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An Estimation of Performance Degradation
Due to Fabrication Errors in AWGS

Thomas Kamalakis, Thomas Sphicopoulgember, IEEEand Dimitris Syvridis

Abstract—Arrayed waveguide gratings (AWGSs) are important  with small free spectral range (FSR) because the difference be-

components for the realization of wavelength-division multiplexing tween the lengths of two adjacent grating waveguitiésis in-
optical networks. Their filtering performance is limited by the versely proportional to the FSR

existence of phase errors in the grating waveguides due to fabri- . . . .
cation imperfections. In this paper, the statistical properties of the  IN this paper, the behavior of the sidelobe level (directly re-

phase errors are related to the waveguide imperfections using a lated to the crosstalk) of a conventional AWG with Gaussian
variation of the effective index method. The filtering quality of the  passband, and its relation to various design parameters and fab-

AWG is then investigated by considering the behavior of its transfer ;iinn tolerances is described, even in the presence of larger
function in the presence of random phase errors. The probability !

density function of the transfer function’s sidelobes is evaluated PNase errors with varying statistics from arm to arm. Wave-
numerically, and the results are justified using theoretical consid- guide fabrication errors, like nonvertical sidewalls [9], are taken
erations. Finally, the behavior of the maximum sidelobe level is into account with the effective refractive index method (ERIM).
also analyzed numerically, and universal diagrams are presented \jay; the behavior of the transfer function of the AWG in the
that allow the estimation of its mean value, standard deviation, and . . ..
cumulative distribution function for every specific ANG. presence of the induced phase errors is analyzed. The statistical
i . . i behavior of the sidelobes of the transfer function is shown, both
Index Terms—Crosstalk, gratings, integrated optics, optical b ¢ imulati d th tical iderati to b
filters, tolerance analysis, waveguide filters, wavelength-division y compu er simufations an eo_re Ical consl e_'ra 'onsj 0 be
multiplexing. approximately that of an exponential random variable. Finally,
using computer simulations, the behavior of the maximum side-
lobe level is analyzed, and universal diagrams are given that en-
able the estimation, from the fabrication tolerances, of the mean
A RRAYED waveguide gratings (AWGS) [1], [2] are im-value, the standard deviation, and the cumulative distribution

portant components for the realization of modern opticflinction (CDF) of the maximum sidelobe level for most types
communication networks employing wavelength-division mubf AWGs.

tiplexing (WDM) [3] on which they can serve as wavelength
multiplexers, demultiplexers, and routers. These devices have
been made commercially available, and there are techniques for
achieving polarization-insensitive operation [4]. There are also
techniques that allow passband flattening [1]. The transfer func-As stated in [7], waveguide fabrication errors can produce a
tion of the conventional AWG (without passband flattening) igariationAn.g in the effective index. of the fundamental TE
of Gaussian shape at the passband and ideally has very low siglgt TM mode of a waveguide, thus causing phase errors in the
lobes, around-60 dB. Such a low sidelobe level would meagyrating arms of the AWG. Because of the etching process, the
that networks employing AWGs would not suffer from the accuyyaveguide, while originally specified to be rectangular, is actu-
mulation of in-band and out-band crosstalk noise at the receivgily a trapezium [Fig. 1(a)], and there can be some deviation in
Unfortunately practical AWGs exhibit a much higher sidelobg,e yajyes of its widthw and its height. The refractive index
level, posing limitations in the achieved bit error rate (BER) qft o ach region can also be different from its specified value due
the receiver du(_a to nonideal wavelength isolation. to errors in the gap wavelengtty. Fig. 1(b) shows the varia-
Several studies have been made in order to understand {8 ¢, . calculated using the ERIM for the fundamental TE

origin of crosstalk in AWGs [5]-[8]. It has been noted that iFnode of awaveguide which was specified to have core size 7
is mainly due to the phase errors between the different armspt, um, core refractive index; = 1.5,n5 = ng, and index

the grating [6]. Although these studies focus on small phase 8BntrastA = 0.75%, when only one of the seven parameters
rors, these can be quite significant in the case of an AWG with,_ a,b, w, h,no,n1,12) is modified. The ERIM is applied by

narrow channel spacing (such as 10 GHz). In addition, the s ;gmenting, as shown in the Fig. 1(a), the waveguide in hori-

tistics of the phase errors vary from arm to arm since the Walgsa) ayers (typically 20 to 30). The width of each layer of
guide lengths are different. This is especially true for ANGge trapezium is assumed constant. The effective indexes of the

various layers are found, and a vertical multilayered structure is

. INTRODUCTION

Il. RELATION BETWEEN FABRICATION IMPERFECTIONS
AND PHASE ERRORS

Manuscript received March 8, 2002; revised June 7, 2002. obtained, from which the Waveguidaﬂ, both for the TE and

