5521 %% 1 W) S N Vol. 21, No. 1
2000 4 1 A CHINESE JOURNAL OF SEMICONDU CTORS Jan., 2000

Optimization of a 1 X8 Arrayed-Waveguide Grating
Multi/Demultiplexer

OU Hai~yan( Bk##€), LEI Hong-bing( A 4L5%),
YANG Qin-ging(¥#:15) and WANG Qi-ming( )3 )

( State Key Laboratory on Integrated Optoelectronies, Institute of Semiconductors,

The Chinese Academy of Sciences, Beijing 100083, China)

HU Xiong-wei( HEF)

( National Research Center of Optloelectronic T echnology. Beijing 100083, China)

Abstract Using transmission function and diffraction loss function, the crosstalk, diffraction
loss and non-uniformity of the 1 X8 arrayed—-waveguide grating multi/demultiplexer are simulat—
ed and values of 2M + 1 and width of the tapered waveguide are optimized. The simulation re-

sults verify that the device we've designed has high performance.
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1 Introduction

The integrated-optical 1 XN wavelength multi/demultiplexer, which is based on an ar—
rayed-waveguide grating (AWG DMUX) is the key device in the wavelength division mul-

1- 5 el . .
U= The multiplexer is composed of an ar—

tiplexing ( WDM) optical transmission systems
rayed-waveguide grating, input-output (1-O) waveguides, and focusing slab waveguides.

The arrayed-waveguide grating consists of regular arranged waveguides that join two slabs
and the lengths between adjacent waveguides differ from a constant value. The length dif-
ference results in the wavelength-dependent wavefront tilting so light convergence in the

output slab is wavelength-dependent, and the arrayed waveguide grating operates like a
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diffraction grating. The key point is that the arrayed-waveguide grating operates at a high
diffraction order, as leads to wavelength resolutions to be better than a nanometer despite

its small overall size (of the order of centimeters) .

2 Transmission Function and Diffraction Efficiency

2.1 Transmission Function
The AWG device is considered to be composed of four parts, as is shown in Fig. 1.
Part 1 is the input beam propagation in the input waveguide, which ends with an input

beam image at the input Rowland circle;

part 2 is the phased-array input, i. e. the  Power (-‘"-""-flio‘?_ﬁ%
W7

power collection part. where the input
beam diffracts in the slab waveguide and Input }x"

is collected by the grating array: part 3 is

the phased grating diffraction, where the
beam propagates in each of the grating
array waveguides and generates the
i i i FIG.1 The Modeling of AWG Structure
wavelength-dependent diffraction in the
second slab waveguide; and part 4 is the focused image part, where the beam is focused
and couples into the output waveguides at the output Rowland circle.

The transmission of the optical beam in the device is given as the follows:
o

T = LZ_:HJ‘ Pi(xi) expl i2mnE(f, xi, 26i) /A] Pe(f , 2 ) v s

exp|[ 2T jnd(0+ 6) + j(nAL + %j))]

.[ Po(x0) expl 12E(F 5 %0, Xg0) /A] Pe(f 5 % o) da odx . (1)
where xi is the coordinate perpendicular to the waveguide axis at the intersection of the
input (or output) and slab waveguide, and x:i(» is the coordinate perpendicular to the in-
tersection of the input (or output) grating waveguides and slab waveguides. Pi(xi). Pq(j.
xei), Po(xo) and Pe(j, xw) are the field distributions of the mode in an input waveguide,
the j-th input grating waveguide, output waveguide and the j-th output grating waveg—
uide, respectively.

The first integral in Eq. (1) expresses the process in part 1 and 2, where the beam
diffracts and is collected by the phased array. The second integral represents the process in
part 4, where the image is focused and coupled into the output waveguide’s eigenmode.
The exponential term represents the process in part 3, i. e. the total phase change pro-
duced by the AWG. The ®#j) is an effective path length variation in the j-th arrayed
waveguide, which is caused by material and process variations, such as material index
variation, waveguide length variation, electro-optic effect or others. £(j,xi, xx) and £(J,

Xo, xg) are the relative phase terms of the radiation far field from the end of the input
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mode. If the Pi(xi), Pe(j,xw). Po(xo) and Pu(j, xz) are replaced by the delta function,

Eq. (1) can be written as

_Zuﬂg(j,(}) 2e-xp{ i Z;T[jn_‘d(ei + 8) + j(nAL + QU)]]‘ - (2)
=
2.2 Diffraction Efficiency and Loss Non-Uniformity
The diffracted light exhibits multiple orders by the angle difference ABu, where
Ao
AB, = nd (3)

and the light diffracts in a series of directions as shown in Fig. 2 by
Aemii = f:Aem, (l', = O, l, 2, "') (4}
where ABu+i is the diffraction angle of order m £i. The

/ envelope function of Gauss approximate can be shown as
D :%f.,-'QJutpl.t Channels P(8) = exp(- 26°/6;) (5)

\ 1% .\'. where 0 is the diffraction angle and 6., the width of the

Gaussian far field, is given by

d\ i , Ao
W m1 % T, 0

Vaveguide Grating where . is the half width at 1/¢’ of the maximum optical
power in the channel waveguide with width w..
FIG.2 Diffraction Pattern of the Therefore, beam diffraction efficiency is mainly de-
AWG DMUX termined by the amount of diffracted lights into the unde-
sired orders, as is given by
P

n(e)z Pm + Plllﬂ:l + Pm:‘:3+ b
B P(8)
T P(0) + P(6- AB.) + P(6+ AB.) + P(8- 246.) + P(6+ 246.) + -
(7)
where Puziis the power of order m £i. By substituting Egs. (5) and (6) into Eq.(7) as
n(e) = = | 2] (8)
1+ ZZ exp| — 2 Be. Icush 219&8?" l
The central diffraction efficiency M(0) at the central /O port is defined as:
x0)- FienE
P(0) + 2P al 2P. nd T
1
E 2 2 (9)
l+29xp—2’%_+2€xp—2’2ﬂiuh_+

It is found that the diffraction efficiency depends only on the normalized spot size w/d
from Eq.(9).

