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Abstract

We present a theoretical investigation of femtoseconddiaped pulse sequence generation using an
Arrayed Waveguide Grating in a double passed configuraiienpresent low insertion loss designs using
phase-only filters designed using numerical optimizatiime designs are also analyzed for robustness

to fabrication errors.

Index Terms

Arrayed Waveguide Grating, optical pulse generation, phady filter, Wavelength division mul-

tiplexing.

I. INTRODUCTION

The Arrayed-Waveguide Grating (AWG) is now a well-knownheaclogy which is deployed
for applications in Wavelength Division Multiplexed (WDMhannel demultiplexers and op-
tical routers [1]-[6]. A few recent experiments [7]-[10]veademonstrated a completely new
functionality of the AWG. In the initial experiment by Lediret al. [7], the AWG was read-
out by a femtosecond pulse to yield a burst consisting of tdnfemtosecond pulses under a

Gaussian envelope. The pulse repetition rate is set by tlay decrement in the waveguide
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array section and can be in the several hundred GHz to THzrahgubsequent experiment
introduced loss engineering (ie., adding attenuation fr@miate waveguides in the waveguide
array) to shape the pulse train envelope to have a flat-toppeaal intensity) character [9].
By combining two outputs of such a loss-engineered AWG aadby a high-rate modelocked
fiber laser, generation of a 500 GHz continuous pulse trais achieved [10]; this constituted
a 42-fold repetition rate multiplication factor comparedthe 11.9 GHz rate of the modelocked
laser. Another experiment which recombined multiple otgpi the AWG by using double-pass
geometry showed promise for a much higher repetition ratiipfication factors in the range
of a several hundred, with the possibility of fundamentédhy insertion loss [8]. However, loss
engineering directly gives rise to excess insertion loss$ ignnot able to provide for a flat-
topped intensity envelope in the double-pass geometry.pfimeipal contribution of this paper
is the design of AWGs which when employed in a double-passefiguration yield long pulse
trains with a square envelope, yet with much higher enerfigieicy than that obtained by loss
engineering. This is achieved via numerical optimizatib8]] using as parameters the phases of
the individual waveguides that constitute the AWG. We wilcademonstrate that the proposed
approach allows a systematic tradeoff between the variesagd objectives such as the flathess
of the pulse train temporal envelope, the length of the @peal and energy loss. Numerical
simulations establish that the designs are “robust,” ite ,performance of the designs degrades
gracefully in the presence of fabrication errors, thus enaging their practical implementation.
This paper is structured as follows. In section Il we revielevant results from the previous work
on the time-domain response of the AWGs while introducingagh@matical framework for the
AWG from a systems perspective convenient for the optinmonatvork. Section Il defines our
optimization approach. Section IV presents the simulatesults for pulse sequences designed
via our optimization approach. Simulation results testimg robustness of designal waveforms
are also discussed. We conclude with section V.

We note that others have investigated AWG designs in whidividual waveguide phases are
manipulated, e.g., [11], [12]. In the prior work the focusis the frequency domain response of
the AWG, e.g., tailoring the passband shapes or the digpersi contrast, in the current paper
for the first time we investigate the design of waveguide phasich that a desired time-domain

response is obtained, in particular the double-pass ityepofile.
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[1. TIME-DOMAIN RESPONSE OF THEAWG AND MATHEMATICAL FRAMEWORK

We consider an AWG with light coupled in via a single inputdgiiwith2)/ + 1 waveguides

in the waveguide array section. We make the following assiomg:

1) The delay increment between two consecutive waveguides in the array is a canstan
2) We consider the response to an individual input pulse witlse widtht, less than the
delay increment per guide, < 7. This means that laser bandwidth exceeds the AWG’s
free spectral range (FSR), which is determined by the delagement through the well
known relationshipF SR = <.
3) The dispersion in the individual waveguides in the waveguarray is negligible.
Let the input pulse be;,(t)e’<!, with spectrum (Fourier transform¥;,(j(w — w.)). With
t, denoting the input pulse width, the bandwidth Bfjw) is proportional tol/t,. Under the
assumptions, at each output waveguide, the phase matcliticond satisfied for a series of
frequencies spaced by the FSR, but with a slight frequendy (#ss than the FSR) from one
output guide to the next. Thus, the spectrum of the signatehth output guide of the AWG
is then given by
Ee) = 3 Bulilw - )l —un - 220), )
where w, denotes the center frequency (taken within a single diifsacorder of the AWG)
corresponding to the output waveguide, and(j(w — wp)) represents the bandpass charac-
teristics of the AWG around any frequeney,,, where phase match occurs. This is well known
from numerous studies of the AWG as a frequency demultiptexievice. It is convenient to
choosew. = wy, i.e,w, is chosen equal to a pass frequency for the centrat ()) output guide.
For future reference, we le{t) denote the inverse Fourier transformffjw), and7" denote the
effective width (i.e., temporal extent) oft). The bandwidths of;,(jw) and S(jw) are denoted
Av andAf, and are proportional tb/t, and1/7 respectively. A representative plot &f,(jw)
and S(jw), under the assumptions, is shown in Fig. 1. Thus, attfieoutput waveguide, the
AWG functions as a bank of narrow bandpass filters, centerée@guenciesv, + @ wherek

is an integer.
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We next consider the temporal response atitieoutput waveguide. From the inverse Fourier

transform of (1)

ehi®) = > (et ) x (s)e/n'e 1) 2)
k=—o00
where‘+’ denotes convolution. Using the identity
Z Tt = 1 Z o(t — kt), (3)
k=—o00 k=—o00

we have

eSu(t) = r(em(t)emt)*( 3 s(t)ej“"té(t—kr))