The authors are with the Department of Informatics and Telecommunicatio?ﬁe ™ d ) lculated |. Fig. 1(b) indicates that
University of Athens, Athens GR-15784, Greece. modes, is calculated as usual. Fig. 1(b) indicates tha

Digital Object Identifier 10.1109/JLT.2002.802231 if the deviationsAp of the waveguide parametepsare small

0733-8724/02$17.00 © 2002 IEEE



1780 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 20, NO. 9, SEPTEMBER 2002

€)) ny (@ 0107 (b) 0-00E+0-
b
-0.20 K
"fZ -~ "X"“ ERIM Layers S:E- 0301 5 2O0E
_} ....... _\_. s & -4.00B-4-
- | -0.40- 3
a w b n; .50 % -6.00E-4 -
(b) 1.4980 AaorAb  Ady -0'606,00 3.60 10t00 12100 14100 8‘OOE—‘tS.OO 8‘|00 10100 12100 14100
1 d d
1.4970-
N 1 Fig. 2. Variation of the coupling coefficient’s derivatives with respect to the
S 1.4960 center-to-center distanekof two waveguides.
1.4950 neighboring waveguides, or in other words, that coupling in the
grating arms could correlate the phase errors.
1.4940 ; . T ) The effect of waveguide coupling can be estimated using cou-
2 -l Ag 12 pled-mode theory [11]. Assuming the effects of only adjacent

waveguides, the complex amplitudg (z) of the signal in a
Fig.1. (a) Geometry of a fabricated dielectric waveguide. (b) Variationgf  waveguide obeys

with respect tdAp = (Aa, Ab, Ah, Aw, AAng, AAn;, AAny) with A =

103, d . . .

EAl(Z) = —jBA1(z) — jerodo(2) — jerzda(2)  (3)

—4 .
(~0.1 um for w, a,b,andh and~10 "~ for n;), thenAnes IS \yhere 4,(z) is the complex amplitude of the considered

linear with respect ta\p; that is waveguide,Ao(z) and A,(z) are the complex amplitudes of
Mgy Mo Ot O its two adjacent waveguides,, andc;, are the corresponding
Aneg = Jw Aw + da Aa + b Ab+ oh Ah coupling coefficients, whiles = 27n.¢ /) is the propagation
O Mgt Ot constant of the waveguide in the uncoupled case. Dividing by
on Any + ona Any + ono Ang. (1) 4,(2) and integrating with respect tq the following result is
obtained:

As a result, the variance of, .2 of An.g can be written as

eff z

(IETN)E S (anTE™ [op) 0, (g A= AOexp| —if [ ety b
p

Teff
0

z

whereo A, is the standard deviation afp. The values of the y / 012<Z,)A2(Z')d2/ @
derivatives of (1) and (2) can be calculated using the above A (2)

method. The deviations of the waveguide paramefesscan

be assumed Gaussian random variables with zero mean valfRM (4), itis deduced that the phase of the optical signal in a
((Ap) = 0) for p # a,b and standard deviationss, ex- grating waveguide depends on the complex signal amplitudes of
= , »

pressing the fabrication tolerances that can be roughly estima{}"euatsdjacentw?vegu;dtehs ang_the cc:uplmg co_szlmer?ltls. '?f‘ crlatr;]ge
directly or indirectly [7]. Because of the linearity mentioned € Parameters of the adjacent waveguides will aftect the

. , S . ase of the optical signal through the coupling coefficiepgs
previously and because a linear combination of mdepend@rlﬁch. These coefficients are functions ofsince in AWGS,

Gaussian random variables is also a Gaussian random variaﬁ?g, rating waveauides start moving apart in the region after the
Anqg Will be Gaussian with standard deviation given by (2)rI 9 9 9 gap g

S ’ rst star coupler and move close to each other at the input of the
The mean value afAn.g, which is due only taAa and Ab, is second star coupler.

small and.does not play any significant role.in the results: Hence,-l-he derivatives of the coupling coefficients with respect to the

{Anegr) willbe assumed equal to zero bothin the theoretical cglj e quide parameters can be used to measure the change in the

culations and the numerical simulations in this paper.  ¢qpling coefficients and, hence, the phase-error correlation. If
In most AWGS, the bending radii of the gratmg w_aveg_wdeﬁsle widthw, of waveguide 2 changes by a small amonnt,

are large and do not affect the value of the derivatives in (Z}a the change of the coupling coefficient will be linear and

Howeyer, if.the bending radii become small, more elaborajg| pe given by Aws(9c1»/dws). The induced phase change
two-dimensional (2-D) mode solvers [10], along with conforma&p12 in the signal of waveguide 1 will be

mapping, must be used to determine these derivatives.

