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Applications of Active Arrayed-Waveguide Gratings
In Dynamic WDM Networking and Routing
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Abstract—We describe how active arrayed-waveguide gratings |l. FRESNEI—KIRCHHOFF DIFFRACTION THEORY APPLIED TO
(AWGs) may find a diverse range of applications in future dynamic AWGS
wavelength division multiplexed (WDM) networking and routing.
Our initial simulations indicate that these applications include Fourier optics provides an excellent framework for under-
dynamic signal power and erbium-doped fiber amplifier (EDFA)  standing the operation of the AWG [10]-[12], enabling the free-

amplified spontaneous emission (ASE) suppression by more than i . A _
20 dB; optical add/drop multiplexing with passband-flattened theory. The Fresnel—Kirchhoff diffraction integral for the free

channels and suppressions of 15 dB; and dynamic dispersion SPace prpagatiqn oflightthrough an apertiife thee—; plane
compensation of up to+300 ps/nm. after a distance’ is given by [13]

Index Terms—Fourier transforms, gratings, integrated optics, ik jks!
optical equalizers, optical planar waveguide components, photonic Uz, y) = _jCOS‘SAC - f // kS (Em) e dn (1)
s
s

switching systems, waveguide arrays, wavelength division multi- A
plexing.

wherel is the far-field distribution of light in the—y plane. In
I. INTRODUCTION the conventional derivation above, the aperttiie assumed to

S A RESULT of intense international effort. the reP€ illuminated by a spherical wavefront arriving at the screen,
Aquirements for future erbium-doped fiber amplifiel’@ving propagated from a point source a distarideehind the

(EDFA)-based wavelength-routed networks are now becomifig'€en: The illumination function of the aperture is therefore

more clearly defined [1]. In addition to existing gain equaliza3Ven by

tion features, a need for dynamically reconfigurable add/drop

multiplexing, space/wavelength switching and dispersion Ale, n) =
compensation is emerging [2], while time synchronization r

in IP-routed petworkg is also becoming.an isgue. The &lhere the wavenumber of the incident light is givenby=
rayed-waveguide grating (AWG) [3], [4] is an increasingly, ./ “However, in our analysis, we are not concerned with a

importar'lt wavelengt'h divjsion mul_tiplexed (WDM) techpolog oint-source origin of the light illuminating the aperture. Rather,
for passive (de)multiplexing and fixed wavelength routing [5],a 35sume a general illumination functiéige, ) of the aper-

[6]. In previous work [7], [8], we have shown how active ANGS,re {6 yield a modified Fresnel—Kirchhoff diffraction integral
can provide some aspects of WDM networking functmnah%rmwa

by phase and/or amplitude wavefront profiling. However, the

delivery of all these features in an active AWG has not, to cos § eIks’ .

our knowledge, previously been discussed. In this paper, we Uz, y) =—j N g // Ale, me* & dedn  (3)
describe how dynamic phase-profiling can provide all these s

desirable properties. In particular, we report simulation resuiiéere

which show how holographic techniques [9] based on the e, n) :_aie—i-yn + e+ _ (ze 4+ yn)? 4
simulated annealing algorithm can offer good agreement with ’ s 2s’ 25’3

target functions obtained by either analytical or experimental L . .
means. Attractive features of active AWG devices potential%z For the AWG geometries in which we are interested, espe-

Aedkr’

; )

include: multi-wavelength control, nonmechanical operatio a”{ t?hat of the ;‘ree propggatlon region gFPR),Ras lsho(\j/vr! |r|1
and compact realization. ig. 1, the array of waveguides are arranged on a Rowland circle

configuration, so that the high orders in the functjda, ) die
away rapidly. The factotos § is the angle between the optical
Manuscript received April 4, 2000; revised September 15, 2000. axis of the system and the aperture plane, and is close to unity.
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Fig. 1. Application of Fresnel-Kirchhoff diffraction integral to the planar E,'/p Eo/p
free-propagation region in an AWG.

