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Intermsof thetransmission theory of the arrayed waveguidegrating (AWG), parameter optimization
isperformed, and bending effect of arrayed waveguides on transmission characteristicsisanalyzed
for a 33x33 polymeric AWG multiplexer around the central wavelength of 1550.918 nm with
thewavelength spacing of 0.8 nm. Analytical results show that the bending of arrayed waveguides
causes the phaseshift of the light propagating in the AWG, results in the shift of the transmission
spectrum, and brings about the variation of the crosstalk. For the designed AWG device, the shift
of the transmission spectrum is about 0.01 nm, which is much less than the wavel ength spacing of
0.8 nm.
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1. Introduction

Currently, arrayed waveguide grating (AWG) multiplexers[1-5] are being devel oped
greatly because of their wide applications to dense wavelength division multiplexing
(DWDM) in optical communication systems, such as multiplexing, demultiplexing,
routing and NxN interconnection. Recently, some research groups have focused on
the research of polymeric AWG multiplexers, and have fabricated some such devices
using various polymeric materials [6—10], which possess excellent particular features
including easier fabrication and easier tuning of the refractive index, compared with
some other material AWG devices.

Every arrayed waveguide in an AWG usually consists of a bent part smoothly
connected with two straight parts. Even though an AWG device is designed
precisely, the bending of arrayed waveguides still affects the performance of the AWG
device. Thiswill cause the phaseshift of the light propagating in the AWG, and hence
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lead to the shift of the transmi ssion spectrum, and result in thevariation of the crosstalk.
Therefore, it is necessary to investigate the bending effect of the arrayed waveguides
on the transmission characteristics of the AWG device, and examine whether
the designed device can be used in practical applications.

This paper is organized as follows. First in Section 2, the parameter optimization
is performed for a 33x33 polymeric AWG multiplexer around the central wavelength
of 1550.918 nm with thewavel ength spacing of 0.8 nm. Thenin Section 3, the bending
effect of arrayed waveguides on the transmission spectrum and the crosstalk is
analyzed. Finally, a conclusion is summarized in Section 4.

2. Parameter optimization

Excellent AWG devices are dependent on an accurate structural design and fine
technology process. Therefore, parameter optimization isvery important in the design
and fabrication of AWG devices.

Fig. 1. Diagram of half an AWG multiplexer, where
the rectangles inserted are the cross sections and
refractive index profiles of 1/0 channels and arrayed
waveguides.
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Fig. 2. Relations between the core thickness b and the effective refractive indices ng (solid curves) and
No (dashed curves) without the consideration of the bending effect, where a = b.
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The diagram of half an AWG multiplexer studied in thiswork is shown in Fig. 1,
which consists of two focusing slabs, 2N+1 input channels, 2N+1 output channels,
and an AWG which contains 2M+1 arrayed waveguides. The inserted rectangles
show the cross sections and refractive index profiles of the channels and arrayed
waveguides. In the following analysis, we assume that all the channels and arrayed
waveguides have identical core sizes and have identical refractive index profiles, and
let the core width a egual the core thickness b. We select the central wavelength
Ao =1550.918 nm (or 193.3 THz for freguency), which is one of the standard
wavelengths recommended by the ITU [11], the wavelength spacing A4 = 0.8 nm,
the pitch of adjacent input/output (I/O) and arrayed waveguides d =15 um,
the refractive index of the polymeric care n, = 1.472, and that of the polymeric
cladding surrounding the core n, = 1.461, so the relative refractive index contrast
is A= (n; —ny)/ny = 0.75%. We define L, as the distance between the focal point F
and the origin O, and 4, as the central angle between the central 1/0 channels and
the vertical of the symmetrical line of the device.

2.1. Corewidth and thickness

Figure 2 shows the relations between the core thickness b and the effective refractive
index ng of the slab and ny of the I/O and arrayed waveguides for the central
wavelength 4, without the consideration of the bending effect, which is calculated
from Egs. (6) and (7) in reference [12], where we keep a = b. We find that we should
select the core width and thickness within the range from 3.05 to 4.4 um to realize
the single mode propagation of both the TM; mode in the slabs and the Eé’o modein
the 1/0 and arrayed waveguides. In the following cal cul ation we further take the core
width and thicknessa = b = 4.4 um.

2.2. Diffraction order

The diffraction order m is an important parameter. Once the diffraction order is
determined, some other parametersof the deviceare al so determined, such asthelength
difference of adjacent arrayed waveguides, focal length of the slabs, free spectral
range (FSR), and the number of 1/O channels. In the following analysis we investigate
the relations between the diffraction order and the above parameters, and carry on
the parameter optimization.