0

A o 8012 AQ(Z)
[ll. EFFECT OFWAVEGUIDE COUPLING P12 = dws Aq(2)
0

Awsy dz. (5)

The above method treats each waveguide separately without
including the presence of its adjacent waveguides. One mightFig. 2 depicts the variation of the derivati\&:u/an?)
expect that, since adjacent grating arms are coupled, the phasedc, /0w, of the coupling coefficient;, of two waveg-
errors in one waveguide could affect the phase error on itgles having core widthey, = ws = 4um, core heights
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hi = hy = 4um, and core indexes.”) = n{? = 1.5 (where 022

ng” is the core index of théth waveguide), calculated using the (a) 1

effective index method. The relative difference between the core 0.214

indexes and the surrounding indexis= 0.33%(n, = 1.495), 020_'

and the distance between the centers of the waveguides is - ]

initially d = 7um (resulting in a gap of Am between the ® 0194

cores). The corresponding values of the derivatives of the prop- !

agation constant of the waveguides aréﬂ/angl) = 1.29, 0.18

dB/ow; = 8 x 10~* pm~! and will be used to compare the ]

change in the phase introduced by the changé amd by the 0.17+— — T 1
change in the coupling coefficients. From Fig. 2, it is deduced 0 20 ‘;CO 60 8
that although the derivatives of the coupling coefficients are 0.80

initially of the same order as the derivatives of the propagation (b)

constant, they gradually diminish as the waveguides move

further apart. In addition, since the waveguides typically remain 0.60

uncoupled in the curved section of the grating, it is expected that

the phase error in waveguide 1, caused by the fabrication imper- & 0.40

fections of the adjacent waveguide 2, will be small compared

with the phase error caused by the fabrication imperfections of 0.20

waveguide 1. It should also be noted that, in this example, the

waveguides are placed close together, and the index contrast 0.00 +——r———————,
A is low, which implies that the coupling is somewhat strong. 0 20 40 60 80
In practical AWGs, where a sharper index contrAsshould k

be preferred [12] in order to reduce the chip size and where 3 The variation of. with ttch for th f 216 16 ANG
. . s . CH e variation oo, with respec : Tor the cases ol a

the gratm_g waveguides often have Ie_lrger Inltla| spacing, th&, (a) 100-GHz spacing and (b) 10-GHz spacing assuming, = 2.1 x

coupling-induced phase-error correlations will be even lowean -5, o, = 0.025um, L, = 10* um, andM = 65.

As a result, the phase errors will be assumed uncorrelated

throughout this paper. This equation exhibits a linear behavior with respect: tfor
practical values of its parameters. Using as an example the
IV. STATISTICS OF THEPHASE ERRORS values of the fabrication tolerances measured in [7], which

Onceo,,,, is estimated by the fabrication tolerances,, the ar€0n, = o, = 2 x 107° for the variation of the material

standard deviation;, of the phase erraf, of thekth waveguide Tefractive index and.,, = o, = 2x 10=% um for the variations
can be calculated by in the waveguide core dimensions, the value gf, , calculated

using the ERIM, is equal t@.1 x 10~%. The values ofg;,
Ok = 2000 Lie/ X 62)  yptained by (7) are plotted in Fig. 3(a), fbg = 10* um, which
where) is the central Wavelength arIdC the Iength of the:th is a typica| value for the shortest grating arml = 125Mm'
am(0 < k£ < M —1). By replacingL,, = Lo + kAL in  which corresponds to a ¥616 AWG with channel spacing
(6a), whereL, is the length of the shortest arm, the followingaqual to 100 GHz, and photomask resolutign = 0.025um
equation is obtained for the standard deviations of the grati[[g, The AWG is assumed to have 65 waveguides, whilg,
arms: is taken approximately equal to 1.5. In Fig. 3(b), is also
ok = 00+ kAc/(M — 1) (6b) plotted for a 10-G_Hz spacing 616 AWG yvith the same
number of waveguides aniL = 1250um. It is seen that in
where Ao = 2n(M — 1)on AL/A, AL = c¢/(n.s,,FSR  both casesg; is approximately linear and can be written in
is the difference in the lengths of two consecutive arms, FSRe form of (6b) using curve fitting. As a result, the standard
the free spectral region,the velocity of light in vacuump.s ,  deviationss;, of the phase errors in the grating arms will obey
the nominal effective refractive index of the fundamental wavééb) and depend on three parameters: the initial phase®yror
guide mode, and/ the number of grating arms. It is deducedhe differenceAo between the largest and the smallest value of
by (6a) and (6b) that the phase error in each arm can have dif; and the number of arm&/.
ferent standard deviation £ L is not negligible compared with
Ly, as in the case of narrow channel spacing (e.g., 10 GHz). V. STATISTICAL BEHAVIOR OF THE TRANSFERFUNCTION

