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Abstract:  In this paper, a theoretical model for an Interleave-Chdrpe
Arrayed Waveguide Grating (IC-AWG) is presented. The matbscribes
the operation of the device by means of a field (amplitude amasg)
transfer response. The validation of the model is accommgti®y means of
simulations, using parameters from previously fabricatedices. A novel
design procedure is derived from the model, and it is lateemployed to
demonstrate the design of colorless universal IC-AWGs. ioelel can
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1. Introduction

Coherent optical communications have revived in the regeats, due to the availability of
high-speed digital electronic processors [1]. Togethahwigh performance photonic inte-
grated cirtuis (PICs), real-time coherent communicatagrerating at aggregate speeds of up to
500 Gb/s have been demonstrated [2, 3]. Within the toolseh®oproduction of integrated co-
herent receivers, a very relevant part is the analysis asidrnlenodels, together with numerical
tools. Currently, the core of integrated optics based catteeceivers are Multi-Mode Interfer-
ence (MMI) couplers, designed to operate as®¢brids. The MMI theory is very well known,
and extensive models exist to calculate the field transfestfans of such devices [4—6]. More-
over, numerical tools can be readily employed to optimizeglrformance of such devices, as
Beam Propagation Method (BPM) in combination of Effectindéx Method (EIM) [7]. The
rectangular structure and paraxial nature of the MMIs téauhodest computation times for
those algorithms/tools, using commodity personal conmgute

Similar to conventional Intensity Modulated Direct Detent(IM-DD) systems, Wavelength
Division Multiplexing (WDM) has been recently brought inRdCs for coherent optical com-
munications. The natural combination of on chip demuliiphs, as the Arrayed Waveguide
Grating, and optical MMI 90 hybrids have been demonstrated in [2], whereas off-chijzalpt
polarization splitters are used to feed the PIC. Nonetkela® solution proposed by Doerr
e.a. [8] in which the AWG arms are modified to enable three figdration (demultiplexer,
polarization splitter, 90hybrid), is envisaged as the most compact solution for thesee on-
chip architectures. This device is named Interleave-@uidWG (IC-AWG). Although in [8]
an experimental demonstration of the device is given, a hfod#he analysis and design of the
IC-AWG does not exist in the literature. The purpose of tlepegr is to report the development
of the optical field model for the analysis and design of ICB%V The paper is structured as
follows. In Section 2, the theoretical equations descghilre full field (amplitude and phase)
transfer function for an IC-AWG are developed, taking assbas work in [9]. The model is
validated in Section 3 using as IC-AWG construction paramsathose of the fabricated device
reported in [8]. In Section 4, a design procedure for the MU\ is proposed, in which the
aim is to maximize the spectral usage for the wavelengthrodlarand polarizations. The de-
sign procedure is used in Section 5 to demonstrate a cadaul@sersal IC-AWG. Finally the
outlook and conclusions are given in Section 6.

2. Theoretical model

2.1. AWG layout

A schematic design of a 2 x N Arrayed Waveguide Grating (AW&&Hown in Fig. 1(a). It con-
sists of two input waveguides, followed by a free propagategion (FPR). At the end of this
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Fig. 1: (a) IC-AWG layout. (b) Field focusing points withoarhd (c) with chirp. Abbreviations:
subscripts, w ando stand for input, arrayed and output waveguides, respégtice waveguide
width; d: waveguide spacind;;: focal length; FPR: free propagation regidgr; shortest AW
length;Al: incremental length) : wavelengthng: AW effective index; BZ: Brillouin Zone.

FPR, the field is coupled in the arrayed waveguides. In a cdioveal AWG design, the length
of a consecutive waveguides in the array differ by a constalae, Al, which is an integermt)
multiple of the design wavelengtiA{) within the waveguide, as shown in Fig. 1(b). The accu-
mulated phase shift depends on wavelength/frequencyhvdambined with the second FPR,
leads to light focusing at different output positions foclkeavavelength. Moreover, the field
discretization imposed in the arms, causes diffractiorifieregnt orders (..m-1,mm+1,...), re-
sulting in different Brillouin Zones (BZs) [10]. In an Inteave-Chirped AWG (IC-AWG), the
array is divided irM subsets. Within each subset, whose waveguides are spakgdtx; and