2.3. Length difference of adjacent arrayed waveguides, focal length of slabs,
FSR and the number of 1/0 channels

The grating equation of the AWG is as follows [13]
ngdsing,, +n AL + n,dsing,, = mA (1)

where 4 is the wavelength in free-space, and &, and 6, are the input and output
angles, respectively. For thecentral 1/O channels, 4 = Ay, &, = 6, EQ. (1) issimplified
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Fig. 3. Relations between the diffraction order m and the length difference AL, foca length f, FSR,
and the maximum number of the I/O channels N, without the consideration of the bending effect, where
a=b=4.4pum,d=15pum, and AA=0.8 nm.

to neAL = mAi,, then the length difference of adjacent arrayed waveguides AL, focal
length of the slabs f, FSR, and the number of 1/O channels N5, can be derived as[14]

mA,
AL = 2
n
c0
2
n.d™n
f = S c0
mAAn (3)
g
Aqn
FSR = =2 (4
mng

FSR J -

Nax = int( v

where ny = n. — Adn/dA is the group refractive index.

Figure 3 shows the relations between the diffraction order m and the length
difference AL, focal length f, FSR and the number of 1/O channels N, without
the consideration of the bending effect. We can see that as the diffraction order m
increases, the length difference AL increases, while the focal length f, FSR and
the number of I/O channels N,,,,, decrease.

The maximum number of 1/O channels N,,,,, depends on the FSR. The bandwidth
of the multiplexed light, that is N, A4, must be narrower than an FSR to prevent
the overlapping of orders in the spectral region. Therefore, the number of the I/O
channels 2N+ 1 should be equal to or less than N, that is2N+1 < N, in area
AWG multiplexer. Inthedesign of the AWG device presented in this paper, the number
of 1/0O channels is selected to be 2N+1 =33, so we can choose the maximum
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number of the I/O channels to be N,,,,, = 34, therefore, the diffraction order should be
taken as m=56. In this case, the relative values of parameters are determined as:
AL =59.310 um, f = 7330.342 um and FSR = 27.532 nm, respectively.

2.4. Number of arrayed waveguides

The number of the arrayed waveguides decides on the distant field of the AWG.
The larger the number of the arrayed waveguides, the narrower and brighter
the diffraction pattern, the weaker the background light, and the higher the diffraction
efficiency, but the narrower the 3-dB bandwidth becomes. Therefore, the number of
the arrayed waveguides needs to be selected properly. In the practical design
of the device, we choose the number of the arrayed waveguides to be 2M+1 = 151,
in this case, the 3-dB bandwidth of the device is about 0.22 nm.

2.5. Central angle and half distance between two focal points

In the structural design of the AWG device [15], every arrayed waveguide usually
consists of abent part smoothly connected with two straight parts, that is, ¢, = 90°, as
shown in Fig. 1. The length of the straight part Ly, the radius R, and the angle §, of
the bent part, and the half length L, of the k-th arrayed waveguide satisfy the following
relations (k=—-M,-M+1, ..., M):

Lo+ Rt = L
(f+Lg)c0sh, + Resing = Ly,

where g = 6)+ kKAG, Ly =Lg _y+ ROy + (k+M)AL/2. Solving Eq. (6), we can
obtain the values of Ly and R, respectively.

Figure 4 shows the effect of the central angle €, and the distance L, on the radius
R, of the bent part of every arrayed waveguide. We find that if the central angle 6,
and the distance L, are chosen too small, the bending radius R, is also too small. In
this case, the bent loss will be too large. On the contrary, if the central angle 4, and
the distance L;, are chosen too large, the bending radius Ry is aso too large. In this
case, the size of the device will be too large. Therefore, the central angle 6,
and the distance L, need to be selected properly. Considering both the bent loss and
the size of the device, we select g, = 60 deg and L;, = 8000 pm in the practical design
of the device.

(6)

2.6. Straight parts and bent parts of arrayed waveguides

Figure 5 gives the values of the length of the straight part L, bending radius R, and
half length of the bent part L, of every arrayed waveguide, where we take Lg _y =0,
6, = 60 deg and L;, = 8000 pm. We can observethat Ly increasesfrom O (for k = —75)
to 2747 um (for k = 75), R, decreases from 4372 um (for k = —75) to 3639 um (for
k = —20) and then increases to 4671 um (for k = 75), and L, decreases from 3907 um
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Fig. 4. Effect of the central angle 6, and the distance L;, on theradius R, of the bent part of every arrayed

waveguide, where Ly _ =0, a—L¢, = 8000 um, &, = 50, 55, 60, 65 deg, and b — &, = 60 deg, L, = 6000,
7000, 8000, 9000 pm.
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Fig. 5. Curves of the length of each straight part Ly, bending radius R,, and half length of the bent part
Ly of every arrayed waveguide, where Lg _, =0, &, = 60 deg and L, = 8000 pm.
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T abl e Optimized values of parameters of a polymeric AWG multiplexer.