Equation (6) does not account for the phase error mduced.l_he transfer function between the central input and output

by the imperfect photomask resolution. The effect of the phg- . e
tomask resolution can be incorporated by adding to the leng osrts of an AWG in the presence of the phase erpris given

of the waveguides a small random lengdth,, with mean value ¥ 5], as follows:

equal to zero and standard deviation equal to the resolution of M1 ) )
the photomasl ;.. The equation giving the standard deviation H(v) = Z Cr exp(j2mkv) exp(jéx ) (8)
will change and will become k=0

ot R whereC, is the optical power of théth grating waveguide nor-
Tk = O Lk e 0O pn - () malizedto the total power and= (f — fo)/FSRisthe normal-
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ized optical frequencyf being the actual optical frequency and 0~ ()
fo the central frequency of the AWG. In a conventional AWG,
the coefficients”, obey a Gaussian law, and in practical AWGs,
the ratioR; = min(C})/ max(C%) should be very small to en-
sure that the sidelobes of the AWG in the absence of phase er- .
rors (6, = 0) would be very low. Throughout the numerical 2204
simulations in this paper, the rati®, is set to be 2% in which
case the sidelobes of the AWG, in the absence of phase errors, are

T(v)> M=200
std(T(v)) M=200
-104

. std(T(v)) M=80

T(v)> M=80

about—60 dB. Different values of this ratio do not alter the side- ‘3% 00 0 65 0 '10

lobe-level behavior noticeably. By varyitigy from 1% to 5% for ' v '

M = 50, only a0.5-dB variation in the maximum sidelobe level 1.004 (b)

was observed considering a variety of different valuesfand

Ac. Thisfactis alsodemonstrated in [8]. From the above remarks . 0.80+

and (6a) and (6b), together with the frequency normalization by 2 0.60

FSR, it is deduced that the statistical behavioHdf) of con- g

ventional AWGs will practically depend only alo, oo and M. T 0401

In the case of flattened AWGs the distribution(@f is no longer 0.20

Gaussian, and as a result, the statistical behavior of the sidelobe 0.00

level may be different from that of_conventional AWGs. 000 001 002 003

The mean value of the transmittan¢g¢v) = |H(v)|? be- x

tween the central input port and the central output port of the o ,

AWG, is given b Fig. 4. (a) The mean value and the standard deviation of the transmittance
9 y of two AWGs havingl/ = 80 andM = 200. In both casesyy, = 7/10

M—1 andA¢ = 7/10. (b) The CDF ofT'(0.1) for M = 80, oo = =/10, and

. . Ace = 7/10 (solid line) and the CDF of an exponential distribution with mean
(T(v)) = Z CrCrexp(j2m(k — L)v)(exp(j(ér — 01)). value equal tq7°(0.1)) (dashed line).
k,1=0

(9a) that outside the main lobe of the transfer function the mean value

Since the phase errors are independent random variabfgg(v) is independent of the frequeneyas follows:

(exp(j2m (6, — 6,))) = (exp(j276,)){exp(—5276,)) if M-1

m # n, and(exp(j27(6m — 6,))) = 1 if m = n. The phase (T(v)) = (1 — exp(— Z C. (11a)
errorsé;, are Gaussian random variables witff) = o7, and

using the fact thatexp(jéx)) = exp(—02/2),then(T’(v)) can This means that the sidelobesifv) have constant mean value.

be written as In the case where the phase errors do not have the same standard
) deviation, the mean value of the sidelobes is written
(T(v)) =Y CCrexp(j2r(k — 1)v) [
e o (T(v)) = kz C2(1 — exp(—0})) (11b)
—1/24( 2 . . = . . o
x exp (= 1/2(0} + i) Z k since the first sum in (9b) can again be ignored. This is
Mt RN because it is equal to the transmittan€gv) of an ideal
Z c (_ 2/2) (j2mhkv) AWG (with no phase errors) with power distribution equal to
k OXP \ =0k %) XD Ty Cy, exp(—o3i /2). Since the sidelobes of the ideal transfer func-
;[_ ) tion are caused by the discontinuities of the power distribution,
201 0 and Cy exp(—o7 /2) is a smooth function of;, it is deduced
+ kz_:o Cic(1 — exp(=-0j)). ©b) 1at the sidelobes df;(v) are very low.