X2, an additional floor length (related #p) is introduced [11]. The division of the array M
subsets reduces the original BZ size by a fabMoas will be formulated in detail in the follow-
ing sections. Besides, introducing different floor lengtleach subset, results in out of phase
interference aks, for the fields diffracted by each subset. This can be seeigirilkc), where
the width of the focusing zones has been reduced by a fdttoompared to Fig. 1(b). Each
group of this arrayed waveguides with the same incremeeajth is called subarray. Hence,
if for example aM = 4 chirp pattern is used, the first subarray will be compogédearrayed
waveguides numbe,5,9,...N-3}, the second by2,6,10,..N-2} ... In this section, the model
of the IC-AWG extending the Fourier optics AWG model preselin [9] is formulated. Table

1 shows a summary of the variables used in the formulation.

2.2. Field at the input waveguide

The field in an input waveguide placed at the middle of the BRBR, can be approximated by
a power normalized Gaussian function



Table 1: Summary of the variables used in the formulatiobsStiptsi, g ando stand for input,
arrayed and output waveguides, respectively.

bi, by, by Power normalized Gaussian function M Number of sub-arrays
Bi,By,Bo Spatial Fourier transform di —X3 AWG planes
W, Wy, Wo Mode field radius di, dw, do Waveguide separation
y Frequency spatial dispersion parameter f Focal Tength
a Wavelength focal Tength in Fourier opfics v Frequency
N Slab effective index Ny Group index
Ne Array waveguides effective index N Number of array waveguides
r Waveguide number in the array waveguide§ m Grating order
Ik Length of ther waveguide in subarraly B Propagation constant
Tck Length of the shortest waveguide in subarka C Speed of light in vacuum
Al Incremental length between AWs A Wavelength
Al Incremental length between AWs in a subarrgy Ly Loss nonuniformity
Afcn Separation between channels in frequency| f; — T3 Total field distributions
t Field at the output waveguides q Number of the output waveguide
AVpol Frequency separation between polarizations  Avpy Frequency 3-dB bandwidth
DXpol Spatial separation between polarizations DAXFsr Spatial FSR

bi (x0) = ¢/ n%ze(m (1)

whereq is the mode field radius ang is the spatial coordinate at the input plane, as is shown
in Fig. 1(a). Although the Gaussian approximation is suédb clarify the understanding of
the device and enables to obtain a final analytical expresiifails in predicting the response
outside the band, thus is necessary the use of real modesaia simulation responses closer
to the real physical response, as detailed in [9].

2.3. First Free Propagation Region

This field is radiated to the first FPR, and the light spatiatriiution can be obtained by the
spatial Fourier transform of the input distribution, usthg paraxial approximation [9, 12]:

2 X 2
B (xa) = F {by (o)} |y = [ 27rpe (4(3) @
whereuis the spatial frequency domain variable of the Fourierdfamm andx is the equivalent
to the wavelength focal length product in Fourier opticsgagation [12], expressed as:

o — cLs

— 3)

NsV
beingL; the slab lengthns the effective index of the FPR; the frequency and the speed
of light in vacuum. The paraxial approximation holds in thewdhofer diffraction region,
which corresponds to the AWG slab lengths accomplishing- (nV\&Z) / (4A) [12]. For typ-
ical waveguide width$\y = 1.5 um and wavelength valug = 1550 nm, this approximation
is valid for Lt > 1.14 um. The total field distribution for an arbitrary number ofiithinated
arrayed waveguides (AWSs), placed at iigplane, is:

f1(xa) = {/2ma2 Tzl {z Bi (Mrdg,+ Kdg) b (X — Mrd,, — kd) 4)
—0 r

whered,, is the spacing between arrayed waveguides, Fig. t({a)the AW number andy
is the mode field radius of the arrayed waveguideis the length of the chirp pattern (and



the number of waveguide array subsets) agek) is the Gaussian approximation as in Eq.
(1) for the field in the AW. Particularizing for a set of an d@rary numbem of illuminated
waveguides:

1(x) = 4/27m)g %[ ( >B. X1) Z 0 (X1 —Mrdgy—Kkdy) | ®@bg(x1)  (5)

with ® being the convolution, anfi (x1/Nd,) being a truncation function defined as:

