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ABSTRACT

We discuss recent progress and challenges in realizing Bragg-grating devices on the submicron silicon-on-insulator
platform for next-generation optical communications applications, such as on-chip optical interconnects and signal
processing. In particular, we focus on grating-assisted, wavelength-selective couplers, known as contra-directional
couplers (contra-DCs). In contrast to conventional two-port Bragg gratings operating in the reflection mode,
contra-DCs are four-port devices with very weak backreflections and, therefore, can be easily integrated with
other photonic components on a chip. In order to provide a reliable on-chip wavelength-division multiplexing
(WDM) solution for high-speed optical interconnects, we have developed high-performance add-drop filters and,
furthermore, wavelength multiplexers/demultiplexers with combined advantages of flat-top responses, low inser-
tion loss (< 1 dB), and low crosstalk (< -23 dB). These WDM devices are ultra-compact and highly tolerant
to temperature fluctuations (up to & 50 °C), showing great potential for large-scale integration and low-power
consumption. We further discuss a novel four-port Bragg photonic resonator for high-speed, low-power optical
switching. Using a coupler-chirped design with uniform Bragg gratings, we have recently achieved an on-chip,
continuously tunable photonic delay line with low insertion loss. These system-orientated devices indicate great
potential for large-scale integration of Bragg-grating-defined functions using CMOS-compatible silicon photonics
technology.

Keywords: Add-drop filters, Bragg gratings, contra directional couplers, delay line, optical communications,
silicon photonics, wavelength-division multiplexing

1. INTRODUCTION

Bragg gratings are widely used in optical communication systems for applications such as wavelength-division
multiplexing (WDM),! dispersion compensation,? narrow-linewidth lasers,® gain equalization,* and optical signal
processing.? As silicon photonics has quickly emerged as a main-stream technology for integrated photonic
circuits, there is great interest to develop integrated Bragg gratings on the silicon-on-insulator (SOI) platform.5—9
Silicon photonic Bragg gratings can be implemented by physically corrugating silicon waveguides. A series of
Bragg grating devices have been developed on the submicron SOI platform using CMOS-compatible fabrication
process. Dense-WDM (DWDM) filters were demonstrated with bandwidths as narrow as 0.4 nm.® High-Q
resonators were obtained using phase-shifted Bragg gratings showing Q factors of 10° and higher.'% ! In order to
achieve long Bragg filters on a silicon chip, spiral grating structures were developed to minimize their footprints.!?
Sampled Bragg gratings were also demonstrated for tunable lasers and comb filters.!3: 1

While significant progress has been made in integrated Bragg gratings, many challenges remain. One of the
major issues associated with their applications in large-scale photonic systems is that they operate in reflection
mode, which requires optical circulators for add-drop operation. Integrated circulators/isolators have yet to be
developed on a silicon chip. Off-chip optical circulators may dramatically increase the cost and complexity of
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integrated photonic systems. Grating-assisted asymmetric waveguide couplers have no, or very weak, reflection
at the operating wavelength, therefore, they intrinsically function as wavelength-selective add-drop filters (four-
port devices), circumventing the need for optical isolators or circulators.!'® Particularly, asymmetric couplers
with contra-directional coupling, namely, contra-directional couplers (contra-DCs), are appealing due to their
compactness in comparison with their co-directional counterparts. Contra-DCs in planar optical waveguides
were first investigated based on silica and III-V materials!® 1 and have recently been implemented on the SOI
platform.2022 As high coupler asymmetry is important for filter performance (e.g., out-of-band rejection ratio,
free spectral range),?? submicron SOI provides a flexible platform to implement contra-DCs. This is because SOI
waveguides with a typical height of 200 to 300 nm are very sensitive to dimensional variations, therefore, one can
obtain large effective-index differences between two SOI waveguides by simply varying their widths. Integrated
silicon photonic contra-DCs have enabled many novel applications such as on-chip optical-pulse compression,2*
single-longitudinal-mode microring resonators,?® single-band, flat-top add-drop filters,?® and four-port photonic
resonators.?” These devices can be easily cascaded and integrated with other photonic components for large-scale
integrated photonic circuits.