Fig. 2. Schematic of active holographic AWG, with phase-modulators in the

system, and are analyzed in this paper as they find useful apptiurier plane.
cations, and yield physical insight into the processes involved.
As AWGs have an essentially planar geometry, with free-profie 1-D version of the Fresnel-Kirchhoff formula in its FT
agation within the plane of the device, diffraction only occurs irepresentation, so that the AWG output electric figlg ,(z),
two dimensions so that the Fresnel-Kirchhoff integral reduces FT of the aperture functior () is given by
to a one-dimensional (1-D) formula, with ontyand = being 0o
the qomplementary_space variables. Each side qf the fre_e prop- E,p(z) = —J A(E)C—j(an/)\R)q;a de )
agation region is adjoined by an array of waveguides, which ef- VAR
fectively cause the aperture to be discretised into multiple aper- —e°
tures. This can then be mathematically modeled by replaciagereR is the length of the FPR, is the refractive index, and
the continuous integral of the Fresnel-Kirchhoff formula with a(¢) is the product of the phase holograrte) transfer function
discrete series summation. across the arrayed-waveguides, and an overall Gaussian ampli-

tude distribution, such that
I1l. FOURIER HOLOGRAPHIC TECHNIQUES FORAWG

— o2 /W) (e
PASSBAND CONTROL Ale) = Egem @ /Wi %) (6)

A. Optical Fourier Transform Theory with « defining the width of the Gaussian function.

The two FPRs on either side of the arrayed-waveguideHowever' for a fixed spatial position of the output wave-
section (equivalent to the Fourier plane [11]) of an AWG allowuide, the integral (5) can also be considered as variable in
the overall device to be considered as a plahfiens-relay wavelength), meaning that the equation can also be consid-
system. Hence, the techniques of spatial filtering associaf®@d as a filter spectral transmission equatin, (A). By em-
with free-space versions of such systems can also be appﬁ)éQying a discrete Fourier series formalism, (5) can therefore be
to AWGs. Holographic techniques, based on FT theory, ag&Pressed as the following series summation:

emerging as a powerful tool to tailor the spectral-response ) M

of grating-based [9], [14] WDM optical devices, and achieve E,/p(N) = —iWEp Z

multi-wavelength control. Arbitrary segmented passbands with VAR m=0

variable transmissions are possible, as well as apodization and - e—o(m=(M/2))* +j(2mnAl/N)m+jP(m) @)

passband shaping to yield near-rectangular filter responses

[15]. Since the basic Fraunhofer diffraction integral of (3) isvhere W is the arrayed-waveguide spacing (see Fig.A),
essentially an FT, holographic techniques can therefore alsoi$¢he incremental pathlength difference between neighboring
applied to AWGs. Holographic filtering based on phase-onlyaveguides, and there até¢ + 1 waveguides in the array. The
conditioning of the Fourier-plane of the AWG is attractive sincelectric field £, at the center waveguide of the array is related
it implies optimum use of the available light, due to avoidande the input electric fieldE;,,,, by Eo ~ —ja\/(7/AR)E;/,,,

of unnecessary attenuation. However, full complex (amplituadehereaq is the spot size of the mode in the input waveguide to
and phase) control can also be employed by selective attéf*R(1). A more accurate mathematical model would convolve
uation or gain within individual waveguides (in addition ta¢he implicit delta-function representation of each waveguide
phase-control) so as to achieve a continuous complex Fouméth the guided-mode structure of the light within the wave-
function. Fig. 2 shows a holographic AWG, with phase-onlguide. However, the guided-mode (an approximate Gaussian
spatial filtering at the Fourier plane by means of an array oftensity distribution) merely changes the overall envelope
phase-modulators, which constitutes the hologram. Suchofathe far-field intensity distribution, and can be neglected
device has already been demonstrated [16], with the phasethe analysis. The phase holograb{m,) normally has a
modulators acting to correct for phase errors occurring durisgall wavelength sensitivity depending on its implementation.
fabrication. When the quadratic terms ffe, n), as indicated This would be the case, for example, if one varied the optical
in (4), are excluded from the integral of (3), we can writpathlengths of the individual waveguides. Phase control of each
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arm can be achieved by actively altering the local refractive
index [17] of the individual waveguides. The phase changes
(ranging from—r to +) required in each waveguide arm need
only be imposed over a short length of the arm, depending on
the strength of the electro-optic or thermo-optic effect used to
introduce the phase change. The desired phase chgpder

the mth arm will only be correct for a particular wavelength,
e.g.,Ap = 1550 nm. A wavelength at the edge of the Erbium
window, say\; = 1530 nm, would experience a phase change
of ¥,,, X A\1/Ag, i.€., it would be out by 20 parts in 1550 or only
about 1.3%; but this is independent of the number of grating
arms, and the size of the hologram. The hologram can be con-
sidered to be an additional first-order grating superposed onto
the conventional (high order50) AWG grating, respectively,
with the first-order grating having less wavelength dependence.