X\ [ 1 if x| < N ©)
rl Nd,/ | O, otherwise
2.4. Field at the arrayed waveguides

Let the length of waveguide numbem each subarray be given by,

N
|r,k:|c’k+A|/ (r—f—m) (7)

with Al’ being the incremental length between one waveguide andetktesmthe same subar-
ray, andl¢ being the length of the shortest waveguide in subarray nukhesed to account
for different floor length in each subarray and to introduee ¢hirp pattern in the AWSs. The
conventional AWG has a path length increment

MAg
Al = . (8)
In this equationmis the grating orden is the effective index in the waveguides akiis the
design central wavelength. In order to keep similar foaypiroperties for all thé subarrays,

Al = MAI. The phase shift introduced by waveguidean be expressed as

Ax(v) — e Pk — g Bl (r+35) ©
being the propagation constant for the AW:
2TV
B=—% (10)

Using Egs. (5) and (9) the field distributionxatis given by:

20 = {f2meg 3 {1 () 8 ce) o 928 f by (22

with
400
Buk () = 3 8(xp—Mrdg,— kdy) (12)
A (%2, v) = g (v) & PN wids (13)

Y (v) = e TP llewcrtl'zn) (14)



2.5. Second Free Propagation Region

To obtain the spatial field distribution at the end of the seldePR, the spatial Fourier transform
of equation (11) is calculated as follows:

f3(xs,v) = {/2magBy (xs) % [SinC(Ndw§)®bi (Xs)®‘Dk(X3,V)®Aw,k(X3)ejBAllﬂ

(15)
with,

P x5,v) = F { th(v) & P8 |

o = )8 (04 )

cMd,, (16)

Aw’k(m):ﬁ‘{ Jio 5(xz—Mrdw—kdw)}

r=—oo

j2mkd, 2 a
|\/| Z e 6( de)

u=3 r=-c
17)
which after some manipulation results in:

wg 1 M-1 iBak foo ok .« neVAI' o
fa (xs,v) = |/ 2m_3Bg () o kz (V)T 5 e 6Tt i,

(18)

with,

fu () = sinc(Ncy™> ) & b1 (x) (19)

The argument ofy in Eq. (18) shows the field at the output of the second FPR &édsatising
point position determined by the number of subarrdyis,and the incremental lengtidl’.
Moreover, the termejﬁA'/lsf, is a phase shift dependent of the subarray number, andrtne te
e 2 isa phase shift dependent of the focusing position. Positiand wavelengthh =c/v
are related through the frequency spatial dispersion pater(FSDP) given by:

cMd,, Vode

= =—= 20
v nAl'a am (20)

2.6. Field at the output waveguides
At the output waveguides, the field can be obtained througlialiowing overlap integral:

tO.,q(V):/;mf (x3,V) bo (X3 — qb) 93 (21)

whereby is the fundamental mode profile at the output waveguide (@4 the OW number
anddp is the OW spacing.

2.7. Arbitrary IW position

All this formulation can be easily extended to the case witirerthan one input waveguide
(IW), not only for the case with one input placed at the cdmiosition of the first FPR. The
field at the IW can be expressed then as



b (%0) = & —2e (%) by, (v pe) (22)
P o P p

wherep is the IW number and; is the IW spacing. At the output plane the field will be

5 _ /
f3(X3, V) = 271&8g (X3) % Z [ eJBAI o Z e szMfM (X3—r a +nchI a—i—pdi)

f=—o00 M w Cde
(23)
and the field in the output waveguides is
+00
tha(V) = | fap(av)bo e —ack) 0% 24)

2.8. Modeling polarization dependence

This model can also be extended to the case where two pdlarigeare supported by the
waveguiding structures. Although polarization depenéédsacninimized in conventional AWG
[13], it can be exploited in emerging applications, as dised in the introduction. Through Eq.
(23) the shift between polarizations is given by:

nC,TE (V) aTE (V) Vv
Ne.Te (Vo) Vo

Nerm (V) arm (V) V
neTe (Vo) Vo

—oTe(V)+

AXpo| (_;n (aTM (V) — ) (25)

w
The equation indicates that at the output plane each pataizis going to be focused at
different position. The distance between TE and TM polgiorefocusing points, at a given
v, depends on the spacing, length and effective index of the A length of the FPR. The
frequency shift corresponding to the aforementioned désta, which in the literature is known
as Polarization Dependent Wavelength Shift (PDWS) [13jjuen by:

