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Large Group Delay in Silicon-on-Insulator Chirped

Spiral Bragg Grating Waveguide
Yu Sun, Dongyu Wang, Chunyu Deng, Mengjia Lu, Lei Huang, Guohua Hu , Binfeng Yun , Ruohu Zhang,

Ming Li , Jianji Dong , Anle Wang, and Yiping Cui

Abstract—Limited by large transmission loss, the development of
transverse electric (TE) mode silicon-on-insulator (SOI) based on-
chip long length chirped grating waveguide faces many difficulties
now. To overcome this problem, multi-mode waveguide with a mea-
sured transmission loss of 0.7 dB/cm is applied in this paper, and a
chirped spiral Bragg grating waveguide (SBGW) is proposed and
experimentally demonstrated. The length of the chirped SBGW
reaches 2.7 cm, which is the longest SOI based grating reported so
far. The total group delay is measured to be 628 ps, with a structure
size of only 0.3 mm2 due to the application of spiral configuration.
The slope of the linear dispersion is -27.7 ps/nm. This integrated
chirped SBGW shows great compatibility with frequently used
TE mode SOI devices and has great potential for applications in
microwave photonics requiring dispersion control.

Index Terms—Spiral Bragg grating waveguide, linear
dispersion, group delay, integrated optics.

I. INTRODUCTION

B
RAGG gratings have developed extensive applications in

optical devices for communication [1]–[3], sensing [4],

[5], signal processing [6]–[9], etc. In recent years, the de-

velopment of integrated on-chip Bragg gratings has become

an inevitable trend, and tremendous amount of researches on

waveguide Bragg gratings has emerged [10]–[12]. Nowadays,

the requirement for long length Bragg gratings with chirp has

become increasingly urgent in fields such as dispersion com-

pensation [13], [14] and frequency-time mapping [15]–[18].
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When it comes to long length gratings, a spiral configura-

tion shows better process consistency and compactness [19],

[20], comparing to straight grating waveguide. Until now, most

integrated Bragg gratings based on silicon-on-insulator (SOI)

platform are designed for transverse electric (TE) single-mode

operation [21]–[24]. However, due to the large propagation loss,

TE single-mode grating waveguide cannot be a solution to long

length integrated Bragg grating. To reduce the propagation loss,

chirped spiral Bragg grating waveguides (SBGW) operating in

transverse magnetic (TM) modes are proposed and characterized

[25], [26], while extra complexity will be introduced when in-

tegrating such SBGW with commonly used TE mode elements.

Another practical approach to realizing long length integrated

Bragg grating on SOI platform is the large cross section rib

waveguide [27]. The propagation loss can be relatively low.

However, the minimum bending radius is much larger than the

220 nm thick stripe waveguide, which is disadvantageous to

compact integration, and the non-standard top silicon thickness

will increase the fabrication complexity. Moreover, comparing

to other low loss platforms such as silicon nitride and silicon

dioxide, SOI based design has obvious advantages in compact

integration and active tuning.

In this paper, to realize a total group delay of more than 500

ps, a chirped spiral Bragg grating based on TE mode waveguide

fabricated on SOI platform is demonstrated. 1200 nm wide

multi-mode waveguide is applied to reduce the transmission loss

for the realization of large time delay on standard 220 nm top

silicon. Parameters such as bending radius and waveguide gap

are analyzed and optimized, and the impacts on bandwidth and

group delay ripples after apodization are also studied in our

work. A TE mode chirped SBGW on conventional 220 nm SOI

platform with large time delay, low transmission loss and low

ripples is successfully developed.

II. DESIGN AND SIMULATION

In our design, the chirped grating waveguide is wrapped into

two Archimedean spirals and an S-shaped waveguide consisting

of two semi-circular waveguides. Fig. 1(a) is the schematic of

the chirped SBGW. An average waveguide width of 1200 nm is

selected since it has no more than 3 TE modes, and its propaga-

tion loss and sensitivity to sidewall roughness are dramatically

reduced comparing with a single TE mode waveguide [28]. To

maintain low propagation loss, extra loss caused by a too small

bending radius must be avoided. To determine the minimum
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Fig. 1. (a) Schematic of the chirped SBGW. (b) Micrograph of the unapodized
chirped SBGW.

