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Abstract: We present a new synchronized design for flattgnihe
passband of an arrayed-waveguide grating (AWG) eMemoad wavelength
range of 90 nm. A wavelength-insensitive 3-dB beégh coupler is
designed to be used in duplicate in a Mach-Zehimterferometer (MZI);
the phase deviation created by one of the balancedlers is cancelled by
flipping the other coupler around. This MZI is argaed in tandem with the
AWG such that the output signal of the MZI is thput signal of the AWG.
We demonstrate a 5-channel, 18-nm-spacing AWG with0.5-dB
bandwidth of 12 nm over a 90-nm spectral range.o¥-lbss cascaded
AWG system is demonstrated by using the MZI-synotzed flat-top AWG
as a primary filter.
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1. Introduction

The arrayed-waveguide grating (AWG) is a powerfalvelength-selective device with high
accuracy and stability[1]. It is attractive for useoptical wavelength-division-multiplexed
networks but also for application to various otBpectroscopic measurements, e.g. optical
coherence tomography (OCT) [2] and Raman spectpysf3], or for confocal light delivery
and collection [4]. There is a strong need for AWMAth low-loss and box-like passbands
over a broad spectral range. Such AWGs are alswikras band demultiplexers which are
very useful in both dense and coarse wavelengtisidivmultiplexed systems. Several
approaches have been proposed to implement AWdadauch a flat-top response [5-8],
however most have the drawbacks of increased iosddss and large device size. Doetrr
al. demonstrated a novel broad-band flat-top AWG designsisting of two waveguide
grating routers, interconnected by a third one oh-standard design [9]. Despite the
impressive device performance, the device size 88as 5.4 mm which is rather large for
further component integration, e.g. cascaded AWSesys. Inouet al. demonstrated a 20-
nm-spacing 4-channel coarse wavelength-divisiortipleking filter which comprises a total
of 16 Mach-Zehnder interferometer (MZIl) stages [Mthough the filter had the advantages
of low loss, low crosstalk, and a wide passbanel désvice size was 15 x 71 rhm

A very effective method for increasing the passbasdth without introducing intrinsic
loss is the so-called MZI-synchronized AWG in whithe closely spaced dual-output
waveguides of an asymmetrical MZI together form ithut waveguides of the AWG, thus
generating an input light spot that shifts with elangth [11-13], as illustrated in Fig. 1a. The
term “synchronized” refers to the free spectralgefFSR) of the MZI being equal to the
wavelength-channel spacing of the AWG, so thatitipat light spot for the AWG makes a
full ‘sweep’ in position along the x-direction fagach AWG wavelength channel. This
synchronous movement of its input spot compensttesdispersion of the AWG for the
wavelength range contained in one wavelength cHatimes imaging all these wavelengths at
the same output waveguide. Since the FSR of the Bl&qual to the wavelength-channel
spacing of the AWG, the resulting device has atedied passband for all wavelength
channels. The MZI configuration given in Refs. [13} was constructed by using a Y-
junction coupler as the first coupler and a 2x2ctonal coupler as the second coupler. The
drawbacks of this configuration are excess lossliamited bandwidth due to the Y-junction
coupler and the directional coupler, respectively.

An alternative for the aforementioned couplers dstake advantage of wavelength-
insensitive 3-dB balanced couplers which can bdizesh by cascading two conventional
couplers in a Mach-Zehnder configuration with atigee phase shift of@introduced between



them [14], as shown in Fig. 1b. In this configuratithe purpose of the second coupler is to
compensate for deviations introduced by the first.cSuch couplers can be designed to yield
a maximally flat response with respect to deviaiam wavelength, polarization, or uniform
fabrication over a broad spectral range, with ncess loss. Therefore, these couplers are very
good candidates for broad-spectral-range MZI-syowized AWGS.
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High-density wavelength-division-demultiplexingtéits are very important for increasing
the capacity of photonic networks. AWG filters cdamultiplex very dense wavelength-
division-multiplexing (WDM) signals; however, it difficult to combine high resolution and
large FSR in a single device, which is highly daisie for numerous applications, e.g. high-
resolution OCT systems. A cascading configuratioabdes one to design flexible WDM
systems with any channel count and channel spddisgl8]. Although very-high-density
WDM systems have been demonstrated, high loss madl passband due to the Gaussian
transfer function of the primary filters are ssllibstantial problems of the cascaded systems.
In order to solve these problems flat-passband landloss primary AWGs are essential.
Takadaet al. have demonstrated a partially integrated low-losdtiplexer/demultiplexer
configuration by cascading bulky thin-film interégrce filters as primary filters and five
AWGs as secondary filters in order to reduce therall system loss [19]. Although the loss
decreased dramatically, the thin-film interfererfiters were still not integrated on chip,
which is a typical bottleneck for such filters.