Parameters of a polymeric AWG mulltiplexer Optimized values
Central wavelength Ao =1550.918 nm
Wavelength spacing AA=0.8nm
Width and thickness of guide core a=b=44um
Pitch of adjacent I/0 and arrayed waveguides d=15pum
Refractive index of guide core n, = 1.472
Refractive index of cladding n, = 1.461
Diffraction order m= 56

Length difference of adjacent arrayed waveguides AL =59.310 um
Focal length of slab waveguide f =7330.342 um
Free spectral range FSR =27.532 nm
Number of 1/0 channels 2N+1=33
Number of arrayed waveguides 2M+1=151
Central angle 6, = 60 deg

Half distance between two focal points L¢, = 8000 um

(for k=-75) to 3586 um (for k =-39) and then increases to 5608 um (for k = 75),
respectively.

In summary, the optimized values of the parameters of the designed polymeric
AWG device arelisted in the Table.

3. Bending effect of arrayed waveguides

The bending of the waveguide affects the propagation characteristics and causes
the radiation loss of the modes. Therefore, analysis for the bending effect of arrayed
waveguides on the transmission characteristics is necessary for the norma
demultiplexing of the AWG device.

3.1. Bending effect on the effective refractive index

In our simulation, the bending characteristics of arrayed waveguides are investigated
by using an efficient method proposed by MeLLoni et al. [16], whose accuracy isin
a very good agreement with the beam propagation method (BPM) and the mode-
-matching method. This method is concluded to solve the propagation constant v of
the bent modes from the following eigenvalue equations

N
(R5PQ+Cpq)7qqq = va,, (p=1,2,..,N) 7)
q=1
with

Cpq = j j Xy wdxdy (8)
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Fig. 6. Effect of thebending radius Ron the effectiverefractiveindex n, and theincrement of the effective
refractive index dn = n, —n.o, wherea=b = 4.4 um.

where R is the radius of the bent waveguide, ag is the eigenvector, v and y, =
= By —laq are the complex field profile and the complex propagation constant of
the g-th straight mode when the waveguide is incurved, respectively, and 4, and «
are its real propagation constant and loss coefficient, respectively. These modes
include the higher order modes that are below the cutoff, which are usually called
quasi-modes or leaky modes, and they have complex propagation constants because
of theradiation [16]. The effective refractive indexes n,, of the bent modes are simply
determined by

n, = Re(v) 9)

A

2nR

Figure 6 shows the effect of the bending radius R on the effective refractive
index ny, and the increment of the effective refractive index 6n = n, —n.y, where ng
is the effective refractive index when the waveguide is incurved. We can see that as
the bending radius R increases, both the effective refractive index ny, and the effective
refractiveindex increment dn decrease. When thebending radiusRissufficiently large,
np, Will tend to ngq. If the bending radius R is chosen larger than 3000 pm, then én is
dropped below 2x107°, which is very small.

3.2. Bending phaseshift

By using thediffraction theory of the AWG, thenormalized distant field of all the2M + 1
arrayed waveguides in the output slab is expressed as [17]

M
1+2 Z Eq(kA6) cos[k%zl (nsdsiné?in + N AL + nsdsinaoutﬂ
K=1

E(4, Oou) = Eo(Oour) -
1+2) Ey(ka0)
K=1 (10)
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where A8 = (mnyA2)/(nheod) isthe angle pitch of adjacent waveguides, and Eq(0) is
the envelope function of E(4, 6,,), given by

qxcos(ks-g— sin H) - kssin(ks% sin 6’) sing

Eo(0) = K q,cos(6) (11)
(K~ K2sin®0)(of + Ksin’0)

wherek; = (2n/A)ng isthe propagation constant of the slab, k, and g, are the transverse
propagation constant in the core and the transverse attenuation constant in the cladding
of the rectangular waveguide, respectively, Eq(6,,) and Eo(kA&) are determined by
Eq. (11) by taking € = 6,,; and & = KA 4, respectively.