= 7(ewm(t)e?) x (k:z.j: s(kt)el*nT5(t — kT)) 4)

Note here that for our choice af. = w, coinciding with the transmission peak of the central
output guide, we have,r = 2mm, which is the condition for constructive interference. $hu
from a time domain perspective the AWG as viewed by:tfteoutput guide behaves, in effect, as
a collection of delay lines, with a delay incrementrofa phase shift increment ¢b,, —w)7, and

a transmission amplitude afk7) for the k' delay line. As sketched in Fig. 1, for a short pulse
input, the output is a sequence of pulses with pulse spacifdie amplitude of thé&! pulse,
s(kT), is equal physically to the amplitude of the field componentpted from the input guide
through thek guide in the waveguide array to thé"* output guide. The’*«»—«0)™ term acts

to pick out frequency components for th€ output guide that are shifted ly, — w, relative to
those in the central guide. Sine€k7) is independent of output guide number, pulse sequences
with identical intensity profiles but with slight shifts imeir frequency combs are produced
at each of the output guides, as demonstrated in [7]. Therdiits(k7) can be modified by
inserting various attenuations into the different guidethe array; this is the basis for waveform
control via loss engineering, as demonstrated in [9].

Consider now a small chang®r;, in the delay of thek* waveguide where\r; is taken to be
on the order of one optical cycle or less. This would phy$tocabrrespond to altering the length

of the k* waveguide by a small path lengtii, wheredL; is on the order of one wavelength
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or less. This would imply thakT — k7 + A7,. Consequently the output will be:

eM(t) &~ 7lewm(t)e ) x ( ST s(kr)eiwobTHAT) e (on—wo)BTHATE) § (4 ]-(37’))

k=—00
~  T(ew(t)el ) « ( S s(kr)elwol ikl w0l 5 (¢ kT)) (5)
k=—00

where we have used“**” = 1 and made the approximatignw,, — wo)A7; |<< 1, which is
valid as long a9 w,, — wy |<< wy. Thus, in summary, the impulse response of the envelope
from the input to thex™ output guide can be modeled as
M M
AWt =7 3 b/t 05t — k) =1 > bpel @m0l — kr), (6)

k=—M k=—M
whereb;, = s(k7)e*2™ andb, = 0 for | k |> M (since there are onlg)M + 1 waveguides,
by assumption). The important point being small changeshindelay in thek!* waveguide
affording the possibility of freely changing th#haseof b.

In the double-passed configuration, these pulse burstsaasat different output guides are
recombined into a single optical channel by returning thenough the AWG using a mirror
and a suitable set of delays. For simplicity, we restrict atiention to the case of an AWG
where the input and output slab regions are identical. Tlem) symmetry, the contribution
of the double-pass envelope response corresponding to’theutput waveguide is simply the
auto-convolutiong™ = h(™ x K™, Thus, the contribution of the'* output waveguide to the

double-passed response is
gM(t) = T2l @n—wo)t > a;io(t —ir), @)

where

k

Such autoconvolution behavior has been observed expemihercompare measured intensity
profiles in Fig. 2 for a loss-engineered device for single @mable passed operation, respectively
(reprinted from [8]). Clearly the flat-topped intensity pl® is lost upon double-passing the
device. Our design goal in this paper will be to achieve thiped behavior in double-pass by
appropriately designing thig, in (6). In the experiment of [8], pulse trains from variougmut
guides were recombined with delays such that the contdbstfrom different output guides are

not overlapped in time. Under this condition the differentse trains have identical intensity
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profiles and add incoherently. From the design perspedtive,then sufficient to consider the
double-pass waveform contributed by a single output guitiés is the approach we will adopt

in the remainder of this paper.

[1l. OPTIMIZATION APPROACH

We now explore the problem of designing AWGs where a singbaitipulse, after a double-
pass, yields a train of pulses whose heights are approxyridie same, i.e., “flat-topped.” We
will restrict our attention to the case when the output frosirgle output waveguide is returned
through the AWG using a mirror. Our design objectives arefthiewing:

« The double-passed output waveform should be close to ahsdeare train of pulses, i.e.,
with a constant amplitude in the temporal region of the puiaen, and zero amplitude
elsewhere.

« The energy efficiency should be high, i.e., the energy of thabte-passed output must be
as close as possible to the energy of the input pulse.