32 64 96 128
Waveguide Number, m

B. Design of Holograms

Since the functionality of the holographic AWG is ultimately
expressed by the FT of the aperture functiéfe), the phase
hologram®(¢) is designed by tailoring its spatial distribution
across the arrayed-waveguides so that its spectral response (i.e.,

|
|
|
|
|
|

the FT of its spatial distribution) has the form of the desired fil- 0 32 64 96 1
tering function. Superficially, the required spatial distribution is

just the inverse FT of the desired spectral response. However,
the inverse FT of a desired spectral distribution function willig. 3. Example 4-bit phase-holograms, generated using the simulated
tend to yield a complex spatial distribution. This is equiva|e@pnealing optimization algorithm. Gray-scale, 4-bit (16 levels) representation

Waveguide Number, m

to a spatial distribution containing both dielectric and absorf.Pase: black0, white=2.

tive components. However, we are generally only interested in
a filtering function with a certain amplitude response (e.g., f&POnse, we must consider both the real and imaginary amplitude
power equalization, add/drop multiplexing, etc.). This impliegharacteristics.
that just the modulus (or the amplitude) of the spectral distribu- ) L
tion is of interest, while its phase characteristic can be neglectéd. POwer and EDFA Gain Equalization
If we allow the phase characteristic to be a degree of freedomAs the number of WDM channels is increased, the demand
we can design a hologram consisting of only a real refractifer well-specified spectral equalization of optical amplifiers
index distribution across the waveguide arms. The FT of tha¢comes more urgent. If, as seems likely, there is a move
spatial distribution will yield a spectral distribution with the detoward greater optical transparency in switching, the need for
sired amplitude distribution, but with an arbitrary phase charagynamic control of WDM channels will become paramount.
teristic. A suitable spatial distribution thus has to be calculatédVG devices using a similar arrayed-waveguide phase-mod-
which is purely real, yet whose FT yields the desired spectraation technology have already been demonstrated [20],
amplitude response. Constraints are placed on this calculatiuri the active waveguide array has been positioned within a
in each of the complementary FT planesind = (or equiva- Mach—Zehnder configuration rather than in the Fourier-plane
lently \), respectively. The first is that the holograbge) must of the AWG. In the case of individual phase-modulator failure,
be purely real, while the second is the actual amplitude chaine Fourier-plane configuration will integrate the loss in per-
acteristic of the target spectral distribution (i.e., filtering funcformance across the spectral range of operation, whereas the
tion). Together, these two constraints make the calculation idfich—Zehnder embodiment will tend to suffer the complete
the hologram a nondeterministic problem, best solved using dpss of a channel. The holographic designs presented here are
timization algorithms such as simulated annealing [18] (as useshlized by allowing the deviation in the optical pathlength of
to generate the holograms simulated in this paper), error-dificcessive waveguides to differ from their usual relationship by
fusion [19] or genetic algorithms, etc. Fig. 3 shows (in 4-bitip to +#, with a quantization of four bits. Four bit hologram
gray-scale) two generated phase-holograms, designed for sgp@ntization allows the errors between the target filtering
tral power equalization and optical add/drop multiplexing fundunction and the AWG response to be reduced to less than 1 dB.
tionalities, respectively. In our simulation, we have designed a dynamic spectral equal-
For functionalities such as multi-wavelength dispersion coneer [21] to compensate for a (hypothetical) 12 dB dynamic
pensation, where the phase characteristic of the spectral distange over the EDFA amplifier passband. Fig. 4(a) depicts the
bution is important (i.e., dispersion characteristic is given by tlegmulated transmission results for an AWG consisting of 128
second differential of the phase characteristic), a further caaetive arrayed-waveguides, with a free-spectral range (FSR)
straint must be introduced into the calculation. Instead of justjual to 6.4 nm, equalizing x 100 GHz channels over a 12
requiring a certain magnitude for the spectral distribution relB dynamic range. We have assumed a uniform illumination of
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expense of channel suppression of only 15 dB, and a greater
device insertion loss. A higher number of arrayed-waveguides,
and/or a reduced degree of passbhand broadening would improve
both these figures.