AVyo) = _Nete(Vo)Vo V_ ate(V)nete (Vo) Vo (26)
po N T™ (V +A\/po|) NeTMm (V +A\/po|) aTMm (V +Avpo|)
GTE(V) nc,TE(v) v

NeTMm (V + A\/po|) aTMm (V + AVpol)

Equation (26) shows the wavelength separation betweendwodhizations as a function of the
effective index of the AWs and the FPRs length. Fet vy it reduces to:

NeTE (Vo) Vo
AVpo = : -V (27)
P netm (Vo+Avpor) °
Equation (27) is extremely important in the design of theAWG, since it shows that the
PDWS only depends on the effective index of each polarinattmdvy. For the design of
IC-AWGS, described in Section 4, it will restrict the numlaérchannels and their frequency
spacing.

3. Simulation of a fabricated and reported device

In this section, the model is particularized to the case ef device reported in [8]. In
[8], it is mentioned that it is possible to find il = 4 chirp pattern that produces four



1 N —TE @ 1550 nm
I P —TE @ 1551.5 nm
—TE @ 1553 nm
—TE @ 1554.5 nm
---TM @ 1550 nm
---TM @ 1551.5 nm
---TM @ 1553 nm
---TM @ 1554.5

©
Y]
T

o
o
T

I
n
T

Normalized Field (a.u.)
o
ok

0.2

0.1

-f5o

0
Position (um)

Fig. 2: f3(x3,A) using input waveguide 1 for each wavelength channel andipat&n.

equal-power outputs with the relations of a°96ptical hybrid, being this chirp pattern
[0,3A0/ (8nc),0,—Ao/ (8nc)], whereAg is the design central wavelength andthe effective
index of the AWs. This chirp pattern can be easily introduicethe AWSs through thé; pa-
rameter in Eq. (7),i.d¢0=0,lc1 =30/ (8n¢), Ic2 =0 andlcz = —Ag/ (8nc). The 90 hybrid
operation consists in taking two input ligthwaves with céexgamplitudes andb, and obtain-
ing at the output four signals of the forta+b) /2, (a+ jb) /2, (a—b) /2 and(a— jb) /2. The
AWs are InP ridge waveguides, with a InGaAsP core 160 nm thicka bandgap of 1.4m.
The waveguide width is 2.4m, with an etching of 0.22zm and a cladding height of@m [14].
The effective indexes for the waveguide and FPR crossesewtere calculated, both for TE and
TM, using a film-mode matching (FMM) [15] commercial softwdd 6]. Using equation (27),
is possible to calculate the PDWS for these waveguidesirob¢es.9 nm. In [8], four channels
with a 185 GHz spacing are used. The IC-AWG has 100 arms, aRdétiyths of 2 mm. The
AW and OW spacing is estimated to be 4{7#. The OW number is 32 and the grating order is
m= 21. Consequently, the incremental length between arragedguidedl in each subarray
is 40.69um. To produce four equal-power outputs with the relationa 8 optical hybrid,
the chirp pattern used [8,3A¢/ (8n¢),0, —Ao/ (8n¢)] [11]. The width of the BZs is 1/4 of the
BZs of the AWG without chirp. Placing two input waveguidegased by 1/4 of the BZ, i.e.
with 71/2 phase shift between them (the full BZ FSR correspondsgpehables the operation
as 90 hybrid. Hence, the two input waveguides are placed in théipnsd; 1 = 25.4um and
di o =-25.4um.

Equations (23) and (24) are used to calculate the normalieketat the output plangs for
each channel and both polarizations for the input waveguiaieed at the positiod; 1 (Fig. 2).
The other input, placed at the positidip, has identical response. Figure 2 shows how TE and
TM, for a givenA, are focused at different points. Between them, a given rummbadditional
channels can be placed, limited by the PDWS.

