By,) 7

= HE}X {77,5(|:WHH7 Bh7 ts, Sth, Af)} (23)

1+

5t

3

5
where we assume that both sampling instanaind decision E I
thresholdsy;, are kept at their optimum values faxf = 0, re- £
gardless of the frequency fluctuations. (Our simulations showe :
that real-time adjustment df ands.,, which would require 15705~ 03 04 05 06 07 08 09 1
complex electronic circuitry in practice, does not lead to signif-(c) Ao/ R
icantly different results.)

Fig. 9(a) shows, for an ideal receiver (cf. Section V), the sefid-9- Sensitivity penalty, with respect to each system’s ideal performance
. as a function of the maximum differenc®f,,... between the optical carrier
sitivity penalty frequency and the optical filter's center frequency for electrical BF filtering. The
solid and dashed curves correspond to NRZ and 33% duty cycle Rzwwithl
YO = Mg, A frar /5,0 (24) and optical FPF filtering, while the dashed-dotted and dotted curves apply to
NRZ and 33% duty cycle RZ withk = 1 and optical FBG filtering. In (a), the

; ; it ; optical/electrical bandwidth constellatiaptimum for zero frequency offsst
as a function of the maximum frequency deVIatm!ﬁmaX/R if employed, irrespective ak f,,.., whereas in (b), the bandwidth constellations

the optical/electrical bandwidth constellatioptimum for zero are adapted to yield optimum performarmeer the entire range of frequency
frequency offsat employed, irrespective @k f,,.. The solid shifts The optimum optical bandwidth for eachif,.. is given in (c).

and dashed lines apply to NRZ and RZ for FPF optical filtering,

whereas the dotted and dashed-dotted lines apply to RZ

w
T

e ) ) 3Mls behavior is due to the fact that receiver sensitivity degrades
NRZ for FBG optical filtering. All examples imply BF electrical only slightly due to enhanced ASE—ASE beat noise when 00

filtering and optical signals witx = 1. It can be seen that the 40 o tical filtering is employed, as can be seen in the contour
FPF is more tolerant with respect to frequency ﬂuctua‘uons,gzpOtS of Figs. 2—7
n

consequence of the fairly moderate dropoff of its transmissi
characteristics. In contrast, the FBG leads to much higher sen-
sitivity penalties, especially for NRZ, where severe ISI corrupts
the optically filtered waveforms in the presence of frequency We comprehensively analyze the performance of optically
mismatch. The high sensitivity penalties encountered for optiqgaileamplified direct detection receivers, both for NRZ and RZ
filtering optimized for zero frequency offset should be consignaling, including realistic optical pulse shapes as well as typ-
pared to Fig. 9(b), where the penalties for the filter constell&al filter transfer functions. Optical FPFs and FBGs, electrical
tions yielding optimum performanocaver the entire range of fifth-order BFs, and first-ordeRC' LFs.

frequency shiftss depicted; note the different scaling of the or- We show that for optimum receiver performance, the receiver
dinate axis of Fig. 9(a) and (b). By choosing appropriate optichfindwidths have to be chosen to establish a balance between
filter bandwidths, penalties due to frequency drifts can be dradetection noise and (“0”-bithtersymbol interferenc@Sl) for

tically reduced. The optical bandwidths optimum in the preNRZ signaling, whereas noise afiler-induced signal energy
ence of frequency drifts are shown as a function\gf,..../R rejectionhave to be traded for optimum RZ reception. Gener-
in Fig. 9(c). It can be seen that enlarging the optical bandwidthBy, broader than optimum filtering is to be preferred to too
from around2R to aroundb R leads to penalties below 0.6 dB,narrow filtering.

even for severe frequency offsets on the order of the daté rate.Our analyses fordeal receivers (characterized by the pres-
ence of a single spatial and polarization mode, a 3-dB optical
r'é\mpliﬁer noise figure, and an optical gain sufficiently large to

VII. CONCLUSION

8Doppler shifts in typical low-earth orbiting satellite networks may amou
so several gigahertz [22].
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let the unavoidable beat noise terms dominate electronic circuiig]
noise) show that—as a consequence of the different trade-
offs—the optimum optical bandwidth has to be sought around[9
twice the data ratdgothfor NRZ and the spectrally three times
broader RZ signal with 33% duty cycle. This situation change?lo]
considerably whemonideal effects are included: Electronic
noise as well as signal chirp may significantly increase the
optimum optical bandwidth in the RZ case, whereas for NRZ11
the optimum bandwidth is basically left unchanged. Finite
extinction ratios, on the other hand, ask for larger optical filten12]
bandwidths for RZ and NRZ alike.

Comparing different optical pulse shapes, our resultém]
show that receivers using RZ coding are capable of closely
approaching the quantum limit, outperforming NRZ-based4
systems by several decibels, even if the same optical/electrical
bandwidth constellations are used. This RZ gain is largely15]
independent of receiver noise and extinction ratio. (Extinction
ratios of around 10 dB reduce receiver sensitivity by typically[le]
3 dB, both for RZ and NRZ.) A comparison of different
filter characteristics reveals that using more sophisticated BI[—‘17]
electrical filtering instead of LF filtering yields a sensitivity
improvement of typically 0.8 dB for NRZ and 0.2 dB for
RZ. Optimum electrical bandwidths may differ substanially, 18l
especially for NRZ, where the filters’ different influence on ISI
has to be considered. Employing an FBG instead of an FPF as
an optical filter can improve receiver sensitivity by some 0.7 dB[19]
for NRZ reception, whereas no improvement is found for RZ.

Pulse chirp always degrades RZ receiver performance, singen]
the chirped pulses’ broader spectra require broader optical fil-
tering, which also introduces more detection noise. The perform]
mance of NRZ systems, on the other hand, can evémpeved
using chirped pulses, as the interaction of the pulse chirp with
the optical filter's phase response can considerably reduce 'Slzz]

If frequency fluctuations between the optical carrier and
the optical filter's center frequency are present, the opticaiol
bandwidth must be increased; the penalty caused by optic %3]
frequency fluctuations on the order of the data rate can be kept
below 0.6 dB, if the optical filter bandwidth is chosen about[24l
five times the data rate.
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