Transmission (dB)
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Wavelength (nm) E. Holographic AWG Excess Insertion Loss

(b) An active InP-substrate AWG with individual phase control
Fig. 4. (a) Simulation results for active holographic AWG functioning as afPf 48 arms of the arrayed-waveguide section has been fabri-
equalizing (12 dB) filter. (b) Effect of random pathlength jitter’gfs andA/4  cated to exhibit an insertion loss of 3 dB [16]. Phase control
(dashed and offset). of the device’s Fourier plane was used to achieve closer per-
formance to the theoretical sinc response of a uniform grating
the Fourier plane, such that the Gaussian intensity parameiékcture. However, the implementation of a hologram in the
o = 0. In addition to the equalizing functionality, good interfourier plane via phase control, disrupts the uniform grating
channel amplified spontaneous emission (ASE) suppressfgficture. This results in an overall insertion loss increase,
of greater than 20 dB is also achieved. Note that the cyclicd the grating becomes less efficient at directing light to the
frequency response of the AWG would allow this techniqueltput port. In general, the excess insertion loss increases with
to be simply extended, for example to the control of 8the number of channels being controll€tas 10log,, C, or
channels, by preceding ten of these active AWGs by a passhfog;o 3C for flattened passbands [22]. For example, Fig. 4
passband-flattened (3-dB width 6.4 nm) conventional AWG depicts the transmission spectrum for a holographic AWG
of ESR=64 nm. equalizingC = 8 channels. Hence, the insertion loss for the
Of great importance is the robustness of this design to fabflannel experiencing least attenuation would be expected
cation tolerances. In order to test this, varying levels of randd@ be of the orderlOlog,,8 = 9 dB, as indicated by the
pathlength “jitter,” corresponding ta/16; A\/8; A/4 and A/2 figure. Likewise, Fig. 5 shows the spectral response for an
of the total optical pathlength deviation in the design have be@gtive AWG with OADM functionality, controllingC = 6
simulated. The results are encouraging—the effect is barely m@ssband-flattened channels. In this case, the excess insertion
ticeable at the\ /16 level and at\ /8 there is a small additional 10SS is expected to be closeltBlog, (3 x 6) = 12.6 dB, again
excess loss+1 dB) with little distortion of the passband shape@s indicated in the figure. Although this loss is relatively large
The design begins to break down for a pathlength jittek of, for the small channel courtt’ considered here, for largér it
as shown in Fig. 4(b), where the noise floor rises appreciablyifereases only marginally (i.e., logarithmically), and so scales
give crosstalk of greater than10 dB. well for a large WDM channel count.

D. Optical Add/Drop Multiplexing IV. DYNAMIC DISPERSIONCOMPENSATION

The very good interchannel suppression suggests that thés channel bit-rates in optical networks increase, physical
filter design algorithm can also be used to realize arbitratgyer temporal dispersion in dense WDM networks is becoming
channel dropping (/combining) filters. As an example, wan important consideration. Dispersion compensation (DC)
present the same active AWG filter, but with a filter respondechniques are now seen as a critical element in the design
designed to pass channels 1, 2, 4, 6, 7, 8 and drop (suppressjuture high-capacity lightwave communication systems.
channels 3 and 5. Fig. 5 shows the simulated filter respon&assive DC using fiber Bragg gratings is well established [23]
The filter design algorithm has also been adapted to enaklgh dynamic DC also recently being demonstrated [24]. Fixed
near-rectangular passband flattening, as is evident in the figube&; using a passive chirped AWG has been suggested [25], [26],
so demonstrating the flexibility of the holographic techniqudaut we now propose how dynamic DC can be achieved with an
This makes the device more robust to laser wavelength fluctctive AWG. The variable time delay associated with dynamic
ations, as well as temperature effects. However, this is at th€ means that such an AWG may also find application as a



PARKERet al. APPLICATIONS OF ACTIVE ARRAYED-WAVEGUIDE GRATINGS 1753

; ; Voltage-dependent FPR: Free- AoB
Gritr:"sesaggrgsn;phtude linear phase profile Propagation Region b=M L(w’) jﬁ (10b)
p ' 2FSR 4
waveguides A, m 2 2
Ma(Ag— A Ao — A

