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Abstract—We show how the grating diffraction properties of tion terms, for small diffraction angléshe angular aperture be-
a N x N waveguide grating router (WGR) can limit the size of tween each two diffracted signals of input waves equally spaced

N when the device operates with a unique set oV wavelengths i, \yayelengthis a constant. This follows from the well-known
as a strict-sense nonblockingN x IN cross connect. We moti- relation

vate why, for large IV, the IN optical channels should be chosen
equally spaced in wavelength and not in frequency. Two different .
approaches to increaseV are presented. We report on results ob- a(sin 9% — sin I*) = mA Q)
tained in a40 x 40 and a80 x 80 WGR.

Index Terms—Crosstalk, optical filters, waveguide gratings, where
wavelength-division multiplexing (WDM). a grating period;
m ) integer;
infout . _ . .
| INTRODUCTION 9y |nC|dent.and the d|ffracted angles fo_r the wave-
_ _ length A in the material and/or waveguide.
ARGE N x N waveguide grating routers (WGR's) repreor small angles and for two neighboring wavelengthand

sent an excellent solution for large optical cross connectg(= A+ A))incident under the same angle, (1) simplifies into
They are fully passive elements and they can provide strictly

nonblocking connections for a set&foptical channels [1]-[5]. AP = P30 — 9 ﬂ()\/ ) = AN )
However, due to the intrinsic diffraction characteristics of the a a

grating, restrictions apply to the size &f. As we shall demon- where A¢ut is independent of both the wavelength and the

strate, this generally happens whigmpproaches the diffraction incident angled'™. The latter conclusion is not valid when (1)

orderm at which the grating operates. Additional and even mogier}d (2) are expressed in term of frequency withe v + Av.

severe limitations arise if the WGR is designed to cross conn ) . ot .
) . : us for a given grating orden, A¥°" is proportional taAA.
channels which are equally spaced in frequency. Different ap- S .
. . The angles of incidence can be chosen so that the different
proaches have been undertaken to improve the capacity of th

WGR'’s but often at the cost of additional losses [6] or by sacr?—e?S of output angles belonging to eath overlap, although

- - L mutually shifted byAgeut, So, for N evenly spaced wave-

ficing the charaptensuc perlqdlg:lty.of these.stru.cture [4]. Iengthsyincident ur):der each of thé input ar):gI:s will cover
In the following, the maximization ofV is discussed for set of only2\' output angles, as shown in Fig. 2(a) and (b)

channels equally spaced either in frequency or in waveleng ' ) :

. Swever, the overlapping among wavelength ming from
For the latter case, we show hdwcan be further increased by owever, the ove apping among wa ee_gt S coming 1ro
: . . . ifferent input angles might not be perfect if the effects of the
appropriate arrangements in the design of the device and/or . . S .
: . wavelength dispersion of the refractive indexes are included.
slightly correcting the channels wavelengths. The results 2 define the wavelenaths as
successfully implemented in4® x 40 WGR operating with a 9

single set of 40 wavelengths equally spaced by 0.4 nm. A = Ao — JAA 3)

Il. GRATING DIFFRACTION PROPERTIES with j = 0, +1, +2, ..., +N/2. Staying in the same diffrac-
The WGR consists of twdV x M star couplers connectedtion orderm, the output angular mismatch experienced\py
by M waveguides of unequal length, [1] as shown in Fig. incident under the input angk®; (with respect to case where
The functionality of a diffraction grating is obtained by lettinghe central incident angh;—, is used) is of the kind
the length of thel/ waveguides increase linearly. With a proper
design, when every input port carries the same séf optical ~ ggous — Ao
channels, each output port recei®sdifferent channels each 7" @ 7w(Ao)

coming from a different input. This provides thé x N strict- 1 Nw(Aj) =1w(A0) 1 Ai) =71 (o)

sense nonblocking cross connect [1], [7]. ' {nw()\o) { np(A;) a ny(X)
The size ofN is primarily given by the diffraction properties T Nj—i) = 1w (No)

of the grating and secondarily by the spectral dispersion of the - n(\—) }

material refractive indexes. By first neglecting the latter correc-

AN g i j—i
TN [”fé‘j) Conp(N) an()\j_i)} } &
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Fig. 1. Scheme of & x N WGR where the free spaces of the tWox M star couplers are connected by grating arms. The refractive indexes andn ..
refer to the light propagating in the free space and in the waveguide, respectively.

Equation (4) vanishes when the dispersion of the refractive in- [ll. THE WRAP-AROUND L IMITATIONS
dexes is neglected. In (4),, andny refer to the refractive in-
dexes of light propagating in the waveguides and in the fr
space, respectively, inside a WGR (see Fig. 1).