In this work we present a new synchronized desmnflattening the passband of an
AWG over a broad spectral range of 90 nm withoyt @xtra loss. A wavelength-insensitive
3-dB balanced coupler is designed to be used iHichie in the MZI [14]. The phase
deviation created by one of the balanced coupkrsanceled by flipping the other coupler
around. Using these components, a 5-channel, 18ganing MZI-synchronized AWG is
designed and a 0.5-dB bandwidth greater than 12 ower 90 nm spectral range is
demonstrated with an overall device size of 11 mB? The relative phase difference
between the two MZI arms due to the processingdatons is compensated by employing
the thermo-optic effect to tune the synchronizedl Mihe applicability of this approach is
demonstrated by the design and realization of eackesi AWG system, which consists of this
flat-top 1x5 AWG as a primary filter and five 1x3WGs as secondary filters. Only 45
channels were selected out of 51 channels to redble complete spectral content of each
primary AWG passband, which resulted in 225 chanieltotal. The complete device is
shown schematically in Fig. 1c. Our configuration advantageous due to its simple
fabrication and full integration.

The FSR and the channel spacing of both, primad/ secondary AWGs are chosen
arbitrarily in order to prove the feasibility ofdhproposed design. Generally, these design
parameters are flexible for both primary and seeonpdAWGs. The idea of a broad-band,
MZl-synchronized AWG is applicable to high-resotuti systems as well. The secondary



AWGs can be designed with better wavelength resolue.g. 0.1 nm, however a compromise
between device size and resolution needs to be.made

2. Design and Simulations

The splitting ratio at the output of a Mach-Zehntlgre interferometric coupler as shown in
Fig. 1b is given by [14]

S=co¢ (0)sin’(g +@) +sin? @)sin*(g - @), (1)

whereg;, and¢, are the half phase differences between the fundeiand first-order system
modes existing in the parallel-waveguide coupletisas of each directional coupler, anél 2
= B(M)AL is the relative phase delay introduced in the upted section by the path length
difference AL and the propagation constant of the waveguide miififle Reference [14]
specifies that in order to obtain a 3-dB couplahvei maximally flat wavelength response, the
parameters can be choserpgs z/2 (full coupler),¢,= #/4 (3-dB coupler), and2= 2773.

Single-mode silicon oxynitride (SiON) channel wavietgs with 1.8um width and lum
height were designed for the AWG spectrometerstaadiZI. For the upper cladding -
thick silicon dioxide was used. The core and claddrefractive indices at 1.2fhm
wavelength were chosen as 1.54 and 1.449, respbgtiwhich results in an effective
refractive index ffe) of 1.4822. The minimum bend radius for these gaides to have a
loss < 0.01 dB/9Q was calculated to be 5Q0n. The gap in the directional couplers was
chosen as 1 um. The FSR and wavelength resolutiorof the primary flat-top AWG
spectrometer were chosen as 90 nm and 18 nm, teghpcwhereas for the secondary
AWGs these values were 20.4 nm and 0.4nm, resgdctiBeam propagation simulations
were performed for designing and optimizing theahaed couplers. The lengths of the
straight coupler sections were calculatedgs 149 pm and., = 34 um, and the delay length
was found to beAL = 0.281 um, as summarized in Fig. 1b. The simdlaglitting ratio
between the two arms stays constant over 90 nmvidtidfor both couplers, as shown in
Fig. 2a. In order to obtain a flat passband fomatiput channels, the channel spacing of the
primary AWG should be equal to the FSR of the Mglen as FSRy = AZ/(Nei*ALyz),
wherel. is the center wavelength andly, is the path length difference. Therefore, assuming
that the MZI and arrayed waveguides have the sdieetige refractive index, the MZI should
have a path length difference al,z; = N x ALawe, WhereN is the number of output
channels of the AWG andlLawg is the constant length increment between adjaaeayed
waveguides. For the primary AWG the valuedNpfALwg, and grating order were 5, 11.79
um, and 14, respectively. The excess loss decreamemtonically as the gap between
waveguides in the second 3-dB balanced coupldreoMZI configuration becomes narrower,
because the excess loss originates from the fiekinatch between an even mode in the
second 3-dB balanced coupler and a fundamental mmotihe output waveguide at the center
wavelength. Therefore, the gap between waveguidgse 8-dB balanced coupler and the star
coupler interface was arranged to be 0.8 um byacémy its bent output waveguides by a
small extension of the straight sectibp from 34 um to 40 um. The performance of the
reconfigured coupler is similar to the original oiiée proposed AWGs were fabricated using
plasma-enhanced chemical vapor deposition, corvaatiphotolithographic patterning, and
reactive ion etching in the given order. The priynand the secondary AWGs were on the
same chip with an overall size of 4.5x1.5°cm

Due to the energy distribution among the diffractayders in a cyclic AWG, i.e. FSRN:
x Al, the peripheral output waveguides suffer almostiBB more loss than the center
waveguide (i.e. loss non-uniformity) [1], therelnya cascaded system the loss non-uniformity
of the secondary AWGs will be at maximum equalhe 8 dB of a cyclic AWG. For the
primary AWG design, the loss around the crossinigtpovith the adjacent waveguides was
reduced by designing the passband width in suctayathat the adjacent channels overlap



around the 3-dB down point in order to have a unifintensity distribution for the complete
cascaded system. In principle, using a non-cyclii¢@with a much larger FSR could result
in a loss non-uniformity smaller than 3 dB, howewarthe expense of a larger device size.
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Fig. 2. a)Simulation and) measurement result of the 3-dB balanced coupler.\Wavelength
dependence of the coupler increases at longer waythls due to processing fluctuations.