We now proceed towards formally translating these desigecties into a numerical opti-
mization problem. Letx" denote the number of desired pulses in the double-passpdto&r
convenience, we assume that is odd, and letKX’ = 2/ + 1. Without loss of generality, we

assume that the output pulse train amplitude is normaliaashity.

Constraints

1) The first design objective, that the output pulse train $e&lase to an ideal square pulse

train, yields the constraint:

] |ai|—1’§61, 1<i<l
la;| < e, otherwise, ®)
where the variables,; characterize the double-passed output via (8). The vasabland
€5 represent the deviation from ideality of the output pulsentin the temporal region of
the pulse train and outside (henceforth referred to as thedgst), respectively. A smaller
value ofe; ensures a flatter pulse train, while a smaller value;aénsures that the pulse
train cuts off sharply.
2) The second design objective, that the transmissionddsséow, is handled indirectly in the

spectral domain. Rather than directly address the insehtiss, we connect the insertion
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loss with the shape of the double-passed transfer functiagnitude, which exhibits a
strong peak at frequencies, + @ Intuition suggests that the excess insertion loss may
be minimized by peaking the spectral energy around thesgidrecies. A formulation for
computing the excess insertion loss will be discussed. |el@vever, for a standard AWG,
it is well known that the wavelengths demultiplexed in one @Wan be recombined
by passing through an identical second AWG (or double-pgsback through the first
AWG). Therefore, in order to minimize excess loss in the rfiediAWGs we wish to
design, one should seek to retain the strongly peaked spettaracter of the standard
AWG. We implement this idea in our optimization problem byidieg a small band called
the “in-band” around the peak frequencies. We talas the ratio of the energies contained
outside and inside the in-band. Then, the spectral pealongtint, which is an indirect

enforcement of the insertion loss constraint, can be foatedl as:

[ )P <a [ H(w) de, (10)
out—band

in—band
where H(jw) is the Fourier transform of the impulse response functiorthef central
output waveguide, and represents its output spectral prepeThe width of the in-band
is chosen to be the 10 dB width of the Gaussian transmissitimeaiinperturbed AWG. As
« takes on smaller values, there is sharper peaking of enasige the in-band, leading

to a decrease in the excess insertion loss.

Optimization variables

Recall that our design freedom lies in the ability to change waveguide lengths, and
consequently thehaseof the complex numbers, that characterize the single-pass transfer
function (see (6)). We could add a degree of freedom in ouigdelsy letting the amplitude
| b | also vary. However that would involve further addition o$émtion loss to each waveguide,
thereby conflicting with our energy efficiency requiremeéntfact, it will be pointed out that the
our phase profile based optimization leads to a better peréorce (more thafdB) in terms of
excess insertion loss with respect to loss engineeringrtegan [9]. Therefore in this paper
we will adjust only the phases of thig. The magnitudef b, are constrained, from the physics

of propagation through the Free Propagation Region (FRR)etapproximately Gaussian, with
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the central waveguide collecting the maximum energy. Thueshave the constraint

2

lbp| = boe 7, k=-—M,—(M—1),...,M—1,M, (11)

wherey is a parameter that controls the width of the Gaussian prafeting b, = |by|e/?*,

the optimization variables are the phase terfps

The optimization problem

Recall thate; and e; control the deviation of the output pulse train from the idsguare
train. We takes; = wrre, ande, = wwie, SO as to have a single variablethe parametersipr
andww reflect the relative weights that we assign between the etbgiroperties of pulse train
flathessand sharp cut-off of the pulse tramings Then, we fix the values of:

« K, the desired number of pulses in the double-passed output;

. the parametet that controls the ratio of the out-of-band to in-band endgpe (10));

« the parametety that characterizes the shape of the Gaussian profile of tigmitade ofb,

(see (11));
« the parametersrr andwy; that determine; ande, in (9), thus characterizing the trade-off

between pulse train flathess and cut-off,

and solve the optimization problem
minimize: ¢
(12)
subject to: (9) (10), and (11)
Given a set of design parameters, o, and v, one calculates the phase profile following
optimization which yields the optimized phase profile asnsh@n the block diagram in Fig.

3.

Design evaluation

By numerically solving a series of optimization problem®)(for various values of<, «,
v, wpr andww, we may systematically explore the interplay between théoua parameters
that affect the constraints. This in turn enables us to sthdytradeoff between the conflicting
objectives of squareness of the output pulse train and Ieeriion loss.