The diffraction loss, expressed in dB, is given by
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Li= - 10log(M(0)) (10)
The maximum loss non-uniformity is La, which is defined by the diffraction loss dif-

ference between the central port and the most outer output channel with output angle 8o, ma
%N&xn/( 2R) .
Lai= - 10log("M( Bo.mx)) = (= 10log(1(0)) (11)

3 Simulation and Optimization

Table 1 presents the values used for the following simulation and optimization'®.

Table 1 Designed Values for the Simulation of 1 X8 AWG DMUX

Symbol Parameter Value
a T he size of square waveguide 6. Iym
A Relative refractive index difference 0. 75%
N M aximum number of channels 8
Ao Center wavelength 1550. 9nm
AA Channel spacing 1. 6nm
Axi(o) 1/0 waveguides spacing 28um
d Arrayed-waveguide grating pitch 28um
s Effective index of slab waveguide 1. 452
e Effective index of buried channel waveguide 1. 450
ng Group index 1. 496
FSR Free spectral range 19. 27nm
m Diffraction order 78
R Focal length of slab region 8841. 06pm
AL Path length difference 83.428um
2M+ 1 Number of array waveguides 91

3.1 Transmission Characteristics

Using transmission function Eq. (2) with P(8) in Eq. (5) as a relative field in the ar-
ray waveguides, the spectral response curves of AWG DMUX are shown in Fig. 3 to Fig.
5. Figure 3 shows the relationship of the grating waveguide numbers 2M + 1 versus side-
lobes. Enough grating waveguide numbers can suppress the sidelobes and reduce the
crosstalk. When 2M + 1 varies from 23, to 43 and 91, the crosstalk varies from — 18. 26dB
to — 35.94dB and - 83. 68dB respectively, so larger 2W + 1 gives better crosstalk perfor—
mance.

Figure 4 shows the spectral dispersion for the eight channels, where channel spacing
AXis 1. 6nm, and center wavelength is 1550. 9nm. The simulation results coincide with the
values we've designed.

The FSR spectra associated with different grating orders are shown in Fig. 5, where

FSR= 19. 27nm.



16 S 21 4
20
N Ak A
[ P g :
em1=23 /7 \|
20 N s i
= [ / 7 I \\\’.f/\ I avYa o I5E
vo—40 oy \ Vo =
g o W ; ._7&. 1 il ‘|J(\ '/TJ;.\‘ T‘f P |
P LA [oM+1=43\ } iy 3
A TP 2]
\
-gof | \1
i CoMA1=911 .
— w“ulillrh- ol S i J‘ll VIR 1 LA —73 L | L
" 1.548  1.550  1.552  1.534 345 1.548 1.551 L.554 1.557 1.360
Wavelength /um Wavelength/pn
FIG.3 Sidelobes vs. Arrayed-Waveguide FIG.4 Wavelength Spectrum with 1. 6nm
Numbers Channel Spacing
3.2 Diffraction Loss and Non-Uniformity
0 w1 o wm—1 . . . .
Figure 6 and 7 shows grating diffraction
—zor | loss and non-uniformity based on Egs. (3) to
A al . .
T 40 ] (11). From Fig. 6, the widths of tapered ar—
& g0 rayed waveguides w have important influence
—sok J on diffraction loss and non-uniformity. When
100 NTEPRPEEY (L1 RPRURPRN IR we varies from 10pm, to 15pum and 28um, the
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FIG.5 Simulated FSR Characteristics of
the AWG DMUX
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FIG. 6 Grating Diffraction Loss of Different
Width of Tapered Arrayed Waveguides

central diffraction loss varies from 1. 48dB to

0.23dB and 3. 1X10 °dB, and the non-unifor—

mity

varies

from

0.76dB to 0.91dB and

0.06dB, respectively. So full tapered arrayed

waveguides are preferred to obtain low diffrac—

Diffraction Efficiency

L0

/o

FI1G.7 Diffraction Efficiency versus

Normalized Spot Size w/d

Figure 7 shows the central channel diffraction efficiency versus normalized spot size.

If the grating waveguide is not tapered, substituting w= 4. 5pum and d= 28um into Eq.
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(9). the largest diffraction efficiency is 0. 4 from Fig. 7. So in order to reduce the insert
loss and improve the diffraction efficiency, arrayed waveguides should be tapered to in-

crease the normalized spot size w/d.

4 Conclusions

Using transmission function and diffraction efficiency equation, we simulated the
spectral performance, diffraction loss and non-uniformity of the 1 X8 AWG DMUX, and
optimized the value of 2M + 1(the number of grating waveguide) and wg(the width of ta—
pered grating waveguide) . Such conclusions are drawn: the crosstalk, central diffraction
loss and non-uniformity are as low as — 83. 68dB, 3. 1X 10" °dB and 0. 06dB, respectively.
This verifies that the device we've designed has high performance. Fulltapered grating
waveguide is preferred and the value of 2M + 1 should be as large as possible under the

permission of processing.
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