E -a(m— Parabolic phase ¢ = (o ) — (o ) (10c)

"€ profile FSR 4FSR mAoBlu) + jg

_____ 2FSR 4

2

(m 2) with \q being the central wavelength of the passband, and FSR

= A%/nAl the device free-spectral range (FSR). As might be

expected, this describes the typical passband response of a lin-

active regions early-chirped grating structure [28]. The linear coefficient term

—~— — [1+ A(v,) — (zW/RAl)] does not appear explicitly in (9) and

/'lnput Fourier Plane OutPUN (10) as it only determines the central waveleniglof the AWG

passband given by

Fig. 6. Schematic of dynamic dispersion compensating AWG, using parabolic
and trapezoidal active regions in the Fourier plane.

to trapezoidal and parabolic

W

)\OIVFSR’LAZ 1+A(Ua)—m .

11)

multi-wavelength, tunable delay line in IP-routed packet-based

optical networks. Itis apparent from (11) that the central wavelenggican be

tuned both by applying a voltagg to the trapezoidal electrode
A. Hybrid Fourier-Fresnel Diffraction to vary the coefficienti(v, ), forming the basis of a space-wave-

Fig. 6 shows a schematic of an active AWG with an acti§9th switch; and by the spatial positiorof the output wave-
symmetric parabolic phase profile and an active trapezoid i¥ide. 1-€., the demultiplexing functionality of a conventional
posed on its central arrayed-waveguide region. The trapezoiﬂaﬁs've_AWG' It shou_ld be noted that terms associated with th?
region can be used to allow the active AWG to function as%{:lrabollc phase profile, S,UCh as the_ vpltage-dependent coe.fn-
space-wavelength switch [6], while the parabolic phase proffd€ntB(vs) do not appear in (11). This is because a symmetric
effectively chirps the AWG grating, and allows dispersion conarabolic phase profile does not detune the AWG. Instead, the

pensation. With reference to Fig. 6, the following discrete sunfo!tage-dependent coefficiedt (where thev, dependence is
mation describes the output electric field from the AWG implicit) acts only to independently control the degree of dis-
persion compensation. The total AWG phase resp8(sgis a

—iWE, M combination of three factors: linear and broadly parabolic terms
Eopp(A) = R Z about)g, corresponding to the phase profié\) of (10c); and
m=0 an additional phase response due to the Fresnel integrals, which
. exp <j 2mnAl [1 + A(ve) — xW} m _fol_lov_vs the_ form of the Cornu spiral [29]. Dispers_ion character-
A RAI istic is defined as the second frequency derivative of the AWG

2anAlB(v,) M2 phase respong¥ ) [25], but can be closely approximated in
j———— —a){m==5) ] ®) the following manner:

whereB(v;) is the strength of the induced parabolic phase shift, D= 974 ~ )\_3 o)
equivalent also to the degree of chirp imposed on the device. X 2mc N2
Apparent are the functional similarities between (8) and (3uherec is the speed of light. Using (9), the dispersion charac-
and (4), as they both have linear and quadratic terms, so ingristic at the passhand center wavelengtis thus analytically
cating that hybrid Fourier—Fresnel diffraction is taking placejiven by

By approximating the series summation (8) to a continuous in-

tegral-based formalism, the transmission transfer function canp, _ 1 <M>\o )2

12)

be written as a series of Fresnel integrals ~ - \9FsSR
t()‘):% .Re 12_ V2 <C1[b]cosb2+52[b]sinb2> .
e w0 T cae s
oW n M 13
SV ST {Ci(a+b) = Ci(a—b)

) For small degrees of chirp, the dispersion increases linearly
with the voltage-dependent coefficieit and is approximately

whereC; andsS; are the Fresnel cosine and sine integrals of tigiven by

first kind [27]. The normalized parametetsb, and¢ are given

+ jSi(a+b) — jSi(a—b)}?