In this paper, we review our recent work on silicon photonic contra-DCs and their applications in optical
communications. In Section 2, we review the principle of add-drop filters using contra-DCs and their design and
optimization on the SOI platform. To address crucial issues in submicron Bragg gratings, we show novel designs,
such as out-of-phase gratings and coupler-apodization for significantly improved performance. In Section 3,
we present a few contra-DC enabled on-chip devices, such as ultra-compact, high-performance coarse WDM
demultiplexers, four-port Bragg resonators and electrically tunable filters, and integrated tunable delay lines,
and discuss their applications for optical interconnects and integrated microwave photonic systems. Unless
specified, all the devices demonstrated in this paper are based on 220 nm SOI wafers.

2. PRINCIPLE AND OPTIMIZATION
2.1 Principle

The schematic of a contra-DC is shown in Fig. 1. It consists of two waveguides with different widths to suppress
the broadband, co-directional coupling between the transverse modes of the coupler, Eq(z,y) and Eq(z,y). With
the assistance of Bragg gratings within the asymmetric coupler, efficient contra-directional coupling takes place
at the wavelength that satisfies the phase-match condition (i.e., drop-port central wavelength, A\p):

Ap = A(n1 + ng) (1)

where n1 and ns are the effective indices of the first and second modes of the asymmetric coupler; A is the grating
pitch. There exist another two Bragg wavelengths due to the backreflections of individual modes, A\, and A,
which limit the spectral range that can be used for a WDM link. In Section 2.3, we will show an anti-reflection
design to suppress these backreflections.
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Figure 1. Schematic drawing of a contra-DC-based add-drop filter. The field, E(z,y, z), in the coupler region, can be
decomposed into the transverse modes, E; and Eg, as shown by Eq. 2.

A comprehensive coupled-mode model®® for contra-DCs includes forward propagating (+) and backward
propagating (-) waves for the two modes. The electric field in the contra-DC is given by

E(z,y,2) = [A*(2)e P 4+ A= (2)e P ]E (2,y) + [BT (2)e 957 + B~ (2)e?*|Es(x, y) (2)

Proc. of SPIE Vol. 9010 90100F-2

Downloaded From: http://spiedigitallibrary.org/ on 02/26/2014 Terms of Use: http://spiedl.org/terms



where B = [ — i« represents the complex propagation constant; 5 and « are the real propagation constant and
the propagation loss, respectively; A*, BT, A=, and B~ are the field amplitudes as functions of the longitudinal

position, z.
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Figure 2. Schematic drawing of a contra-directional coupler. A uniform grating is formed between two different-sized
waveguides. The arrows indicate the optical waves in the coupled-mode analysis.

The coupled-mode equations are

dA*
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where k11 and koo are the coefficients for the backreflections of E; and Ea, respectively; k12 (ko1 = K55 ) is the
coefficient for the contra-directional coupling between E; and Es. These coupling coefficients are given by

k=5 [[Bie, ) 2e1(w. ) B, ) d dy (40)
ka2 = = 5 [ [ Bie v)- a0, ) Bala, v) do dy (4b)
Kog = %// Es(x, y) - Der(z, y) Eo(z, y) de dy (4c)

The above equations can be solved using the transfer-matrix method for contra-DCs with various apodization
and chirp profiles.?829

2.2 Add-drop Filters on Silicon

Contra-DCs can be implemented in sidewall-modulated strip waveguides and slab-modulated rib waveguides.
Their cross-sectional structures are illustrated in Fig. 3. Strip-waveguides need only one etch and can have a large
spacing between the Bragg wavelengths because of their strong dispersions. However, due to the strong optical
confinement, sidewall modulated gratings require small corrugations (tens of nanometers) that are sensitive
to fabrication errors. Slab-modulated rib waveguides have lower effective-index contrast allowing for larger
corrugations (hundreds of nanometers). Therefore, they are more suitable for narrow-bandwith filters that
require more precise control of weak coupling coefficients.?! For example, Fig. 4 shows the SEM image and
measured spectra of a contra-DC in slab-modulated rib waveguides fabricated at imec, Belgium, using 193-nm
lithography.?! The insertion loss is mainly due to the fiber-grating couplers (FGCs) used in the experiment. A
narrow bandwidth of 0.6 nm was obtained with an insertion loss of less than 1dB. The bandwidth of a contra-
DC can be controlled by varying the grating magnitudes or the coupler gap. A wide range of bandwidths,
from sub-nanometers to greater than 10 nm, were obtained experimentally.?!:22:30 The spectral responses of
these add-drop filters can be engineered using well established Bragg-grating techniques, such as apodization
and chirping. This indicates that they can be used as flexible building blocks for integrated photonic systems.
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Figure 3. Cross-sectional structures of contra-DCs in (a) sidewall-modulated strip waveguides and (b) slab-modulated rib
waveguides, with the coupled modes calculated using a mode solver.
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Figure 4. A contra-DC in slab-modulated rib waveguides: (a) SEM image; (b) measured spectra (input power of 1 mW
with an insertion loss of ~17 dB, mostly due to the FGCs). The device has a rib height of 70 nm and the following
parameters: W, = 400 nm, W, = 500 nm, A = 290 nm, N = 4000, D = 220 nm, and G = 1 pm.