3. Measurements

The measurements on both the individual 3-dB baldnmuplers and the cascaded AWG
system were performed with the same measuremeintpsgiiown in Fig. 2.10, by coupling
TE-polarized light from a broadband source (Fiani8@450) alternatively into the 3-dB
balanced coupler or the synchronized AWG with glsiimode polarization-maintaining
fiber. The output signal was sent through a simgtete fiber to an optical spectrum analyzer
(iIHR 550, Horiba Jobin Yvon). The transmission $pemeasured at the output waveguides
of the different investigated structures were ndized with respect to the transmission of a
straight channel waveguide. The measured specttee@-dB balanced coupler are displayed
in Fig. 2b. Due to fluctuations in the fabricatiprocess, the core refractive index turned out
to be slightly higher than intended, which led tdegyradation of the performance of the 3-dB
balanced coupler, especially at longer wavelendgfthe. new core effective refractive index
for TE was calculated as 1.548 from the measuredralewavelength shift of the MZI-
synchronized AWG. A simulation with a beam propagatmethod using the increased core
refractive index showed a similar performance deseeln addition, at wavelengths where the
splitting ratio is not exactly 3 dB, the couplemusas an additional phase shift between its
outputs, which may cause reduced synchronized-AVéBopmance in terms of passband
symmetry, passband ripple, and excess loss atitiee channels.

The MZI-synchronized AWG was characterized using d@forementioned measurement
procedure. The measured spectra are displayed)ir8&i A 0.5-dB bandwidth of 12 nm and a
central excess loss value of 1 dB were measurecerral wavelength shift of 7 nm with
respect to the designed value was observed, comddp to the same effective refractive
index of the core of 1.548 that explains the messyerformance of the 3-dB balanced
coupler. At longer wavelengths the performancehefgdynchronized AWG decreased due to
degraded performance of the 3-dB couplers, whick wexified by the BPM simulations
shown in Fig. 3a by dashed lines for the centertaad output channels.

In order to overcome fabrication-related perfornreandegradation of the MZI-
synchronized AWG, chromium electrical heaters ws#aeed on both arms of the MZI. These
heaters control the phase delay between the madée itwo waveguides and, thus, the field
distribution at their junction with the AWG inputek-propagation region, and thereby also the
AWG passband shape. Figure 3b shows the transmissgponse of one of the output
waveguides of the flat-top AWG with and without itmal tuning. The asymmetrical passband
shape due to the fabrication imperfections wasifsigmtly improved by applying 0.5 W to
the bottom arm of the MZI.

The cascaded AWG configuration is shown in Fig. This device was characterized
using the same procedure as described before. @ewkrthe outer and central output
waveguides of each secondary AWG were measuresthomen in Fig. 4. The overall response
has an envelope function which overlaps very wéthhe transmission spectra of the MZI-
synchronized primary AWG, as indicated by the dddiree in Fig. 4a. A central excess-loss



value of 4.5 dB (1 dB from the primary AWG and 8B from the secondary AWG) and a
non-adjacent crosstalk value of 30 dB were obtaingdclose-up of the transmission
measurement results of th8 decondary AWG is provided in Fig. 4b. The lossuealat the
spectral crossing points of the adjacent passbainle primary AWG increased from 3 dB to
6 dB towards longer wavelengths, as seen in FigwB&h can be compensated for in future
designs by arranging the passband width of thegrgPAWG.
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Fig. 3.a) MZI-synchronized AWG spectrum, exhibiting a 0.5-d8ndwidth of 12 nm and 1
dB excess loss at the central channel. The dasteddre the simulated transmission spectra of
the center and thé"®utput channels in case of the non-ideal balaoegler given in Fig. 2b.

b) Thermal tuning effect on the transmission spectnirone of the output channels of the
MZI-synchronized AWG; black solid line: heater tathoff, red dashed line: heater turned on.
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Fig. 4. a) Measurement result of the cascaded AWG system MZhsynchronized, flat-top
primary AWG and five 1 x 51 secondary AWGs. Thehdakline is the transmission response

of the MZI-synchronized primary AWG, which actsas envelope for the secondary AWGs.
b) Close-up of the@secondary AWG transmission results.

4. Conclusions

A new pass-band flattening method was demonstitatedtroducing 3-dB balanced couplers
to a MZI-synchronized AWG configuration over a kaicspectral range. A 0.5-dB bandwidth
of 12 nm and a central excess loss value of 1 dB:weeasured. Electrical heaters were
placed on both arms of the MZI in order to compénghe fabrication-related performance
degradations. As a proof-of-concept a cascaded A¥Yy&em was demonstrated, which
consists of the low-loss flat-top AWG as a priméler and five 1x51AWGs with a 0.4-nm
channel spacing as secondary filters. Such low-lbssad-spectral-range AWGs are very
desirable for high-density cascaded multiplexerfdéplexer systems.
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