2 2
as follows: Da L <§|é[;(;g> 1_7: [1 _ 13210i _0 (a4):| Foo(4)
[# J J
o= Ao = V) (10a)
Ao B(vy) a where we have introduced the normalized chirp paramiter

2FSR 2FSR ry which while being proportional t&, is essentially independent
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F, and Gaussian apodization parameter Fig. 8. Typical spectral pldt(A)|?, group delayr,, dispersion characteristic
D()).
of the AWG parameters such as FSR, number of arrayed-wave- _
guidesM, and wavelength of operation, dispersion, set by the wavelength of operatigrand the speed
of light c.
2w M2 X
F=2""20p (15) . :
FSR B. Simulation Results

Fig. 7 shows a three-dimensional mesh plot of the variation We have modeled an active AWG with FSB2 nm & 15 x
of normalized dispersio - ¢c(2FSR/M \o)? as it varies with 100 GHz), Ao = 1560 nm, refractive index» = 2.2, and
chirp parametef’, and Gaussian apodization parameteAp- 128 arrayed-waveguides, with chirp paramdter 11.2, and
parent is the initial linear increase in dispersion with clirgn ~ Gaussian parameter= 0.8. Using the phase terms of (8), the
accordance with (14), untilamaximum is reachedifor: 17.6, required phase changg, as a function of3 for themth wave-
whenD - ¢(2FSR/M )} = 2.5. The degree of dispersion thenguide is given by
rapidly reduces, and oscillates with reduced amplitude about 9
zero in agreement with (13). The dispersion ripple across the — 2mnAlB <m — %) . (18)
3-dB passband width also becomes increasingly evident with A 2

large chirp parametel’, so that chirping with#” > 17.6 is not For the longest waveguide, where= M, the phase change

Iikely tolyiel_d a usgfql device. Fig. 7 and (1_4) also indicate that given byd,; = 2r(nAIM2B/4)), where this phase change
dispersion is maximized when the Gaussian parameter0, s accumulated only along an active sectibn, which is a

i.e., for a uniform power distribution along the arrayed—wavegb—roportion,y of the total waveguide length,; = MAI, so
uides. However, the degree_ of r_ipple of ';he dis_,persm_(n\) that Ly = ~Ly. The phase changéy, is caused by an ap-
across the 3-dB passband width (i.e., the dispersion variat)ce plied electric field altering the refractive index of the wave-
is damped by, and minimized fory = 4.5, (see [30]), but at uide, where?,; = 2r(L 4 /)\)An, with An being the change
the expense of greatly reduced dispersion. In addition, the 3-§B8,ofractive index. Equating the two expressions for the re-
AWG passband widti\ A3 4 linearly increases with the Chirp g ired phase changh, gives a relative refractive index change
parametet’; the relationship [8] explicitly given by of (An/n) = (BM/4), such that for dispersion compensa-
TFSRA F tion with B = 8.37 x 1077, v = 0.4, M = 128 waveg-
AN B =AX <1+ Z) (16) uides, then(An/n) = 66.9 x 10-S. If the device is fabri-
cated using Lithium Niobate, with linear electro-optic coeffi-
whereA )\, = FSR/M is the 3-dB width of the unchirped, i.e.,cient 735 = 30.8 x 10~2Vm™!, and with refractive index
standard AWG. Apparent from (14) and (16) is that there isghange given byAn = (1/2)n®r33E, then the required elec-
maximum value of degree of dispersion compensation and 3-tig field £ applied to the waveguide is 900 kV/m. This is a
passband width available. Substituting the square of (16) inttodest applied electric field, requiring a voltage of 9.0 V for a

Aldzap ~ AXg +

(14), and evaluating at' = 17.6, we find waveguide thickness of 10m, over a maximum active length
2 of L4 = 4.8 mm. Fig. 8(a) shows the normalized filter trans-
D(Xo) - (AAsqs)? < 1872, (17) mission responsg(\)|?, with the associated group delay,
C

across the passband 3-dB width, shown in Fig. 8(b). The dis-
Thus, for minimum dispersion ripple in the AWG passbangbersion characteristi(A) is plotted in Fig. 8(c), and is equal
there is a fundamental limit to the passband width and degree@f:300 ps/nm across the 3-dB width of the filter passband, for
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parabolic coefficienB ~ £8.37 x 10~7. This would compen-
sate 19 km of single-mode fiber (SMF) with a 16 ps/nm/km dis-
persion characteristic. With the Gaussian parameter optimized
to a = 0.8, slight variation in the dispersion characteristic of
47 ps/nm across the filter 3-dB passband width is still present.
By designing the AWG to have a FSRIf x 100 GHz, the peri-

odic nature of the spectral response can be taken advantage of to
compensate for multiple channels, spaced by 12 nm on the ITU
grid. The intermediate channels can be dispersion compensated
by appropriate positioning of an additional 14 ports at the output
of the device. An additional re-multiplexing AWG is required to
multiplex all channels back onto a single fiber, to achieve in-line
filtering.