The following quantitative measures will be used to evauhe designs obtained:
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« How close the output pulse train is to the ideal square trainaptured by the quantities

opr anddwi, defined as

_ 2 _ 12
dpr = }2%)§| la;|* =1 |, Owr rlrizﬁc\w : (13)

opr serves to quantify how flat-topped the output pulse trairamg 6w measures the the
electric field intensity in the wings, i.e., it quantifies halarply the pulse train cuts off.
« The insertion loss is computed as follows. The single-pagsuise responsg™ is given

by (6), with transfer function

M
H"(jw) =1 3 byeltlonwomemiker, (14)
k=—M

Specializing to the central output guide,(= wg), which is sufficient for our purposes, we
have
M )
HO(jw) =7 > bre 7™, (15)

k=—M
We will henceforth simplify our notation by writing/ (jw) instead of H© (jw); the impli-
cation is that we are specializing to the central output guadthough as discussed earlier all
of the output guides give very similar responses. The dephss impulse response is given
by the convolutiory™ = A « A and consequently the double-pass transfer function is
G(jw) = H*(jw). Note thatH (jw) andG(jw) are periodic inw. With the assumption that
the input spectrum is broad (i.e, the input pulse can be wal@aimated by an impulse
function), the power from one output waveguide double-pdgkrough the AWG is simply
proportional to

us

Pu= [ 1 H(jw) ['d (16)

T

Here we have calculated only the power in one periodddfiw); for a broad flat input

spectrum, the total power is just the power per period tirhesnumber of periods excited
by the input pulse. Also, as explained earlier, we assuntafthaultiple outputs are double-
passed through the AWG, then their relative delays are siffichat there can be no
temporal overlap. This ensures that the power contribstivom each of them can be
added, so that (16) gives the double-passed power trariemigsr frequency per output

guide. Consequently we can quantify the excess inserties Woth respect to the standard
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AWG device in dB as:

Tipss = 10 <1og [ G e —10g [ |Ho(jw>|4dw> , (17)

where Hy(jw) is the output pass-band spectrum of the untruncated AWCcddinfinite
number of guides in the array section) with the same exoitapirofile but with no added

phases.

IV. SIMULATION RESULTS

We solve a series of optimization problems (12), using thedsdrd local nonlinear optimiza-
tion algorithm implemented in the MATLAB optimization tdmix [14], [15], with the following

choices of parameters:

« Earlier experiments [7]-[9] dealt with the generation of 1& 25 pulses per output waveg-
uide. We thus consider two representative values for thebeurof output pulsesi’ = 11
and K = 19. (By trial and error, the corresponding number of wavegsiidethe AWG
were chosen to beM + 1 = 19 and2M + 1 = 39 respectively. These choices are also
motivated by experiments [7], [9] that typically employed @ more waveguides. )

« We consider three possible choices for the parametbat controls the Gaussian profile of
the magnitude ob,, (i.e., the excitation profile)yy = 0.7M,0.83M, M. ~ is a typical device
parameter, that governs focusing properties. In our casaghdr value ofy corresponds
to truncation/blocking of waveguides near the trailing edgf the FSR mode incident on
the array.

« We consider four values for the parametethat controls the ratio of the out-of-band to
in-band energy (see (10)j = 0.15,0.25,0.35,0.45. The use oty is proposed in order to
formulate the excess insertion loss constraint. Choicénefabove four values is followed
by several trials, and depicts consistent trade-off betwsgectral and temporal properties,
while increasinga beyond the value di.45 neither illustrates any trend better nor yields
better results.

« We consider a range of values for the parameters and wyw; that reflect the relative
weights that we assign between pulse train flathess and paisecut-off. Justification of
parameters such as these or estimates§;qf and d,;,; are judged using an eyeball measure

of the temporal profiles obtained.
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For every parameter combination, the solution to the optitmn problem (12) yields a locally
optimal design, that is, a set of values for the phaser in turn, a corresponding set of values
of waveguide path length variations) that minimizes a memastithe deviation of the output pulse
train from the ideal square pulse train. Owing to the “loaaditure of the optimization, different
runs of the optimization program with different choices aftialization of the optimization
variables would yield different “optimal” solutions. To @wekss this issue, we run the same
optimization program with0 randomly chosen initial conditions and pick the best sohyti
which serves as an approximation to the “globally” optimalusion.

It is impossible to present the results obtained by simelbasly varying all the parameters
that characterize problem (12). We instead present a sefipfots, henceforth referred to as
tradeoff curvesthat present the performance of the optimal designs doddaby holding a
subset of the parameters at a constant value and varyingthainming parameters [16]. More
specifically, we holdy and o constant, and by varying the weight parametegs: and ww
systematically, obtain a series of optimal designs by nicaklly solving (12). The values aofpr
anddw are then plotted for the optimal designs, capturing theew#doetween the conflicting
design requirements of pulse train flathess and pulse tratoft

From the definition of theyrr and dw; in (13) it is desirable to have botb-t and dw;
small. Thus, given a choice of two values for a parameter,sdlge one for which the tradeoff
curve is closer to the origin represents a better choicendJgiis guideline, we pick one choice
for both of the other parameters and v, and from an examination of the resulting tradeoff
curve, choose one optimal design that yields reasonablesafdr-r and dwi. This particular
design is further analyzed for its time-domain performark® we have noted a similar trend
in the tradeoff curves for both the 19-waveguide/11-puls# 39-waveguide/19-pulse problems,
we present tradeoff curves for only the former problem. Wevéaer present the time-domain
performance, designs (phases) and insertion loss trensivfobest designs from each problem.
The selection process for the best designs of the latterdgrolollows exactly the same trend
(with the same values of the variable parametemsnd~) as the former problem.