In Figs. 3(a) and 3(b) the transfer function at output wauegsi1 to 8 for each polarization
is shown. As can be seen, the first 4 output waveguides havexanoma in the response for
TE polarization at the wavelengths of the chosen channetsttee second group of 4 output
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waveguides have a maximum for TM polarization at the sameartla. This response is re-
peated for the four groups of 8 output waveguides. In othedg;dhe output waveguides 1, 9,
17 and 25 have a maximum in the response at 1550 nm and TEzadlan. The same holds
for TM polarization and waveguides 5, 13, 21 and 29. Thengptlitput waveguides 2, 10, 18
and 26 have a maximum at 1551.5 nm for TE polarization. Thispsated for each group of 4
output waveguides, so at the end there are four output walegfor each channel and polar-
ization. These four waveguides have the relations of‘ao@fical hybrid as is shown in Figs. 4
and 5. In Fig. 4 the power and phase from the two AWG inputs (p=are plotted for each of
the four output waveguides 1, 9, 17 and 25 from Fig. 4(a)-¢dpectively. In the figures, the
in-band phase response differences have been labeledofifesmonding vectorial plot at the
channel center wavelength (1550 nm) and TE polarizatioivengn Fig. 5. As can be seen, in
the 1st output waveguide the phase shift between the fieltkitvto inputs is 135at 1550 nm
and TE polarization. At the outputs 9, 17 and 25, these pHafie at the same wavelength and
polarization are 45 -45° and -135, respectively.

Table 2: Number of the output waveguide for each phase shiftnnel and polarization

Channel

Phase shift A A A3 Ag

135 1 2 3 4
A@n; —in, 45° 9 10 11 12
TE -45 | 17 18 19 20
-135° | 25 26 27 28

135 | 5 6 7 8
A@n; —in, 45° 13 14 15 16
™ -45° |1 21 22 23 24
-135 | 29 30 31 32

In Table 2 a summary of the phase relations between the twdsripr each output waveg-
uide is given. As can be seen, each group of 4 output waveghigee the necessary hybrid
relations, and it is accomplished for each channel and pzakion.
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4. Design procedure

The validation of the model presented in the previous seatimws it can describe the full-field
response of the IC-AWG. However, the literature lacks ofsigleprocedure for such a special
device. Using the equations derived in Section 2, is possdbbtain a design procedure for
the IC-AWG. Once the design frequengyis selected, the following steps are used to obtain
the physical parameters of the IC-AWG.

1. Select the number of channels and the separation betlvean4fg,. This will fix the
necessary polarization spacitgp in Eq. (27), and then the geometry of the arrayed
waveguides necessary to obtain the quotient between paliam effective indexes.

2. Set the spatial separation between polarizations in Z5). ds half free spectral range
(FSR). The FSR is given by:

a
AXpsr= —Md (28)
w

This will set the grating orden through:
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Note that this maximizes spectral usage, as half of theapa8R is filled with TE,
whereas the other half with TM channels/wavelengths. Rafig [13], the array order
m is not the order of the demultiplexer, because the wavegandematerial dispersion
must be taken into account through the group indgxt can be incorporated through
the modified grating order’ = (ng/ncte) M.

3. Use Eg. (8) to obtain the necessary incremental lengtheset arrayed waveguidés.
The used\l’ for each subarray will b# times the calculatedl.

4. Calculate the loss nonuniformity, due toBg (x3) in Eq. (18) through:
By (0) )
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where the worst case is considered an output waveguideshb@atistancé\x, , that
corresponds td-1 grating orders shift of the central grating ordgrand a central input
waveguide. This will allow to place the input waveguidesiiy @oint in the input plane.
Hence, the loss nonuniformity will be:

e,(n%%alf

Ly (dB) = 20logo (;> (31)

From here it is possible to obtain the arrayed waveguidéartisd,,.

5. Obtain the frequency 3-dB bandwidth by using [9]:

AVpy = 2yapy/21n (10%/20) (32)

and derive the focal length; with Egs. (20) and (3). Note that the FSDP paramgter
has to take into account the dispersion through the modifiatingy ordemn.



6. Calculate the output waveguide distance through:

ns do do
Ong Ay Al

L =V (33)

whereng is the group index of the arrayed waveguides [17].

7. Finally, the input waveguides will be positioned equialig to the center of the input
planexg and separated a fractid of the focussing zone. In the case of & @ptical hy-
brid with 4 subarrays, the input waveguides will be at the’timsi%aTE (Vo) / (Mdy).