Fig. 2. Calculated bent loss of 1200 nm wide waveguide under different
bending radii with fitting curve.

bending radius R0, waveguides with different bending radii are

simulated by FDTD, and the calculated bent losses are shown

in Fig. 2. From the calculation results, the value of R0 is finally

set to 40 µm. The corrugation width is chosen to be 40 nm,

so that w1 and w2 are 1160 nm and 1240 nm, respectively.

The center-to-center gap between adjacent waveguides is 8

µm to avoid crosstalk. The maximum radius of the outermost

Archimedean spiral is 272 µm, so the overall size of the chirped

SBGW is confined to only 0.3 mm2.

Fig. 3. Simulated reflection spectrum and group delay of (a) unapodized and
(b) apodized chirped SBGW.

According to the Bragg Condition

λ = 2neffΛ (1)

the reflection wavelength λ is affected by both neff and Λ, where

neff is the waveguide effective refractive index and Λ is the

period of the SBGW. Since the neff perturbation caused by the

bending radius variation is calculated to be less than 10−3 level,

the reflection wavelength can be seen only impacted by Λ. In

our design, the period varies linearly along the whole length of

the SBGW with a total chirp of −6 nm starting from 282 nm.

Simulations are conducted by the transfer-matrix method

(TMM). The reflection spectrum of our proposed chirped SBGW

is calculated. Defining ϕ as the phase of the reflection spectrum,

from the formula given as follows [29]

τ =
dϕ

dω
= −

λ
2

2πc

dϕ

dλ
(2)

the group delay τ can also be extracted by taking the derivative

of ϕ to the angular frequency ω, where c refers to the light speed

in vacuum. The propagation loss in the simulations is originally

set to 1 dB/cm. The simulation results are given in Fig. 3(a).

A total group delay of 660 ps, with a slope of -28 ps/nm over

the passband is achieved. The ripples are related to the strength

of the index perturbation and can be reduced by decreasing the

corrugation width. However, a too small corrugation width may
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exceed the limit of contemporary nano-fabrication technology.

Another method to suppress the ripples is apodization. In our

design, the corrugation widths of the chirped SBGW are modu-

lated by the following Gaussian apodization function:

∆w = ∆w0e
−2[α(x−L/2)/2]2 (3)

where ∆w0 is the corrugation width before apodization, and L

is the total length of the chirped SBGW. It can be seen that the

corrugation width ∆w varies along its longitudinal position x.

The parameterα is related to the shape of the Gaussian function,

and we set it to 3 here. The simulation results of the apodized

chirped SBGW are shown in Fig. 3(b). An ideal group delay

curve with evidently reduced ripples is demonstrated.

III. EXPERIMENTAL RESULTS

Our SBGWs were fabricated using electron-beam lithography

at Applied Nanotools Inc.. A single etch process was performed

on an 8.78 mm × 8.78 mm SOI wafer with 220 nm thick top

silicon. A 2 µm thick silicon dioxide layer was deposited as the

upper cladding. The edges of the wafer were polished for edge

coupling by a deep etch process. To minimize the coupling loss,

the mode overlap was pre-calculated to match the MFD 4.0 fiber

array in our laboratory, and an optimized coupling width of 164

nm was achieved. The coupling waveguide was tapered to 500

nm width within 60µm from the edge, and further transited to the

1200 nm width multi-mode waveguide by a 200 µm length taper

after the Y-branch. The micrograph of the unapodized chirped

SBGW is shown in Fig. 1(b).

We first measured the transmission spectra of a 2.7 cm long

spiral waveguide with 1200 nm× 220 nm cross section and a 3.2

cm long spiral waveguide with 500 nm × 220 nm cross section.

During the fabrication process, sidewall roughness is inevitable,

especially for curved waveguides. The waveguide width can

be seen randomly modulated by the rough sidewall, so that

Fabry-Perot resonance may occur at certain wavelengths [25].

Since the fundamental mode field of the multi-mode waveguide

is confined in the center, while that of the single-mode waveguide

is expanded to the waveguide edge, the sensitivity to sidewall

roughness of the multi-mode waveguide is much less than the

single-mode waveguide, which means the Fabry-Perot effect

and scattering caused by sidewall roughness are correspondingly

much smaller. Therefore, comparing with the transmission char-

acteristics of the 500 nm wide single-mode spiral waveguide,

an expected smoother transmission spectrum with obviously

lower propagation loss for the 1200 nm wide multi-mode spiral

waveguide as shown in Fig. 4 is achieved. The coupling loss

for both waveguides is about 10 dB, 3 dB larger than expected

due to slight edge abrasion. The propagation loss of the bent

multi-mode waveguide is only 0.7 dB/cm, much smaller than

3.8 dB/cm for the bent single-mode waveguide.