Atthe central frequencfy = 0) of the AWG, the mean value
The third part of (9b) is derived from the second part by addingf the transmittance, assuming = o, is given by
C}; exp(—oy) from the first sum and subtracting it from the
s%cond A(s slé)en by the third part of (9b), the mean value of (T(0)) = exp(—=0?) (12)
T(v) can be decomposed into two parts: one that is frequengyace, in this case, the first term in (10) dominates, and
dependent, and one that is constant. If the phase errors havdgll,;(0) = 1. Equation (12) implies that the phase errors can
the same standard deviatiop = o, then (9b) is reduced to  cause some additional insertion losses. o= 7 /10, these
M1 insertion losses are0.42dB, but forsr = w/4, they become
_ _2\m _ —2.67dB. Since, theoretically, the fiber-to-fiber losses of an
(T(v)) = exp(=0") Tiaear(v) + (1 — exp(= Z G ideal router can be kept below0.5 dB with proper waveguide
(10) design [13], the insertion losses due to phase errors could have an
important contribution to the total insertion losses of the device.
whereT}gea1(v) is the transmittance of the AWG with no phase After considerable mathematical manipulation, a very
errors(8;, = 0). Since the sidelobes of the ideal transmittandengthy expression for the standard deviatio(7'(v)) of the
Tiqear(v) Of the AWG are practically negligible, it is deducedransmittance can also be derived (see Appendix). In Fig. 4(a),
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20— the mean value and the standard deviatior?’'¢6.3) can be
considered approximately equal, implying that the distribution

(13)

The first sum is the transfer function of the AWG without phase
errors, which has negligible sidelobes. Consequently, the side-

o,=n/20
-36

on=n/d of T(0.3) will resemble an exponential distribution.
-24 ‘\ This behavior can also be theoretically justified. For small
\ phase errors, the termasp(jé,,) can be approximated b+

% 28 _\ 76, and the transfer function can be written as
g’. _\ M—-1 M—1
Vv " \ H(v) = Z Chy exp(j2mmu) + j Z Crn0m exp(j2rmu).

w24 m=0 m=0

T T T T ! 1

80 120 160 200 lobes of the transmittancg(v) will be caused by the second
M sum
@ M-1 2
T(v) = |H(v) Z Crn b exp(j2mmo)| . (14)
-20 o
_N The real partR(v) and the imaginary pait’(v) of H(v) are
24 _\ approximately given by
4 M-—1
5} 8 _\ R(v) = Z: Cn 0 sin(2mrmuo) (15)
3 m=0
g 4 and
=
@ .32 ~\
M-—1
w = Z Co b cOS(2mmu). (16)
-36 - m=0
: : : | . , SinceY (v) and R(v) are linear combinations of the Gaussian
80 120 160 200 random variables,,, their joint distribution will also be
M Gaussian. The variances Bfv) andY (v) are given by
(b) M-1
2 _ 2
Fig. 5. (a) The mean value of the transfer functibtw) atv = 0.3, and <R (U» - Z C U sin” 27rmv)
(b) the standard deviation @f(v) atv = 0.3 for various values of the phase
errora, and the number of waveguidég . M 1 1 M-1
= Z m,%L—gZC = cos(4mmu)
the mean value and the standard deviationTdf) with "= (17a)

M = 80 andM = 200 are plotted, assuming thay = /10

andAc = 7/10. It is obvious that the standard deviation ang@nd

the mean value df'(v) outside the main lobe are equal with a

high degree of accuracy. This is a general result and suggests M-1

that the sidelobes are random variables with exponential (Y?(v)) = Z Chor, cos (2mmo)
distribution. In Fig. 4(b), the CDF, i.eP(T(v) < =z), of
the transmittanc&(v) of an AWG atv = 0.1 (solid line), ) )
calculated by (8) using computer simulations and the CDF of = Z mOmt 5 9 Z C a0 cOS(dmm)
an exponential distribution given dy— exp(—z /{T'(v))), with