2.3 Anti-Reflection Design for Single-Band Operation

As shown in Fig. 4, while there is a single passband in the drop-port response, the through-port spectrum shows
two notches that correspond to the contra-directional coupling (Ap) and backreflections (A\;). Add-drop operation
of the contra-DC relies on the detuning of A, from Ap. Nevertheless, the spacing between the two wavelengths
limits the spectral range available for applications such as WDM networks. To address this issue, we proposed to
use out-of-phase gratings to suppress the backreflections.?%:3% Figure 5 (b) shows an example of an anti-reflection
(AR) contra-DC fabricated using e-beam lithography. Gratings are formed on both the internal and external
sidewalls of the coupler. As revealed by Eq. 4, the coupling coefficients depend on the overlap between the optical
fields and the dielectric perturbation. While the contra-directional coupling coefficient (k12) is determined by the
internal gratings, the backreflections depend on both the internal and external gratings. In order to suppress the
backreflections, the gratings on the external sides of the coupler are detuned from the internal gratings by half
the pitch to obtain destructive interference of the reflected waves. To verify the performance of this AR design,
a conventional contra-DC, where only the internal sidewalls are corrugated, was fabricated on the same wafer.
The measured results are shown in Fig. 5. We can see that, for the conventional contra-DC, the spectral spacing
between Ap and A, is about 20 nm. In contrast, the AR contra-DC shows only one notch across a wide span
of 200 nm, indicating strong suppression of the backreflections. This unique single-band, add-drop operation is
attractive for integrated WDM systems because it allows for the uninterrupted increase of WDM channels.

2.4 Coupler-Apodized Bragg Add-Drop Filters

Apodization is a well known technique to suppress grating sidelobes. However, it is challenging to accurately
control the grating profile in high-index-contrast silicon waveguides, where dielectric perturbations (10 to 100 nm)
are comparable to or smaller than the lithography wavelength (e.g., 193 or 248 nm). The impact of the lithography
smoothing effects3! and fabrication-induced phase errors®? on silicon photonic Bragg gratings has been throughly
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Figure 5. (a) Measured through-port spectrum of a conventional contra-DC with gratings between the two waveguides; (b)
Measured through-port spectrum of an anti-reflection contra-DC with out-of-phase gratings to suppress backreflections.
Insets: SEM images.

investigated. To overcome this issue, we recently proposed using a tapered coupler gap to implement apodization
in contra-DCs.?Y Because the feature size of the coupler gap (in the range of 100 nm to 1 pum) is usually larger
than the waveguide perturbations, this coupler apodization method enables a higher tolerance to fabrication
errors. By keeping the perturbation amplitude constant, the lithography effects are constant throughout the
apodization profile, leading to higher reliability. A coupler anodized contra-DC is shown in Fig. 6(a). The
coupler gap, G, is designed as a Gaussian function of the position, z, in the longitudinal direction:

—a(2—0.5L)2

G(2) = Gmin +2H[1 — € L2 ] (5)
where G,y is the minimum gap (at the waist of the coupler) and is chosen to be 1 pum in this design. The
constant H is chosen to be 2 pm. The index, a, determines the curvatures of the two waveguides and, thus,
the apodization strength. An apodized coupler with a = 2.5 was fabricated and measured. The fabrication
was performed by imec, Belgium (accessed via ePIXfab), using 193-nm lithography. The measured drop-port
spectrum is illustrated in Fig. 6(b), showing strong side-lobe suppression, with the highest side-lobe of being
about -30 dB (at about 5-nm detuning from the central wavelength). This result is a significant improvement to
the previously demonstrated apodized Bragg grating filters on submicron SOI wafers (10 to 15 dB).”