5. Simulation of a device using the design procedure

In Section 2, the validation of the model using fabricatedickes parameters available in the
literature was presented. Section 4 followed with the psapof a novel design procedure,
based on the proposed mode. In this section the procedusedsta design an IC-AWG from
high level specifications. Besides, the design shown irséision provides a so-called universal
design that can be used for groups of four wavelength chamn€-band, with 0.8 nm channel
spacing. To be precise, the purpose of this device is to mltagusable structure that works
not only in the four channels spaced 0.8 nm from 1550 nm to ¥65#, but for other groups
of four channels too.

1. The first choice for the design is the number of channetdpsé channels in this case,
and the frequency/wavelength separation between them H200G nm.

2. Next, through Eq. (27), it is possible to calculate thessfsection related feature (PDWS)
required for the arrayed waveguides. The simulated wadegutonsist of a InGaAsP
core with 160 nm of thickness with InP above and below,/in®of width, an etching of
0.2 um and a cladding height of gm. It is important to see that while the waveguide
width is 1.9um, the gaussian width is Ogfm, obtained through curve fitting of the actual
mode with commercial software [16]. The array waveguidésctif/e indexes obtained
for TE and TM polarizations are 3.1903 and 3.1826, respelgtiand the slab couplers
effective indexes for TE and TM are 3.2150 and 3.2048, rasmdy. Once the PDWS is
fixed to 3.2 nm, the next step is to calculate the grating dalset it as a half FSR through
Eqg. (29), obtainingn = 52. The modified grating order is 60.72. Recall from Section 4
half of the FSR is filled with TE and the other half with TM chatsiwavelengths.

3. Using this grating order the incremental length betweeayad waveguideAl will be
25.264um, and incremental length in each subarray will be four tithésincrement.

4. The desired loss nonuniformity, is 1 dB, so using Eq. (31) is possible to obtain the
arrayed waveguide distandg = 4.861um.

5. The frequency 3-dB bandwidth is fixed to 25 GHz, so the fajthL s will be 1.5 mm
through Eq. (32). The FSDP is calculated usjng (vody,) / (an).

6. By means of this focal length it is possible to obtain thetatice between output waveg-
uidesdy = 4.65um using Eq. (33).

7. Finally, the input waveguides are placed at the positié83 and -18.58/m at the input
planexo, respectively. Fig. 6 shows the resulting field at the oufane. It is possible to
see that all the channels for both polarizations are plaltedst equidistant.



Table 3: Summary of the IAWG design example parameters. 3ipbsi, g ando stand for
input, arrayed and output waveguides, respectively.

Technical Setup Requirements Physical parameters
Ns 3.2150 No 32 N 120
Nc 3.1903 Vo 193.1 THz | Wy 1.9um
W, Wy, Wo 1.9um Ly 1dB W 1.9um
W, Wy, Wo 0.7um Avpy 25 GHz Wo 1.9um
Test Sheet No 32
Requirementf Target Obtained | Deviation (%) | di 37.06um
Ave 100 GHz | 100 GHz 0 do 4.65um
AAEsr 6.3819nm| 6.4nm 0.28 m 52
Lg 1dB 0.9736 dB 2.71 Lt 1.5mm
Avpy 25GHz | 29.32 GHz 17.28 Al 25.264um
—TE @ 1550 nm

—TE @ 1550.8 nm

—TE @ 1551.6 nm
—TE @ 1552.4 nm

---TM @ 1550 nm
---TM @ 1550.8 nm
---TM @ 1551.6 nm
---TM @ 1552.4 nm
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Fig. 6: Field at the output plang using input waveguide 1 for each channel and polarization

Moreover, the loss nonuniformity fixed to 1 dB is accomplistea the 32 output positions
where output waveguides will be, as can be seen in Fig. 7 wihere are represented the
transfer function at the corresponding output waveguidehannel 1 for both polarizations.
Table 3 shows a summary of the design parameters and theidexahout the target value.