On the other hand, for optical channels equally spaced in f
quency ¢; = vy + jAvV), (4) reads as

The discussion presented in the previous section assumes the
$HGR to operate with a fixed diffraction order. Additional
rrestrictions arise when the mapping input-output ports is
&Chieved by using different diffraction orders. This situation
occurs when thévV x N WGR has to operate with a unique

m c set of N wavelengths or frequencies for all input ports. As

SO = ————— illustrated in Fig. 2(b) and (c), by shifting the input port the
’ a vony(1o) . . .
1 diffracted channels are distributed over a shifted angular sector
{_ [nw(,,j) _nw(,,o)’/_o} which partially falls outside the sector covered by the
ng(15) vy output ports. TheV x N connectivity is lost. To obviate this
1 Vo inconvenient, the next higher and next lower diffraction orders
- T (V) — Ny (10) — - .
ny(14) v are used to setup the so called periodic grating response or
1 Yo wrap-around. By an appropriate choice of the grating period
T =) [nw(’/j—i) - nw(l/o)l/j_i} } : a, as soon as one channel falls out on one side of the angular

(5) sector covered by the output ports, the next diffraction order
moves in from the other side replacing the “lost” channel with
3 copy in the next diffraction order.

of the refractive indexes. Further, (5) is explicitly frequency de- However, the resort to different diffraction order introduces
pendent which deteriorates the overlapping when frequency fifiitional misalignments. The origin resides in (2) which
input angle deviate from the central frequengyand from the clearly shows that the angular aperture between two neigh-

central input angld,, respectively. Nevertheless, the deviatioR®riNg channels entering the same input port depends on the
is small as long as diffraction orderm. Therefore, by using the same input ports

the overlapping among the diffracted channels belonging to
S99 Vi — 1w, different diffraction order is Iost._
out > J < 1. (6) For channels equally spacedvravelengthalthoughAgout
AV Wiz = 1o is still constant inside each diffraction order, the misalignment

A bad overlapping leads to a deterioration of the device Chaﬁ)_(pressed by (4) has to be corrected wiyen i| > N/2 into

acteristics. So, iV x N WGR’s the optical channels have to

Here,&9%;". does not vanish even by neglecting the dispersiéﬁ'

be equally spaced in wavelength if the optimum performance&rw;?“it = _mAo

terms of losses and crosstalk is preferred. However, this funda- 7 anw(Ao)

mental requirement stays latent in devices designed for channels . { 1 {”w()\j) —nw(Xo) _ nw(Ai) =mw(Mo)
equally spaced in frequency as long as the covered frequency w(Ao) ns(A;) ng(A;)
span is small enough. How small is “small enough” shall be Nw(Aj_ixn) — nw(Ao)

quantified in the following by taking (6) as a starting point. nr(Njoien)
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Fig. 2. Diffraction at a WGR for channels equally spaced in wavelength (left) and in frequency (right). (a) Diffraction with a fixed input portcadifffaction
orderm. (b) Diffraction with different input ports and fixed diffraction order. (c) Diffraction with a fixed input port and two different diffraction ordersand
m — 1.

n AT 4 i j—tEN } } The misalignment increases linearly with the distance between
Ao Lng(Ay) np(A) np(Noxn) the central wavelength, and the wavelength, diffracted in
Ao—JAX the next higher (sigr-) or in the next lower (sigr-) diffraction
a-ng(N) ™ order. Naotice that, by neglecting the wavelength dispersion of
the refractive indexes, the misalignment for a specific channel
which, in a first approximation, can be simplified to does not depend on the input port.

Thus, half of the angular separation between two output ports

A
a-ngp(X;)

S9N A (®) (A9°ut/2) combined with the maximum value @#°%* de-
i = F fine an upper limit for the wavelength spav - A\ and, for
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Fig.3. Calculated relative angular deviatip#r t / Aout as a function of the input poitand the optical channgifor channels equally spaced in (a) wavelength
or (b) frequency in @1 x 41 WGR. The wavelength channels are defined as= A — jAX wherex, = 1555 nm andAX = 0.4 nm. The frequency channels
are defined ag; = vy + jAvr wherev, = ¢/A, andAv = 50 GHz.

a given channel spacing\, how many channels can be effi-bination are remarkably smaller than in the case for channels
ciently cross connected. According to (8), the maximum deviagually spaced in frequency.
tion 9% occurs with the longest or the shortest wavelength, In Fig. 3(a), for channels equally spaced in wavelength, (4)

i.e., whenj = £N/2 so that the previous condition defines the flat central region where the almost vanishing de-
viation is given by the negligible wavelength dispersion of the

out out
B0 < AY/2 ©) refractive indexes in silicon. The resort to different diffraction
can be expressed as orders is the origin of the “wings” characterized by the linear
Sgout AN Y N increase for increasing deviation froxg as described by (8). It
max _ N2 Lo =—<«1 (10) is worth noting that the deviation at the “wings” has always the