An important practical issue is that odbustnessHow gracefully does the performance of
the optimal design degrade in the presence of variationeenoptimization variables, i.e., the
phasey;. of b,? We address this issue by allowing for random variation,imround the optimal

value, and analyze the performance of the resulting designs
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A. A sample tradeoff curve

We begin by presenting a typical tradeoff curve, i.e., a pibbtw; versusipr for a fixed
choice of parameters and~, in Fig. 4 for the 11-pulse/19-waveguide system. Fig. 5 shtive
output pulse trains corresponding to the selected pointkedaon the tradeoff curve in Fig. 4.
Points along the trade-off curve are obtained by systemiftigarying the weightsvpr andww;
as discussed earlier. We have sgt; = 1 and variedwgr from 0.7 (point (d) on the trade-off
curve) t00.01 (point (a) on the trade-off curve). We have used the samefsatights for all
the trade-off curves that are discussed in this paper. Blotie relative variation of pulse flatness
opr between design (d) and design (a), corresponding to theragtpoints of the curve. It can
be seen that the pulse train cutéff; varies only by a small margin (af%), with épr varying
between0.5% to 17% between the two points. Thus, a small sacrificé\p can be traded off

to realize a large reduction ifr.

B. Effect ofy

Recall that the parametercharacterizes the shape of the Gaussian profile of the nuaignaf
b, (see (11)). We fixa = 0.45 (more on this shortly), and consider three values:of = 0.7M,
~ = 0.83M, andy = M. Recall that the we have chosen an odd number of waveguidekared
from —M to M. Figure 7 illustrates the tradeoff curve betwekn and dw; for the 11-pulse
19-waveguide exampleM = 9). It is evident that the choice of = 0.83M yields the best
performance (i.e., the tradeoff curve is closest to theiyid-ig. 6 shows the magnitude profile
of the coefficientsh, for the three values of.. The double-passed output envelope is directly
affected by thebh, (via an autoconvolution); this explains why has a significant impact on
orr anddwi. Note that our definition ofy is with respect to (11) as a fraction of the number
of waveguidesM on each side with respect to the central waveguide. This dvouply that
as vy increases we observe an increase in the amount of truncatitme Gaussian profile as
seen in Fig. 6. In our formalism for the excess insertion lossulation Eqn. (17) we have
defined Hy(jw) as the transmission of the untruncated AWG with the samehvwpdrametery
and with no phase perturbation. This would imply that ounfalism accounts for the insertion
loss due to two factors namely: 1) due to truncation of theSSi@am excitation profile, 2) due
to the degradation of the lineshape arising from the phagerpations that serve as degrees of

freedom for our design problem.
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C. Effect ofa

Recall that the parameter indirectly enforces the low insertion loss requirement tha
spectral peaking constraint (10). Fixing= 0.83M (this is the best choice among the three
values considered in Fig. 7), we choose four valuesafof.15, 0.25, 0.35, and0.45, and plot
the corresponding tradeoff curves in Fig. 8(a) and (b). Aleenaalue of o enforces tighter
spectral peaking (and a lower insertion loss) at the cosargier deviation of the double-passed
output pulse train envelope from the idea square train..Fgand 10 show respectively the
output pulse train envelope and the normalized frequenegtagm of one optimal design for
each value ofv. It is evident thain = 0.15 yields the most tightly-peaked frequency spectrum,
however with the time-domain pulse envelope deviating tlestrfrom the ideal square (note that
the pulse train cutofby; for a = 0.45 in Fig. 8(a) is an order of magnitude smaller than that of
a = 0.15 in Fig. 8(b)). This would imply that an optimal design, basedour analysis would be
one representing point (A) on trade-off curve with= 0.45, v = 0.83M. Designs corresponding
to a particular pointdyi, opr) are not unique. There can be different designs (phaseb)tingt
same temporal performance (i.e, the same point on the tfideHve). As a result of this, the
calculated excess insertion loss varies from design t@de¥ie have generated designs that
correspond to the points (A) (which have the flattest topsyan 8(a) and (b), and in each
case noted the trend of excess insertion loss variation. &dergte each design by iteratively
generating the same point (point (A) in our case) on the tadfleurve. Owing to the local
nature of the optimization, we obtain an entirely differeesign during each iteration. Table |
depicts the trend of the calculated excess insertion lossgated via (10)) for the various
values ofa for the 11-pulse/19-waveguide system. It is seen from Tabldat our optimal
designs (point (A) omx = 0.45, v = 0.83M trade-off curve), for the 11-pulse/19-waveguide
system have an excess insertion loss in the rangel8@B to 5.12dB. Note that agw decreases,
we perform significantly better spectrally (lower excessention loss from Table 1), and at the
same time deviating more significantly from our target wawef in time domainlt should be
pointed out that the above values for excess insertion wsdose to3dB lesser than that of
loss engineered AWG's [9], given the same numberl 8f (vaveguides in the array.