The experiment setup for the group delay testing is illustrated

in Fig. 5. A single wavelength optical signal is generated by a

tunable laser source. A radio frequency signal from the vector

network analyzer is then modulated to the optical signal by a

phase modulator. The lower sideband is filtered by a tunable

band-pass filter for single sideband operation. The optical signal

Fig. 4. Measured transmission spectra of 1200 nm wide spiral waveguide of
2.7 cm length and 500 nm wide spiral waveguide of 3.2 cm length.

Fig. 5. Experiment setup for the group delay measurement. TLS: tunable
laser source; PC: polarization controller; PM: phase modulator; TBPF: tunable
band-pass filter; EDFA: Erbium-doped fiber amplifier; PD: photodetector; VNA:
vector network analyzer.

Fig. 6. Measured reflection spectrum and group delay of the unapodized
chirped SBGW.

reflected from the chirped SBGW is amplified by an EDFA be-

fore demodulation, and the electrical signal is finally transmitted

back to the VNA to calculate the group delay. The measurement

was carried out at 0.25 nm wavelength interval. The measured

group delays as well as the reflection spectrum of the unapodized

chirped SBGW are shown in Fig. 6. The experimental results

exhibit a total group delay of 628 ps in the range from 1544.5

nm to 1567 nm, with a slope of -27.7 ps/nm, which match well

with the simulation results. The power difference between the
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Fig. 7. (a) Measured reflection spectrum and group delay of the apodized
chirped SBGW. (b) Simulated reflection spectrum and group delay of the chirped
SBGW with apodization width from 10 nm to 40 nm.

minimum and maximum wavelengths is about 3.8 dB, which

corresponds to the transmission loss of one round trip in the

whole grating, thus a propagation loss of 0.7 dB/cm can be

derived. According to the linear fitting of the group delay data

points, we can calculate the residual sum of squares (RSS), and

an average group delay ripple (AGDR) of ±17.23 ps can be

further obtained from the following equation,

AGDR =

√

RSS

n− 1
(4)

where n denotes the number of group delay data points.

The group delays and reflection spectrum of an apodized

chirped SBGW were also measured as shown in Fig. 7(a).

The average group delay ripple is calculated to be ±12.83

ps, verifying the ripple improvement by applying apodization.

However, such experimental results are far from the nearly

smooth curve in the simulation results in Fig. 3(b), and the total

group delay also decreases. The performance deterioration is

attributed to the minimum linewidth limit of nano-fabrication

technology. Comparing the passband bandwidths between the

apodized and unapodized chirped SBGWs, we applied the

bandwidth reduction to the Gaussian apodization function and

TABLE I
COMPARISON OF SOI CHIRPED BRAGG GRATING WAVEGUIDES

estimated that the corrugations smaller than 10 nm were failed

to be characterized in fabrication. The successfully fabricated

sections of the apodized chirped SBGW were further simulated

as shown in Fig. 7(b), verifying our explanation of the de-

graded performance. This result provides a caution for minimum

linewidth control in nano-design according to the fabrication

technology.

A comparison of SOI chirped Bragg grating waveguides

reported in recent years is listed in Table 1. It can be seen

that our SBGW has the longest total length with the largest

group delay, showing its application potential in on-chip disper-

sion. The selection of strip waveguide reduces the demand on

minimum bending radius, allowing the usage of compact spiral

configuration. Moreover, the standard fabrication technology as

well as the TE operation mode makes our design advantageous

in integration.

IV. CONCLUSION

In conclusion, a TE mode chirped SBGW on SOI platform

with 2.7 cm length and propagation loss as low as 0.7 dB/cm

has been fabricated and experimentally demonstrated. A total

group delay of 628 ps and a linear dispersion of -27.7 ps/nm

are achieved. Benefit from the spiral configuration, the footprint

of the structure is only 0.3 mm2. The group delay ripples are

effectively reduced by apodization, and the bandwidth reduc-

tion can be avoided by modifying the apodization function

according to contemporary nano-fabrication technology. This

chirped SBGW shows good compatibility with other optical

devices, considering its operation mode, and the low propaga-

tion loss characteristic makes it promising in fields relevant to

large on-chip dispersion, such as beam-forming and waveform

generation.
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