By employing the device as a fine-tuning DC element, in con-
junction with a fixed DC device (e.g., DC fiber) itself compen-
sating for a fixed length of 80 km of SMF, the resulting adaptive
DC unit can be used to compensate all 100 GHz DWDM chan-
nels for between 61 and 99 km of SMF. Such a device can be
usefully employed in long-haul submarine or terrestrial systems,
where automatic dispersion correction is a desirable feature. The
variable dispersion feature may also be useful in all-optical IP
routers where packet time alignment and jitter reduction are im-
portant issues.

o

Relative exces insertion loss (dB)
o o

$
S
ba
g
Q

Apodisation =0.8

C. Excess Insertion Loss due to Chirping of Waveguide

. 0 5 10 15 20 25 30
Grating

Relative excess insertion loss (dB)

Chirp parameter, F
Fig. 8(a) shows the normalized transmission of a chirped ®)
AWG. The chirping process is analogous to the effect of a

: : : P : : ig. 9. (a) Variation of relative excess insertion loss as a function of AWG
defocusing lens causing a reduction in intensity of light at tH; odizationv, and chirp parametdr. (b) Graph of variation of relative excess

focal plane, and will therefore introduce extra loss. Fig. 9(@sertion loss as a function of chirp paramefefor an AWG with apodization
plots the relative excess insertion loss (in decibels) as a functiorF 0.8.
of normalized chirp parametef’, and apodizationx. The
graph is normalized with respect to the theoretical transmissiQi. rtion loss through such a chirped AWG to be approximately
response of a device with zero chirg’ (= 0), and zero 563 dB.
apodization ¢ = 0). A device with zero apodization implies
a uniform intensity distribution of light across the waveguide
grating. This can be achieved if the first star-coupler section
consists of a multi-mode interference coupler [11]. However, in
practice, use of an FPR before the arrayed-waveguide sectioin conclusion, we have described how active AWGs may
causes the distribution of light across the waveguides to folldimd a wide variety of application in future WDM networks.
an approximately Gaussian distribution. Hence, although tBémulations have shown that a novel holographic technique
graph indicates the general trend in reduction of device transsing individual phase-modulators in the waveguide-array
mission with varying chirp and apodization, the calculation afllows amplifier gain equalization of 12 dB f& x 100 GHz
excess insertion loss needs to be performed with respect tospaced WDM channels, with interchannel ASE suppressed by
AWG with the same degree of apodization but zero chirp.  greater than 20 dB. Optical add/drop multiplexing of arbitrary
We can use Fig. 9(b) to approximately calculate the expecteldannels has also been simulated with channel suppression of
extra insertion loss for the chirped device with characteristid@® dB. The filter channel response has also been broadened
depicted in Fig. 8(a). Assuming an AWG with apodization dfo near-rectangular, providing greater tolerance to tempera-
« = 0.8, and with zero chirp, Fig. 9(b) indicates an insertioture effects and wavelength fluctuations. These holographic
loss of 1.76 dB relative to a device with no apodization andesigns are robust to individual phase-modulator failures and
no chirping. The insertion loss associated with a device withbrication phase errors. We have also described further WDM
apodizationr = 0.8 and chirp parametel’ = 11.2 is 4.34 dB. functionality achieved through dispersion compensation of up
Hence, the excess insertion loss due to the presence of chirptéof=300 ps/nm using a hybrid Fourier—Fresnel AWG. In prin-
this particular device is expected to be close to 2.58 dB. Foiple, further higher order polynomial-profiled active regions
a chirped AWG with maximum dispersion at the center of theould be added to the AWG Fourier plane, to achieve dynamic
passband given by = 17.6 (see Fig. 7), Fig. 9(b) indicates thecompensation for the higher order dispersion effects which are
insertion loss to be 7.39 dB. Hence, we would expect the excégsoming evident in high-capacity lightwave communication

V. CONCLUSION
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systems. The associated tunable time-delay functionality majg3]
also alleviate time synchronization problems in emerging
meshed-topology IP-routed networks. [24]
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