6. Outlook and conclusion

The IC-AWG designed in Section 5 has two input waveguidesveorits in groups of 4 chan-
nels with a spacing of 0.8 nm. The design procedure sets theleregth spacing between
groups of 4 channels (FSR) to two times the PDWS, i.e. FSR =n@4Accordingly, if the
first group of 4 wavelength channels used for TE polarizaien1550.0, 1550.8, 1551.6 and
1552.4 nm, the next group of 4 channels with TE response isahee output waveguides starts
at 1556.4 nm. Consequently, it may appear that the propassgrdis not universal, as for TE
polarization the 4 wavelengths 1553.2, 1554.0, 1554.851%66m, cannot be obtained from



" l-ow1
—0ow 2
—ow3
—ow 4

0 . — 1 oWs

Normalized Power (dB)
N
o

Normalized Power (dB)
N
o

W “\“/\ \ /%\ i,
VI R

1548 1549 1550 1551 1552 1553 1554 1548 1549 1550 1551 1552 1553 1554
Wavelength (nm) Wavelength (nm)

(@) (b)

Fig. 7: Transfer function at (a) output waveguides 1 to 4 atpbiarization and (b) output
waveguides 5 to 8 at TM polarization
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Fig. 8: Schematic of IC-AWG with (a) two input waveguidestaihing at the output waveg-
uides response for each polarization in two channels pera@id/,with (b) four input waveg-
uides, obtaining at the output waveguides response in tanratls but at the same polarization
state.

the device. Nonetheless, there are two possible methodddamaesponse in all the frequency
band without spectral gaps (colorless) between the grofugisamnels for a given polarization.

The first method is shown in Fig. 8(a), where there are only iWWoAs can be seen, the
first four OW have response for the four first channels (1556018, 1551.6 and 1552.4 nm,
respectively) at TE polarization, and the second four OWehiegponse at the same channels for
TM polarization. If the same output waveguides are used thighnext four channels (1553.2,
1554, 1554.8 and 1555.6 nm) at the input, then the first fourt@wé response for TM at this
channels and the second four OW have response for TE pdlarizaherefore, in the case
only 4 input wavelengths are used, the wavelengths are diphexkd by the IC-AWG, but
the TE/TM ports are exchanged. Moreover, if 8 wavelengtlesused in the device, it is still
possible to use polarization splitters at the output waidsgg) so polarization demultiplexing
would follow each output of the IC-AWG.

The second method to obtain colorless operation is by mdan®@dditional input waveg-
uides, i.e. 4 input waveguides in total (Fig. 8(b)). As hasrbghown in Section 3, to obtain the
90 optical hybrid operation is necessary to put the two inputegaides with a spacing that is
1/4 of the BZ. Then, it is possible to obtain the responseérstime OW for the same polariza-
tion state at the next group of four channels if the two new Biésspaced 1/8 of the BZ with
respect to the other two IWs. With this configuration, by &gt selecting the pair of inputs
at the IC-AWG, demultiplexing and polarization splitting performed, and no exchange be-
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Fig. 9: (a) Schematic of a coherent detector using a fourtiwmpueguides IC-AWG with optical
switches. (b) Schematic of a coherent detector using a tyotiwaveguides IC-AWG with
polarization splitter. Abbreviations: LO, local oscilbaf PD array, photodetector array; Pol
splitter, polarization splitter.

tween TE/TM ports happens (contrary to the previous case).sElection for the pair of input
waveguides can happen at a packaging level, or at the ctéplignmeans of integrated optical
switches, as depicted in Fig. 9. An universal design may fpylieations, amongst other, in
coherent optical integrated multi-wavelength receiv8fsihd real-time optical arbitrary wave-
form measurement (OAWM) [18].

Possible drawbacks of this device are the larger number tfplubehannels required com-
pared to a regular AWG. For each input wavelength, the IC-Afghires 8 output waveguides
(two polarizations and four different phases). This canilnétihg depending on the integra-
tion technology. AWGs have been reported with 32 outputsiih [B] and with 40 outputs in
SOI[19]. This number of output ports has to be divided by 8dtam the possible output chan-
nels in an IC-AWG. Also, there may be walk-off problems duéhi® large slab couplers when
using it in a colorless application, but they might be oveneowith design techniques similar
to those reported in [20] for cyclic AWGs.

In conclusion, this paper provides a theoretical designaralysis model for an IC-AWG.
The model is able to describe the operation &st®rid, channel demultiplexing and polariza-
tion splitting. The model has been validated by means ofrpaters reported in the literature
for fabricated coherent optical receivers. The model has la¢gso used to develop a design pro-
cedure, which is a novel tool to obtain the most importantgidal parameters of the IC-AWG
from targetted high level specifications. Finally, the dasprocedure and the accompanying
discussions show how universal (colorless) devices carebigded and analyzed by means of
the proposed model.
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