3. APPLICATIONS
3.1 Wavelength-Division (De-)Multiplexers for On-Chip Optical Interconnects

The challenge of WDM on silicon lies in the sensitivity of silicon photonic waveguides to fabrication errors and
temperature fluctuations. For example, the central wavelength of a microring resonator may vary by a few
nanometers across a few millimetre distance on the same die due to fabrication non-uniformity. In addition,
optical filters on silicon have a temperature dependence of approximately 0.1 nm/°C,33 which is significant for
applications (e.g., integrated optical interconnects) where a large temperature swing (£ 30 to 50 °C) is expected.
As a result, significant power could be consumed on thermal trimming and dynamic tuning of WDM filters.
Therefore, while DWDM has higher spectral efficiency, CWDM is preferred for short-reach applications, such
as data centres and high-performance computers. This is because CWDM has wider channel bandwidths and
spacings (e.g., ITU-T G.694.2 standardizes a 20-nm channel-spacing grid), which is tolerant to wavelength drifts
and requires no strict thermal control or cooling. Most demonstrated integrated silicon CWDM demultiplexers
are on micron-scale silicon waveguides,>* 3% which are relatively bulky (on a scale of 10 mm?). On submicron
silicon wafers, CWDM demultiplexers were recently demonstrated using planar concave gratings®® and curved
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Figure 6. (a)Schematic of the coupler-apodized contra-DC with uniform Bragg gratings; (b) Measured drop-port response
of the coupler-apodized contra-DC.

sidewall gratings.?” However, these devices suffer from non-flat-top responses, which makes athermal operation
challenging.

Using cascaded contra-DCs, we designed 4-channel CWDM demultiplexers. A schematic is shown in Fig. 7.
Since the contra-DCs perform as reciprocal add-drop filters, the same design can also perform multiplexing.
Each contra-DC consists of sidewall-modulated strip waveguides with an average coupler gap of 100 nm. The
input waveguide and drop waveguides are 440 nm and 560 nm wide, respectively. Out-of-phase gratings are used
to suppress backreflections, as discussed in Section 2.3. Each coupler has 1,000 grating periods () that are
apodized with a Gaussian profile such that D for the nth period is given by

_(n—0.5N)?

D = Dyyupe @ ~52 (6)

where a Dy, 4, of 12 and 24 nm is used for the input and output waveguides, respectively, and a is a variable index.
Uniform grating pitches of 312, 320, 328, and 336 nm are chosen for the first to fourth channels, respectively,
aiming at a 20-nm wavelength grid spacing. Devices with ¢ = 5 and a = 10 were fabricated using e-beam
lithography. As shown in Fig. 8, the measured spectra have flat-top responses with insertions losses of less than
1 dB for all of the channels. For a = 5, the 1 dB bandwidths are greater than 10 nm, allowing for a large
temperature swing of over & 50 °C. The adjacent channel crosstalk is improved from -15 dB to -23 dB when
the apodization index is increased from 5 to 10, with the tradeoff of smaller bandwidths (8 nm). Performance
improvement is anticipated through optimizing the apodization/chirp function.
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Figure 7. Schematic of the CWDM demultiplexer using apodized contra-DCs.

3.2 Four-Port Tunable Bragg Resonators

Phase-shifted Bragg gratings are widely used in optical communications and signal processing.>® High-Q res-
onators in phase-shifted (PS) Bragg gratings with measured @ factor of up to 1 x 10°> were demonstrated.'’
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Figure 8. (a)Measured spectral responses of a CWDM demultiplexer with apodization a = 5; (b) a = 10.
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Photonic resonators with add-drop operation are desired for integrated applications to avoid use of on-chip isola-
tors. We proposed an add-drop resonator using PS contra-DCs and verified its functionality through a thorough
coupled-mode analysis.?® Its principle of operation is illustrated Fig. 9. The structure can be seen as an uniform
contra-DC with a 7w phase shift in the middle of the grating, or a half-wavelength high-index layer sandwiched
between two contra-DCs. This phase shift results in a ring-like cavity with distributed optical feedback provided
by the contra-DCs. As compared to conventional phase-shifted Bragg gratings (two-port devices), where the
optical resonance happens inside a single waveguide, this contra-DC photonic resonator has a circular feedback
loop between two waveguides, enabling a narrowband add-drop filter (four-port device).
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Figure 9. Schematic drawing of a PS contra-DC. The red arrows indicate the resonant loop of the optical cavity.
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Figure 10. Cross-section of the PS contra-DC with a p-i-n configuration.