We pointed out in the beginning of this section that we shalpldy the selection process

of the optimum design only for the 11-pulse/19-waveguideteay, and choose the design with
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TABLE |
TABLE OF RANGE OF CALCULATED EXCESS INSERTION LOSS FOR DESIGNS WITH EHFLATTEST TOP(POINTS MARKED (A)
ON ALL TRADE-OFF CURVES SHOWN INFIG. 8(A) AND (B)) FOR VARIOUS VALUES OFa FOR THE11-PULSE 19-WAVEGUIDE

SYSTEM

Q@ Excess Insertion Loss (dB
0.15 0.87 to 1.05 dB
0.25 1.97 to 2.21 dB
0.35 3.28 to 3.57 dB
0.45 4.83t0 5.12 dB

similar parametersy(= 0.83M anda = 0.45) for the 19-pulse, 39-waveguide systefnsimilar
set of design parameters yields optimum designs for theul{39-waveguide systentjg. 11
shows tradeoff curves for both 11-pulse/19-waveguide a@wpulse/39-waveguide systems (in
both cases with an optimum choice of the parameters0.83M and «a = 0.45).

The point (A) marked on both curves represents the best mesigerms of best temporal
shape just by visual perception. We display these desigmssgprofiles) in Tables Il and I
with the corresponding pulse trains (design 1 from Tablemnd IIl) in Fig. 12. Notice (in case
of the 11-pulse/19-waveguide system) that the pulse ti@searly flat topped with pulse train
flatness with less thaf.2% variation and a marginal intensity in the wing region (lebart
4%). The 19-pulse/39-waveguide system seems to have a bettirmance with pulse train
flatness having less than2% variation and the wing region having a very marginal maximum
intensity of 1.6%. We estimated the excess insertion loss for this systengusin formulation
(once again for designs represented by the points along thd).83M and o = 0.45 trade-off
curve) to be in the range 6f9 dB to 7.3 dB. Notice, that the insertion loss for the latter system
is of the order of2 dB more than the former. Also note that the pulse train cutofboth
cases is very sharp. We have thus obtained satisfactorgraesifter evaluating the interplay
between several conflicting factors with the aid of tradewfélysis. The optimal set of phases
for both systems is shown in Tables Il and |Ill. It should beteeated that we are presenting
two sample sets of optimal designs. In practice there coelddveral designs that yield the
same temporal performance as in Fig. 12. We also summarmzpdtiormance of the optimum

designs in Table IV.
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TABLE OF PHASE V/S WAVEGUIDE NUMBER FOR TWO OPTIMAL DESIGNS FORL1-PULSE/ 19-WAVEGUIDE SYSTEM

Waveguide number -9 -8 -7 -6 -5 -4 -3 -2 -1 0
Phase (rad) (Design 1)) -1.3927| -0.3811 | 0.3378 | 1.5519| 1.9063 | 1.8162 | -0.0104 | 1.3155| 0.0794 | -0.6472
Phase (rad) (Design 2)) 1.3587 | 0.8710 | 2.6465| 0.3202 | -0.7121 | -1.3126 | -0.3121| 0.6825| 1.7313 | 1.6703

Waveguide number 1 2 3 4 5 6 7 8 9
Phase (rad) (Design 1) -0.7715| -0.3234 | -0.0312| -0.1849 | -0.8111| -1.9700 | 2.5555 | 0.0999 | 1.9277
Phase (rad) (Design 1)) 0.9676 | 2.0144 | 1.5009 | 2.0087 | 0.3432 | 0.3622 | -2.5299 | -1.9733 | -0.7468

TABLE Il

TABLE OF PHASE V/S WAVEGUIDE NUMBER FOR TWO OPTIMAL DESIGNS FORL9-PULSE/39-WAVEGUIDE SYSTEM

Waveguide number -19 -18 -17 -16 -15 -14 -13 -12 -11 -10
Phase (rad) (Design 1)) 1.2374| 2.6319| 1.6258 | 1.6838| 0.3552 | 0.0732 | -0.8981 | -0.5698 | -0.6246 | 2.6777
Phase (rad) (Design 2)) 0.1743| 1.9003 | 1.8631| 1.4263| -0.6353 | -0.5443 | 0.5465 | -1.1562 | -0.4325 | 2.8728

Waveguide number -9 -8 -7 -6 -5 -4 -3 -2 -1 0
Phase (rad) (Design 1) -2.8338| -1.2577 | -0.4392| -1.7758 | 0.0402 | -0.9946 | 0.1441 | -0.0576 | -0.0434 | 0.9997
Phase (rad) (Design 2) -2.9179| -0.9400 | -1.1930| 0.2965 | -0.9942 | 0.1317 | -0.3099 | 0.5422 | 0.4349 | 1.2946

Waveguide number 1 2 3 4 5 6 7 8 9 10
Phase (rad) (Design 1)) 1.7070| 1.0545| 0.7736 | 0.6322| 0.7855| 0.5880 | 0.1880 | -0.5094 | -2.1038 | 2.8506
Phase (rad) (Design 2) 2.4359| 1.4315| 1.3115| 1.7384| 1.0463 | 1.3376 | 0.8171| 0.6059 | 3.0852 | -2.5429