Agort Ao w(Ao)  m same sign. We will be right back to this peculiarity.

wheren? is the group index in the waveguides. As already men- In Fig. 3(b), for channels equally spaced in frequency, (5)
tioned, (10) gives only an upper limit for the usable wavelengtiefines a curved central region in which the worst case is
span, because in a real device the tolerated misalignment issdegady even worse thah?S_ calculated for evenly spaced
by design and performance parameters such as the width of waselengths. Similarly to Fig. 3(a), the use of different diffrac-
output ports, the affordable additional losses, and crosstalk lextedn orders produces “wings” but, in this case, with much higher

An equivalent approach can be followed for channels equabynplitudes and with opposite sign. We finally mention that
spaced irffrequencyalthough the analysis of this case presentsr the sames¥°%t obtained in at1 x 41 WGR with channel
a higher degree of complexity due to the fact that, as alreadgually spaced in frequency, for evenly spaced wavelengths the
mentioned A¥°** is not a constant for a given diffraction orde?WGR could be as large &4 x 71.
m and due to the fact thaw$"} is an explicit function of the  Once again, we remind that these curves do not take into ac-
frequency. Instead of presenting the abstruse equaticwﬁgl’, count the restrictions imposed by design and performance pa-
the consequences of channel equally spaced in frequency statheters such as the width of the output ports, the affordable

be illustrated graphically in the following section. additional losses, and tolerated crosstalk level.
IV. WAVELENGTH VERSUSFREQUENCY. AN EXAMPLE V. IMPROVEMENTS
As a corollary to the equations, we motivate why laige NV In Fig. 3(a) the curve always assumes positive values and the

WGR’s operating with a single set 6f optical channels should deviation ranges fromv 0 in the central region to%_ ~ 0.25

be designed for equally spaced wavelengths and not frequendégsthe shortest and the longest wavelengths at the “wings”.
by evaluating in the two casé®?"; /Ay for N = 41. The This peculiar property allows us to halve the valuebof;,,
relative deviation is calculated as a function of both the inpbl shifting the position of the output ports by half of this angle.
porti and the wavelength or frequency chanpelhe channel The resultis shown in Fig. 4(a). This procedure will degrade the
spacing isAX = 0.4 nm orAr = 50 GHz, respectively. The re- angular deviation in the flat region of the curve but it will allow
fractive indexes correspond to devices fabricated in silica whegither to halves¥4¢_or to double the number of channé¥shy

the spectral dispersion can be safely neglected over the spedtegpings¥SL:. unchanged.

range of interest centered & = 1555 nm. Similarimprovements can also be obtained by a fine tuning of
The difference between the two curves shown in Fig. 3 the N equally spaced wavelengths instead of shifting the output

substantial: The WGR designed for channels equally spagaeatts. With a parabolic detuning of the equally spaced wave-

in wavelength performs better. Both the maximum deviatidengths, as the one shown in Fig. 5 around the central wave-

sy as well as the misalignment at each singlei)-com- length, itis possible to minimiz&J2: to about half of the orig-

max max
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Fig. 4. Calculated relative angular deviatidfct / Ag°ut as a function of the input poftand the optical channglin a41 x 41 WGR. (a) For channels equally
spaced in wavelength and shifted output ports. (b) For parabolically detuned wavelengths (see also Fig. 5). Details in the text.

inal value. For comparison the relative deviatifff'y / A9 0.12 e
is plotted in Fig. 4(b) where it can be noticed that the global pe! -
formance in this case is slightly better. 0.10 - Aj =y — AN + 82
These two approaches can be also implemented for chann I A, = 1555 nm
equally spaced in frequency but the improvements that can §~ 0.08 | AL =0.4 nm 7
achieved are insignificant. 2" 0.06 L ]
z 0.04 | 4
VI. EXPERIMENTAL RESULTS . |
A 40 x 40WGR has been designed for channels with wave 0.02 7
lengths equally spaced kA = 0.4 nm. To reducéfd%%, the oLl S O
position of the output ports has been uniformly shifted by half o 20 15 10 -5 0 5 10 15 20
this angle, as explained in Section V. The device operates witt
diffraction orderm = 95 which, with V = 40, approximately Wavelength channel j

fulfills (10). However, as already mentioned, the stringent limits _ )
g.5. Calculated detuning from the exact equally spaced wavelengths which
inimizes the relative maximum angular deviatiaipt / Ad°*t ina41 x 41

forthe deviatiorw;{“it are given by the angular aperture covereﬁ

by one output port which is of course smaller thAft. In our WGR. X, = A — jAX + 6X; with Ao = 1555 nm andAA = 0.4 nm.

case, we calculate the#"; deviates from the axis of the output

ports by less than one fifth of the total angular aperture covergver. These values shall be improved by a more precise design
by a single output port. of the device and a more accurate fabrication process.