We designed a PS contra-DC that was fabricated at BAE Systems using 248-nm lithography. As shown in
Fig. 3.2, both the sidewalls and slab between the two rib waveguides are modulated for strong coupling. The
two waveguides are 600 nm (W,) and 400 nm (W}) in width with corrugation amplitudes on the rib sidewalls of
50 nm and 30 nm, respectively. The device is 210 pym in length with 700 grating periods. A p-i-n structure is
used for high-speed tuning or switching through carrier injection. The measured spectra are shown in Fig. 11(a).
The through-port response shows a resonance peak at the center of the stopband, i.e., the drop-port central
wavelength Ap. The resonant notch in the drop-port response has an extinction ratio of over 24 dB. As shown
in Fig. 11(b), the resonance peak can be dynamically tuned by varying the current. A tuning efficiency of -0.73
nm/mA was measured. As the current is increased from 0 to 1.5 mA, the @ factor is reduced from 7,000 to
2,000 due to higher free-carrier absorption. A small-signal modulation measurement gave a 3-dB bandwidth of
90 MHz. The frequency response can be significantly improved if the depletion mode is used, as this low @
design allows for a photon-lifetime-determined cutoff frequency of ~25 GHz.
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Figure 11. (a) Measured spectra of a PS contra-DC; (b) Measured drop-port spectra for various currents.

3.3 Integrated Tunable Optical Delay Lines

Tunable optical delay lines are critical components for dispersion compensation? and optical signal processing.3’
While they are conventionally implemented using chirped fiber Bragg gratings,? there has been significant interest
in realizing integrated tunable delay lines, especially on the SOI platform, for on-chip optical interconnects.40>4!
Various solutions based on microring resonators and photonic crystals have been investigated, showing large
delays and high tunability.*!'42 However, they suffer from high losses, typically 35 to 100 dB/ns,**"#? which is a
major obstacle to their adoption in systems. Chirped waveguide Bragg gratings have low losses (< 10 dB/ns)*?
and, thus, are attractive for photonic integrated circuits. A continuously tunable delay line using linearly chirped
Bragg gratings was recently demonstrated in micrometer-scale SOI waveguides.** Realization of nanophotonic
Bragg-grating devices is important for their applications in large-scale integrated photonic systems,® % 4% since
most CMOS-compatible active devices, such as high-speed optical modulators and detectors, are developed on
submicron SOI wafers.*® Tunable delay lines on submicron silicon were recently demonstrated using PS gratings®
and serial /step-chirped gratings,*> where the delay was tuned by changing laser wavelength. These devices work
in reflection mode, which require optical circulators for system applications.

In order to achieve low-loss, on-chip tunable delay lines, we designed a linearly chirped contra-DC.%” The
schematic is shown in Fig. 12. Both the size and pitch of the perturbations on the slab are constant along the
entire coupler. Linear chirping is achieved by tapering the waveguide widths. This uniform grating design ensures
that lithographic effects are constant throughout the coupler, and thus can be more precisely predicted.?? As the
waveguides become narrower along the length of the coupler, the local phase-match condition (Eq. 1) shifts to
shorter wavelengths. Therefore, various wavelengths travel different distances with distinct delays before being
dropped to the output. For a fixed wavelength, we can change the effective indices, e.g., by the thermo-optic
effect, and thus the position that satisfies the phase-match condition for the delay tuning.

As illustrated in Fig. 12(b), the ribs are linearly tapered from 620 nm (W;) and 420 nm (Ws) to 600 nm (W3)
and 400 nm (W), respectively. Therefore, the two waveguides have a constant difference in width of 200 nm.
Other parameters include a uniform pitch, A, of 310 nm, a coupler gap, G, of 600 nm, and a perturbation width,
D, of 300 nm, which are all constant through the entire coupler for a uniform grating design. The entire coupler
is 3.72 mm in length and 4 um in width, giving a small footprint of 0.015 mm?. The device was fabricated
using e-beam lithography. The measured transmission spectrum is shown in Fig. 13(a). The group delay was
measured by characterizing the waveforms generated by an external modulator with non-return-to-zero (NRZ)
signals operating at 10 Gb/s, similar to the method used in.**'4®> The passband is 9.5-nm wide. The excess loss
near the band edge at the short-wavelength side (1558 nm) is less than 2 dB, corresponding to the total loss
though a round trip (7.44 mm) of the entire coupler, from which a propagation loss of 2.7 dB/cm is extracted.
The range of the delay measurement was limited by the bandwidth of the EDFA used for compensating for the
insertion losses of the FGCs and the modulator. A delay of 96 ps was measured at 1558 nm. Ripples are observed
in both the transmission and delay spectra, which can be suppressed using grating apodization.
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Figure 13. (a) Measured transmission and group delay of the proposed photonic delay line; (b) Tuning of the spectrum
and group delay for A\ = 1565.3 nm.