J\[l M-—1

mean valud7'(0.1)) given by (9) (dashed line), are plotted for (17b)
the case of\/ = 80,00 = /10, andAc = 7/10. From the while their correlation is given by

excellent agreement between the two curves, it is deduced that M—1

the CDF of the sidelobes df(v) at a given frequency can (R(v)Y (v)) = Z C2 02, cos(2mmu) sin(2rmu)

be calculated using an exponential approximation. This result

seems to be general, and it is further illustrated in Fig. 5(a) and M 1

(b), where the mean value and the standard deviaticH(of = Z Cr oz, sin(4rmu). (18)

atv = 0.3 have been plotted for various valuesf and o,

assuming that\oc = 0. These quantities have been calculateBly inspecting (17), itis deduced that the variance&(f) and
using computer simulations by generating 1000 samples of tH¢v) consist of a constant term, which is the first sum in the
transfer function in each case with Gaussian-distributed phagght-hand side (RHS) of the equations and a transfer function
errors. By comparing Fig. 5(a) and (b), it is confirmed thak/,(2v) with a smooth power distribution equal €,02,. Un-
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lessv is nearl/2 or 0, this transfer function can be neglected (a) 8.00
compared with the constant term, and thus 6.00
M-—1 ’
1 (T'(v)) -~
2 = (Yy? == 252 = , 1 4.00
(@)= (@) = 5 3 Chon =" (9 z
_ o S 200
Using the same reasoning, it can be deduced that —
©  0.00
(R(0)Y (v)) < (R*(v)) = (Y*(v)) (20) 4 200
and, consequently, thatdifis not neari /2 or 0, R(v) andY (v)
can be regarded as independent Gaussian random variables with -4.00
equal standard deviations. By assuming the transformation -6.00
R(v) = T(v) cos W (v) (21a)
Y (v) =T(v)sin W(v) (21b) (b) -6.00-
with W (v) € [-7 =] and applying the theorem of transforma- -9.00 3 - - A
tion of random variables [14], the combined probability density 12,00 2 - -
function (pdf) frw of T'(v) andW (v) will be given by 2 15002
!
frow(t,w) = fry(r,y)|J]. (22) = -18.00 5
. . . < El
In the above equatioryr y- is the combined pdf oR(v) and 210077
Y (v), andJ is the determinant of the Jacobian matrix of trans- ‘;: -24.00 &
formation (21). By carrying out the mathematical calculations 27003 A4
it can be shown that, sindeé andY” are approximately indepen- 5 -/
dent Gaussian random variables with equal standard deviations, -30.00 7
the pdf fr of T is given by -33.00 -
1 ; 0.1 02 03 04 05 06 0.7 0.8
frt) = —— exp(——) (23)
(T(v)) (T(v))
and, as a result, the sidelobesldfv) exhibit the behavior of an (c) -9.00;
exponential distribution. -12.00 5 -
-15.00 & -
VI. STATISTICAL BEHAVIOR OF THE MAXIMUM -18.00 -
SIDELOBE LEVEL g 21005 oz
Another characteristic measure of crosstalk degradation is the :5 -24.00 &
maximum sidelobe levell,,. of the transmittance. To analyze E, 27005 7
its behavior for various values ef, Ao, andM, alarge number N 230,00 & A/
of sample transfer functions with random Gaussian phase errors = 330027/
have been generated for each case,Bnd was measured for i)
each sample. The mean valuethe standard deviation, and -36.00 -
the CDFP(Tmax < 7) of Thhax have been evaluated based on -39.00 -

the results. An interesting result observed by the simulations is
that . ands (in decibels) can be approximately written as the
sum of two functions, one depending ep and Ao, and the

Fig. 6.

0.1

02 03 04 05 06 0.7 0.8
Go

(a) The functiong, = po (M) (solid line) andsy = so (M) (dashed

other depending of/, that is

,LL(M, g0; AU) = ll/O(M) + /1'1(0_07 AU)
and

(indB) (24a)

s(M, 00, Ac) = so(M) + s1(09, Ac) (indB). (24b)

line) (in dB), (b) the function:: = g1 (oo, Aco) (in dB), and (c) the function
s1 = s1(00, Ao) (indB), for Ac = Ag,, = nw/40 wheren designates the
curves from the lowefrn = 0) to the higher(n = 10).

the diagrams in Fig. 6, the values pfand s can be calcu-
lated by applying (24a) and (24b) for every AWG ontk oy,
and Ag are determined. In order to illustrate the accuracy of