If the bending effect of arrayed waveguides is not considered, from Eg. (10),
the phase of the light passing through every arrayed waveguide is as follows

b = k-%f— (nsdsinélin + N AL + ndsin ﬁout) (12)

where AL = 2(Lg —Lg 1) + 2(Lpx —Lp 1) is kept as a constant in the design of
the AWG device. Equation (12) is the essential condition of normal demultiplexing
of an AWG device, which keeps the phase difference of adjacent arrayed waveguides
as a constant of (2rn/2)(nsdsing,, + n.oAL + ngdsing,,).

When the bending effect of arrayed waveguides is considered, from Eq. (12),
the phase of the light passing through every arrayed waveguide can be expressed as

2n . .
kT[nsdsn Oin + 2Ngo(Lgc—Lg—1) + 2Npi(Lp = Lpk—1) + Ndsin eout:|

Pok

2n . .
kT[nsdsm 0., + N AL + ndsing + 2(Ny, — Neg) (L — Lbk_l)}

Dok * O Pk (13)

where 34, is the perturbation phaseshift caused by the bent part of the k-th arrayed
waveguide, given by

27 271
Oy = ZkT(nbk_nco)(Lbk_Lbk—l) = 2k75nbk(|-bk—|-bk_1) (14)

where dny, = (N, — Ngo) IS the increment of the effective refractive index of the bent
part compared to that of the straight parts of the k-th arrayed waveguide. Equation (13)
indicates that because 3 ¢, has different values for different arrayed waveguides, thus
the AWG no longer satisfies the essential condition of normal demultiplexing given
by Eq. (12).
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Fig. 7. Effective refractive index increment dny,, and bending phaseshift 54, of the bent part of every
arrayed waveguide, where Lg _y; = 0, L¢, = 8000 um and 6, = 60 deg.
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Fig. 8. Demultiplexer spectrum of the designed AWG (a), and shift of the transmission spectrum
between the cases with (dashed curves) and without (solid curves) the consideration of the bending effect
(only three peaks around the central wavelength are plotted), where the values of parametersaregivenin
the Table (b).
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Figure 7 showsthe effectiverefractiveindex increment 5ny,, and bending phaseshift
Sy Of the bent part of every arrayed waveguide. We find that dny, increases from
8.8x1078 (for k = —75) to 1.3x107 (for k = —20) and then decreases to 7.7x107° (for
k = 75), while 8¢, decreases from 1.0x107* (for k = —75) to —1.5x1072 (for k = —20)
and then increases to 1.4x107* rad (for k = 75).

3.3. Shift of the transmission spectrum

The bending phaseshift 54y, affects the propagation of the light passing through
the AWG, and results in the shift of the transmission spectrum. The transmittance
of the AWG is defined as

T, (A)(dB) = 10|og[Ef(/1)] (j=12 ..,N) (15)

Figure 8a showsthe demultiplexing spectrum of 33 output channelsof thedesigned
AWG, and Fig. 8b the shift of the transmission spectrum between the cases with
(dashed curves) and without (solid curves) the consideration of the bending effect,
where only three peaks around the central wavelength are plotted. We can see that
the 3-dB bandwidth is about 0.22 nm, and the shift of the transmission spectrum is
about 0.01 nm, which is much less than the wavelength spacing A4 = 0.8 nm.

3.4. Variation of the crosstalk

Thebending phaseshift 5 ¢, al so affectsthe crosstalk of the AWG device. Thecrosstalk
of every output channel is defined as

N
) E(2)
P#ig =1

LY (4)(dB) = 10log >
EZ(4))

, (J=1,2,..,N) (16)

where /; is the designed demultiplexing wavelength.

Figure 9 showsthe comparison of the crosstalk L(CJT) of 33 output channel sbetween
the caseswith (open circles) and without (solid circles) the consi deration of the bending
effect. We can observe that the bending effect of arrayed waveguides on the crosstalk
isslight. The crosstalk is less than —31.2 dB for all the 33 output channels.

4. Conclusions

On the basis of the preceding analysis and discussion for the bending effect of
the polymer AWG multiplexer designed in this paper, a conclusion is reached as
follows.
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The bending of arrayed waveguides produces perturbation phaseshifts, causes
the shift of the transmission spectrum, and resultsin the variation of the crosstalk. For
the designed AWG device, however, the shift of the transmission spectrum is about
0.01 nm, which is much less than the wavel ength spacing of 0.8 nm, and the variation
of the crosstalk is slight. The 3-dB bandwidth is about 0.22 nm, and the crosstalk is
less than —31.2 dB for all the 33 output channels. This indicates that the effect of
the bending of arrayed waveguides can be ignored in the structural design of AWG
multiplexers, and the designed AWG is suitable for the practical applications.
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