The delay has a slope of —11 ps/nm, indicating a negative chromatic dispersion, D, of —3 ps/(nm-mm).
While the maximal bit rate, By,qz, depends on modulation formats and receiver design, the chromatic dispersion
limit can be estimated for NRZ pulses by:*®

105

Bmaw(in Gb/S) = D[ L (7)

where L is the dispersive waveguide length and is equal to 3.72 mm for the maximal delay, which results in a bit
rate greater than 95 Gb/s for 96 ps of delay. Higher bit rates are feasible for lower delays.

Improved system performance is anticipated when this device is used together with other components that
have positive dispersions (e.g., optical fibers). Specifically, this device is able to compensate for the dispersion
induced by a 647-m-long standard single-mode optical fiber with a chromatic dispersion of 17 ps/(nm-km). The
negative dispersion can also be used for on-chip pulse compression.?* The loss per unit delay is 20 dB/ns, higher
than that of micrometer-scale Bragg gratings** due to stronger sidewall scattering. Recent progress in SOI
waveguides has shown very low losses of below 0.1 dB/cm,*® which may lead to a significantly reduced loss per
unit delay of below 1 dB/ns. Also, the device length can be reduced by using a spiral structure.'?

For proof-of-concept, a metal layer is deposited on top of the cladding for thermal tuning. The measured
results with a fixed wavelength of 1565.3 nm are shown in Fig. 13(b). As the voltage increases, the spectrum red
shifts and, accordingly, the group delay increases. Continuous delay tuning from 21 to 96 ps has been obtained
with the spectrum shifted by over 7 nm. A delay below 21 ps is also feasible, but was not measured due to the
bandwidth of the EDFA. Using the thermal tuning coefficient 0.09 nm/K,?3 the local temperate on the chip is
estimated to be increased by 78 K for the maximum delay, leading to a thermal tuning coefficient of 1 ps/K.
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4. CONCLUSION

In summary, we have reviewed our recent work on silicon photonic contra-DCs and their applications in optical
communications. We presented the systematic analysis and optimization of grating-assisted contra-DCs on the
submicron SOI platform. Our work significantly improved the state of the art in integrated Bragg filters. Using
a novel anti-reflection grating design, we experimentally obtained single-band (i.e., no limitation of FSR) add-
drop operation across 200 nm, which enables unlimited scalability of WDM channels. It was shown that the
coupler design also allows for flexible phase and magnitude engineering of Bragg filters by manipulating the
curvatures of photonic waveguides, which may have higher tolerance to fabrication errors. Using this method, we
demonstrated coupler-apodized Bragg grating filters and achieved a record sidelobe suppression ratio of 30 dB
on the submicron SOI platform. We further demonstrated an ultra-compact (0.008 mm?), four-channel CWDM
(de-)multiplexer that shows flat-top responses (1 dB bandwidth: 8-10 nm), insertion loss of < 1 dB, and low
crosstalk of -23 dB. These wide-band WDM filters are very tolerant to temperature fluctuations (up to + 50°C),
which may significantly reduce power consumption of silicon photonic WDM links.

In addition to WDM filters, contra-DCs can be used for many applications (e.g., photonic resonators) con-
ventionally based on reflective operation of Bragg gratings. Replacing two-port Bragg gratings with contra-DCs
allows for direct integration (i.e., without using circulators) with other photonic devices such as lasers and mod-
ulators, as well as combining these functions to realize on-chip optical signal processors and photonic microwave
systems. In particular, we demonstrated an integrated tunable delay line using chirped contra-DCs. Continuous
tuning of optical group delay of up to 96 ps has been obtained, with a low insertion loss of less than 2 dB and
a negative chromatic dispersion of -11 ps/nm that allows for bit rates of up to almost 100 Gb/s at the maximal
delay. The device has a small footprint of 0.015 mm?, and can be used for on-chip optical buffering, disper-
sion compensation, and pulse compression. These results show that contra-DCs are promising for large-scale
integration of various Bragg-grating defined functions on silicon. Future work includes using these nanopho-
tonic components to increase the complexity of integrated photonic circuits and realize systems such as optical
interconnect transceivers and microwave-photonics processors.
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