Equations (24a) and (24b) are derived by investigating the {@4a) and (24b), the exact and approximate values ahd s

sults of the simulations. The functiopg ands, are calculated
by averaging out the functionsands for Ac andog, respec-
tively. In Fig. 6(a), o and s, are plotted, while in Fig. 6(b)
and (c), the same is done for the functignsand s;. Using

have been plotted in Fig. 7 far = 7/8,Ac = =/8 and

oo = m/4,Ac = w/4. Itis deduced that the accuracy is sat-
isfactory in all cases and improves considerably when the mean
crosstalk is not too large.
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0.00~ u(n/4,n/4,M) (2)1.00
] 0.80
~ -5.00- e =
g ] s(n/4,m/4,M) \’ﬁé 0.60
= ~10.00- - 5 040
5 . & 0.20 .
~ -15.00 0.00+ ; - 0.00—+—————r————
| 0.0 0.05 0.10 0.00.51.01.52.025
-20.00 * x
-25.00 s(n/?,‘tt/!},]ll) T r ) Fig. 9. The numerically calculated CDFs (dashed lines}gf« in the case
0 100 200 300 of @ oo = 7/8,Ac = =/8,andM = 80 and (b)oo = 7/4,Ac =

M 7/4,andM = 50 and their approximations (solid line) using the functions

Fig. 7. The values of. ands calculated with numerical simulations (dashedPM using (24).

line) and their values calculated using the functipns o ands;, sq using
approximation (24) (solid line) fovy = 7/8, Ac = /8 andog = w/4,

Ao = /4. VIl. AWG CROSSTALK EVALUATION PROCEDURE
M=30 The diagrams of Figs. 6(a), (b), and 8 can be used to estimate
(a) 1.00 the crosstalk performance for any AWG given the design pa-
0.90 rameters and the waveguide fabrication tolerances. In particular,
0.80 these fabrication tolerances, expressed in terms\gf can be
0.70 used in order to determing,_,, by applying (2) and the ERIM.
0.60 For each AWG, the parameterg andAc = 05,1 — 0g €an
& 050 be calculated by applying (6). The CDF of the sidelobes will be

0.40 that of an exponentially distributed random variable with mean
0.30 value given by (9). The mean vglue and standard dewapon of
M=300 Tmax Can also be found using Fig. 6, (24a), and (24b). Finally,
020 the CDF ofT,. can be found from (25) and Fig. 8. This proce-
dure can be applied for the TE and TM polarization separately,
0.00 for every type of AWG with given geometrical characteristics
0 2 46 ; 10 12 14 16 (Lo, AL, and M) by using the same diagrams obtained in this
_ _ _ _ paper. For example, in Section 1V, the values of the fabrication
IF'g- 8. The functions”y, used in the calculation of the CDF @L... The - yarances reported in [7] were used to calculate the standard
eft-most curve is fodld = 30, the second-left curve fak/ = 40, and so on, L. . . .
up until the right-most, which is fok/ = 300. deviation of the effective index for the TE mode, which was
found to bes,, ,, = 2.1 x 10°% um~'. Usinga,;, = 0.025um
gs in [8], ne,0 = 1.5, which is an approximate value for the
effective index of the fundamental TE mode, and applying (7)
for k = 0, we findog = 0.17rad. For a 1& 16 AWG with
M = 65 waveguides andh. = 125um, applying (7) for
k= M—1 = 64, we haveoy,_1 = ogs = 0.22rad and
Ao = oy—1 — o9 = 0.05rad. The values ako andsg calcu-
lated in this manner are very close to the ones obtained by fit-
P(Toax < ) 2 Prr(y). (25) ting o, of Fig. 3(a) with a linear curve. The expected maximum
sidelobe level can now be calculated from the functienand
The functionsPy,(y), depending only od/ andy, are plotted ;. From Fig. 6(a), one findgo (M) = ue(65) = 2.5dB.
in Fig. 8, each displaced artificially on the horizontal axis bf¥he integern for which n(7/40) is closest taAs isn = 1.
tM. The value oft is equal to the one tenth of the averag&Jsing the curve of Fig. 6(b) correspondingite= 1, we obtain
value of the ratio between the mean value of the maximum sige-(o, Ac) = u1(0.17,0.05) = pq(0.17,7/40) =2 —25dB.
lobe level and its standard deviatign/s)/10 = 0.036 and is Consequently, the expected maximum sidelobe level is
chosen so that the graphs of Fig. 8 become distinguishable. Thet+ 11 = —22.5dB. With a similar procedure, the standard
exact (dashed line) and approximate (solid line) CDFs have bedgviation of the maximum sidelobe level turns out to be approxi-
plotted in Fig. 9(a) and (b) far, = 7 /8, Ao = n/8,andM = matelys = —27.5dB. Finally, the CDFs of the maximum side-
80 andoy = 7/4,Ac = 7/4,andM = 50, respectively. The lobe level can be used to further appreciate the impact of the
mean valueg and standard deviationwere calculated using fabrication tolerances. For example, sifég(y) = Pro(y) =
expressions (24a) and (24b) and the diagrams of Fig. 6. Th80,% fory = 3.8 andz = sy + u—Mts = 0.0082 = —20dB,
the approximate CDFs were computed using the functidpgs we expect that 80% of the fabricated devices will have max-
and Py of Fig. 8 by settingr = sy + u — Mts. As before, imum sidelobe level below-20 dB.
it is observed that the approximation is quite accurate when thdn this paper, we have concentrated on the direct problem,
mean crosstalk is not too large. Even in the presence of highdrich is the performance estimation of the fabricated AWGs
crosstalk, the approximation remains satisfactory. given their fabrication tolerances. The results presented in this