Waveguide number 11 12 13 14 15 16 17 18 19
Phase (rad) (Design 1)) 2.3541| -1.0519 | -3.0558 | 0.2634 | -1.8500 | 1.0681 | -1.3479| 0.1871| 1.0214
Phase (rad) (Design 2) 2.9206 | -1.7799 | -0.9385 | -0.0872 | 1.4768 | -1.1989 | 2.8387 | 1.5080 | 1.9950

TABLE IV
SUMMARY OF PERFORMANCE OF OPTIMAL DESIGNYDESIGNS1 AND 2 FROM TABLES || AND IIl) FOR
11-PULSE/19-WAVEGUIDE AND 19-PULSE/39-WAVEGUIDE SYSTEMS
pulse/waveguide system 11-pulse/19-waveguide 19-pulse/39 waveguide

OFT 0.2% 0.1%
owr 4.6% 1.6%

Excess insertion loss (dB), Design|1 4.8 dB 7.26 dB

Excess insertion loss (dB), Design|2 5.08 dB 6.9 dB
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D. Robustness

In practice, any implementation of the optimal design, hweaveguide length alterations, will
not be exact. Thus, there remains the issue of robustne$® ajptimal design. We perform an
empirical analysis of the optimal 11-pulse, 19-waveguiédgigh by allowing random phase errors
that are uniformly distributed over a realistic range ofues.Present fabrication techniques [17],
[18] typically permit fabrication with path length jitteraround a twenty-fifth of a wavelength.
Theoretical attempts [19], [20] have focussed on frequenesponse, with major focus on
minimizing crosstalk due to neighboring channels. Howewmarrobustness analysis mainly deals
with the degradation of temporal properties of the obtaifiat topped pulse train with respect
to random phase errors, while channel crosstalk is hardly igsueln our analysis, we perturb

our designs with five ranges of path length jitter:2- +2 4+ +2A

A
55 Tgg0 T3, £, 5. For each range,

we use a uniformly distributed random variable that is addeithe design phases. The resulting
degradation in performance is quantified by the pulse flatnesasurérr. This is becauseéy
changes fromt.5% to 8.5% which is very slight considering the initial value 6f;; = 0.045.

For each allowable path length jitter range, we determieevbrst-casadegradation, by running
25 trials with randomly generated path length jitters, ain#tipg the worst (in terms ofgr). As
expected, the pulse flatness paraméter increases with the path length jitter range, and this
variation is quite noticeable. Table V summarizes the tesalcomparison with the unperturbed
pulse train.opr changes frond).5% to about15% for a path-length jitter range that is as high as
i%; andopr = 4% in the i% range. Fig. 13 illustrates the double-pass pulse trainlepedor
various path-length jitter ranges. It turns out that theessdnsertion loss performance degrades
marginally from4.8dB in the unperturbed case t#084dB in the worst case Oﬂ:% jitter length
jitters as well; this is evident from Fig. 14, which shows tivgperturbed spectrum superposed
with the spectrum corresponding to the worst-case degragltdm due to at% jitter. Note that

with path length jitters, the spectral shape changes onlgimaly, with the peaking maintained.

V. CONCLUSION

We have demonstrated that by appropriately modifying thasph of the waveguides of
an AWG read-out by femtosecond pulses and used in a doubkegaconfiguration, we may
generate flat-topped pulse trains with much enhanced ereffigiency as opposed to conven-

tional loss engineering. Moreover, the optimization fraraek employed offers the potential
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TABLE V

TABLE OF PULSE TRAIN FLATNESS TO PULSE TRAIN CUTOFF FOR DIFFEERNT EXTENTS OF PATHLENGTH JITTER§WORST

CASE).
oL Percentage Deviation Percent deviation
6FT 6WI
Unperturbed 0.5% 4.6%
+555 0.5% 4.6%
+3 2% 6%
+2 4% 6%
+4 15% 5.5%
+2 28% 8.5%

to systematically study the tradeoff between the confiictilesign requirements of pulse train
flathess and pulse train cutoff. The designs obtained afpdae robust to fabrication tolerances
corresponding to of phase jitter in the orderje{i, suggesting that the designs may be suitable
for experimental implementation. As an alternative to detgassed operation, it should also be
possible to cascade a pair of phase-engineered AWGs tondita&itopped pulse trains. Since
then the two AWGs need not have identical designs, this weskkntially double the number

of optimization variables, which may lead to even betterigiesthan the ones reported here.

This work was supported in part by the National Science Fatiod under grant no. ECS-
0100949.
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Figure captions

Figure 1: Expected output spectrum and temporal profile foamitrary output guide of the
AWG (modified from [7]). Note that an output pulse sequencgegerated from every laser

input pulse; only the response to a single laser pulse isctipin the figure.

Figure 2: Output pulse trains. A) Single pass through the ABYDouble pass. C) Calculated
output pulse train obtained by auto-convolving the singlesptemporal response. (from Leaird
et.al [8]).