Such small misalignment can be revealed by the calculatedTo pushV even further, a0 x 80 WGR has been designed
transmission spectrum of the device. The peaks can be showbdged on the same concepts used for the smaller version. How-
be not perfectly spaced by 0.4 nm but to slightly drift from thever, in order to let the device cross connect 80 channels spaced
exact position. The worst channel mismatch is less than 10%k3f 0.4 nm the wraparound requirements demand the WGR to
the channel spacing and from such misalignment an additionplerate in the diffraction orden = 47. Thus,N/m clearly ex-
loss of less than 1.5 dB is expected at the exact wavelength.ceeds unity so that (10) is not fulfilled any more. Therefore, we

The measured transmission spectrum is shown in Fig. 6(a) angbect channels whose deviation will be larger than the distance
(b) where each curve represents the transmission spectrumlmdtween two adjacent output ports so that the wavelength map-
tained atthe 40 different output ports when awhite source illunping between the input and output ports is lost.
nates one input port. The positions of the peaks agree very wellThis can be seen by calculating the transmission spectra of
with the calculations although globally shifted by 0.8 nm towarguch device. It can be shown that the channels belonging to dif-
shorter wavelengths. The insertion losses measured at the pdefent diffraction orders either overlap or leave gaps in between.
range from 4 and 6 dB while the additional loss dué#§“; is The simulations are supported by the measurements shown in
lessthan 1.5 dB in the worst case. Thus, this WGR can operaté&#&s 7 where on the right side the first channel of the diffraction
a40 x 40 cross connect with one set of 40 wavelengths. orderm — 1 overlaps with the last channel of the ordemvhile

For completeness, we mention that the adjacent crosstalkthe other side of the spectrum a gap opens between the first
level is about-25 dB while the average crosstalk level is 5 dBhannel of the ordet: and the last one of the order + 1.



990 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 7, JULY 2000

Input port i =0 T T T T T T T T T T

s

Transmissivity (dB)
o
=}
T
1

"‘ "., ! ".‘,\M a";‘.’t'lw e"'"!“‘\,'!
AR A

Wavelength A (nm)

Transmissivity (dB)

1550 1555 1560

Wavelength A (nm)

Fig. 6. (a) Measured fiber-to-fiber transmission spectra referred to the central input goft)(in a 40x 40 WGR with channels equally spaced A\ = 0.4

nm and shifted output ports. (b) Comparison among the spectra obtained from the central port (center) and the two most lateral ports (top arftetulmitted). T
grid represents the channel spacing of 0.4 nm.

VII. FINAL REMARKS the filtering effects occurring at higher bit rates. A compromise
has to be found. In addition, other factors like the width of the
We have discussed few factors which, iVex V WGR oper- output ports, the tolerated losses and crosstalk, can further limit
ating with a single set aV optical channels, can limit the max-N.
imum value of V. We have shown that an efficient operation of Experimentally, we demonstrated that by properly reposi-
the WGR can be achieved for larg&rwhen the optical chan- tioning the output ports is still possible to access largér
nels are equally spaced in wavelength. In this case (10) givesadtihough additional losses have been introduced. With this new
upper limit for V which is basically determined by the wave-arrangement and a given channel spacing of 0.4 nm we doubled
length spanV A\ covered by théV optical channels. Therefore, N from 20 to 40 without affecting the worst case performance
the smaller the channel spacing, the laryeiHowever, a lower of the device. The maximum allowed by (10)A& = 62. We
limit to the channel spacing is set by the bit rates which the WGlieve that a small margin for improvement is still available
has to support. In fact, if on one hand latyeand thus smaller and50 x 50 WGR might be produced.
channel spacings require the device to have narrower passband¥e also realized a&0 x 80 WGR which, as expected, could
to avoid increased penalties due for example to crosstalk, on tieg be operated with a single set of 80 wavelengths for all the
other hand narrower passbands might introduce penalties dumput ports. Nevertheless, such devices can be still perfectly
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Measured fiber-to-fiber transmission spectra referred to the central inpyt per6) in a80 x 80 WGR with channels equally spaced ByA = 0.4

nm and shifted output ports. Details in the text.

used when the system in which they are inserted allows the in{7] M. K. Smit, “New focusing and dispersive planar component based on
dependent tuning of the wavelengths at each input port. It can ~ an optical phase arrayElectron. Lett. vol. 24, pp. 385-386, 1988.

be shown that this can be achieved when the total number of

available wavelengths &/V.
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