0.10

By investigating the result of the simulations performed,
was observed that the shape of the CDIFgf, i.e., P(Tinax <
x), was primarily dependent on the number of athisIn par-
ticular, by using the transformatiogn= (= — u)/s, the trans-
formed CDF was observed mainly to dependidrand was not
strongly influenced by, andAg, that is
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work, can also be of use to a designer who wants to fabricatbere we have define®,, = C,, exp(j27rmuv), and the as-

AWGSs with a specified performance and has to choose frontexisk denotes complex conjugate. The expectdtep(j (6. +

number of fabrication processes with known toleranegs.( 6, — 8, — &;))) can be computed using the fact that

andopy). For each fabrication process, the parametgrand

Ao can be computed from,, , and o,y using (7). Having (exp(j(6m + 6n — 0 — 1))

calculated these parameters, Figs. 6 and 8 can be used to esti- = (exp(6m))(exp(j(6, — 61 — 6)))

mate the performance of each fabrication process and determine (A2a)

which of them yields devices that fulfill a specified performance

criterion. :
It should be noted, however, that the diagrams present'gdthef case Whe'.@ # n,m # k andm # [ If the aforg-

. . . . mentioned condition does not hold, the RHS of (A2a) will be

in this paper can not be used directly to solve the inver

: o L Titferent. If, for instancem = n, k,and l
problem, that is the determination of the fabrication tolerances em =n,m # m 7

(0n.; and opy) required in order for the fabricated AWGs (s S 8 —§
to have a specified performance. For example, suppose th E%%P(J( m o+ bn =0 = &))

designer wants to determine the fabrication tolerances required = (exp(276m)) (exp(j(=é1 — &1)))-
in order to ensure that the expected maximum sidelobe Jevel (A2b)
is below—25dB. In order to determine the maximum allowable

values ofo,_, and oy, equationu(og, Ao, M) = —25dB Continuing this way, one can writd?(v)) as a sum of sums

must first be solved numerically in order to determing coNtaining terms of the forexp(j(¢mom + ¢nbn + qrk))),

and Ac. The obtained values of, and Ao can then be Where they,.,¢,, andg; are integers.

used to determine,_, and o, Using (7). Since, however, The €MS(exp(j(gmbum + 4nbn + (kaskg» can be expressed

(oo, Ao, M) = —25dB can have many solutions, there will" @ Way similar to (A2_) ‘?‘”d so on, until™(v)) is gxpressed as

be many valuesr, , and o, that fulfill this performance &Sum gf sums containing terms of the fotexp(jgmbm)) =

criterion. It is, therefore, deduced that the inverse probleffP(—¢m7m/2) The final expression is very complicated and

is complicated and requires further analysis and elaboratid#j!! Ot be given here. It should be noted that, as shown theo-

which is outside the scope of the present work. fe*"“”.‘"y n Secuon v vyhem IS 1N the wqmty O.f the sidelobes,

the distribution of’(v) is exponential with a high degree of ac-

curacy. Therefore, for these valueswotthe standard deviation

of T'(v) is approximately equal to the square of its mean value,
In this paper, the relation of the phase errors in the gratitigat is (7 (v)) — (T'(v))? = (T'(v))2.
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