Figure ?7?:. Block diagram of the optimization procedure. Using the himge profile b, and
the optimized phase profilg,., output target waveform, and spectral properties are atedvia
(8) and (15).

Figure 4: A sample trade-off curve. Here, we have set 0.83M anda = 0.45. We obtain
the various points by settingw; = 1 and varyingwgr gradually. Points marked (a) through (d)

correspond tavpr = 0.01, 0.04, 0.4, and0.7 respectively.

Figure 5: Output temporal intensity profiles correspondiogooints (a), (b), (c) and (d) on
the trade-off curve. Figures (e), (f), (g) and (h) represerdloser look at the wing intensity

corresponding to (a), (b), (c) and (d) respectively

Figure 6: Excitation Profilg b, | for (a) v = 0.7M (b) v = 0.83M (c) v = M for the

19-waveguide system.

Figure 7: Trade-off curve for (& = 0.7M (b) v = 0.83M (c) v = M for the 11-pulse/19-

waveguide system with, = 0.45.

Figure 8: Trade-off curves for different values of for the 11-pulse/19-waveguide system
with v = 0.83M. Points marked (A) represent the best design (by visuakeitggn) given any

trade-off curve due to its minimudyr.

July 19, 2005 DRAFT



20

Figure 9: Output temporal profiles corresponding to pointgked (A) (representing designs
with the flattest tops) on the trade-off curves in Fig. 8 foy da= 0.45; (b) a = 0.35; (c)
a = 0.25; and (d)a = 0.15.

|H (jw)|?
|Ho(jwo)?]

values ofa. (a) a = 0.45; (b) o = 0.35; (¢) @ = 0.25; and (d)a = 0.15, along with the

unperturbed spectrum, corresponding to the time domaits lom Fig. 10.

Figure 10: Examples of normalized single-pass spectra‘ilemo(log( )) for various

Figure 11: Optimum Trade-off curves for (39 waveguide/1&euand (19 waveguide/11 pulse)
systems. The Point marked (A) on both curves correspond timapdesigns (i.e.y = 0.83M
anda = 0.45).

Figure 12: Output temporal intensity profiles correspogdmoptimum designs (corresponding
to points marked (A) in Fig. 11) for 11 and 19 output pulseseays respectively. For generating

the time domain plots, we have used design 1 from Tables Il Hhd

Figure 13: Output temporal profiles for various pathlengttens for the 11 pulse system:
(a) the unperturbed output (B)5 () £2 (d) £ (e) £ (f) 3.

Figure 14: Comparison of single-pass spectral profiles éetwthe unperturbed design and
with +2 jitter.
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Table captions
Table | Table of Range of calculated excess insertion lossdé&signs with the flattest top
(points marked (A) on all trade-off curves shown in Fig. 8éad (b)) for various values af

for the 11-pulse/19-waveguide system.

Table Il Table of Phase v/s Waveguide number for two optimesighs for 11-pulse/19-

waveguide system.

Table IIl Table of Phase v/is Waveguide number for two optimesigns for 19-pulse/39-

waveguide system

Table IV Summary of performance of optimal designs (desigyrend 2 from Tables Il and

ll) for 11-pulse/19-waveguide and 19-pulse/39-wavegusgstems

Table V Table of pulse train flathness to pulse train cutoff different extents of pathlength

jitters (worst case).
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Fig. 1. Expected output spectrum and temporal profile for ruitrary output guide of the AWG (modified from [7]). Note
that an output pulse sequence is generated from every kasatr pulse; only the response to a single laser pulse is t@epin

the figure.
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Fig. 2. Output pulse trains. A) Single pass through the AWEDBuble pass. C) Calculated output pulse train obtained by

auto-convolving the single pass temporal response. (freairt et.al [8]).

July 19, 2005 DRAFT



24

Amplitudeb,
Phaseepk Random

Minimize€&

subject to (9) (10) and (11)

Optimized phase
D

Fig. 3. Block diagram of the optimization procedure. Usihg amplitude profilé, and the optimized phase profide., output

target waveform, and spectral properties are evaluated(8)aand (15).
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Fig. 4. A sample trade-off curve. Here, we have set 0.83M and o = 0.45. We obtain the various points by setting
wwr = 1 and varyingwrr gradually. Points marked (a) through (d) correspondita = 0.01, 0.04, 0.4, and0.7 respectively.
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Fig. 7. Trade-off curve for (ay = 0.7M (b)y = 0.83M (cyy = M for the 11-pulse/19-waveguide system with= 0.45.
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Fig. 8. Trade-off curves for different values affor the 11-pulse/19-waveguide system with= 0.83M . Points marked (A)

represent the best design (by visual inspection) given eadetoff curve due to its minimurdizr.
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Fig. 11. Optimum Trade-off curves for (39 waveguide/19 plland (19 waveguide/11 pulse) systems. The Point marked (A)
on both curves correspond to optimal designs (yes 0.83M anda = 0.45).
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