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Abstract: A novel tunable optical delay line based on dynamic chirp tuning in a Bragg grating is 

proposed. The chirp is actively tuned by a linearly-varied p-i-n diode or a p-i-p thermal resistor. 

Numerical simulations are performed to characterize the optical performances. 
OCIS codes: (130.0130) Integrated optics; (230.1480) Bragg reflectors; (200.4490) Optical buffers. 

 

1. Introduction 

Optical delay lines working as optical buffers are essential in optical communication and all-optical signal 

processing. The fiber Bragg grating based discrete devices for optical delay have been widely studied and 

demonstrated. In recent years, advances in silicon photonics make the integrated optical delay lines on silicon 

possible. All pass filters (APF) [1] and coupled resonator optical waveguides (CROW) [2] based optical delay lines 

have been realized. However, they have the drawbacks of relatively large footprint, low tolerance to fabrication 

errors (resonators should be well-aligned), and high insertion loss. Bragg gratings, due to their versatility and 

compactness, are suitable candidates to realize miniature tunable optical delay lines.  

One of the research focuses on Bragg gratings for tunable optical delay is to manipulate the grating period and 

chirp. In [3], the authors varied the grating periods by taking advantage of volume dilation produced by heating to 

realize dynamic delay tuning. They then proposed a more robust way to vary the grating period in a tapered Bragg 

grating to implement a chirp for continuous optical delay [4].  

In this paper, we propose to make use of a linearly varied electrode to produce a dynamic chirp in a Bragg 

grating to achieve tunable optical delay. It is the electrode rather than the grating itself that generates the chirp, and 

therefore it mitigates the complexity in grating design and makes the tuning more flexible. Two implementation 

schemes for the electrode are proposed with one using electro-optic (free-carrier) effect and the other thermo-optic 

effect, both of which have their own advantages and shortcomings.  

2. Working mechanism 

The schematics of the proposed device are shown in Fig. 1. It consists of an apodized grating based on a 

silicon-on-insulator (SOI) rib waveguide. The grating is laterally embedded in p-i-n or p-i-p junctions for electrical 

and thermal tuning, respectively. The refractive index contrast in the grating has a Gaussian profile, i.e., the index 

contrast gradually reduces towards the ends of grating. The apodization is used to realize an impedance-match with 

regular silicon rib waveguides to eliminate reflection from grating ends. As illustrated in Fig. 1, the width of central 

intrinsic region is linearly-varied along the grating to induce a chirp during active tuning. When a forward-biased 

voltage is applied onto the p-i-n diode, free-carriers are injected with its concentration dependent on the intrinsic 

region width, which results in a refractive index variation along the grating. Similarly, the p-i-p junction works as a 

thermal heater with its resistance inversely proportional to the intrinsic width, and hence the thermal heat and 

refractive index have a distribution along the grating.  

 
Fig. 1. Schematic structures of the apodized Bragg grating-based tunable optical delay line. Tuning can be 

realized by (a) a p-i-n diode and (b) a p-i-p thermal resistor. 
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The delay tuning mechanism is the same for both implementations. Initially, when no voltage is applied, 

incoming optical signals are reflected from the front end of grating, assuming the signal wavelength is at the Bragg 

wavelength. When a voltage is applied, more carriers or more heat is generated close to the front end shifting the 

local Bragg wavelength, and as a result, the incoming signals are reflected from a location deep inside the grating. In 

other words, the reflection position inside the grating can be modulated by the applied voltage, and therefore, the 

optical delay of reflected signals can be tuned.  

3. Simulations 

We used the transfer matrix approach to simulate the Bragg grating reflection and group delay responses [5]. The 

effective refractive index of each segment in the grating is calculated using a finite element method (FEM). The 

reflection and transmission coefficient across the segment interface is obtained based on Fresnel diffraction formula. 

The device parameters are as follows: silicon waveguide/grating height 0.22 um, slab height 0.06 um, P+/N+ doping 

concentration           , and the intrinsic region resistivity 10 Ohm-cm (doping concentration ~10
15

/cm
3
). The 

intrinsic width linearly increases from 2 m at the front end to 10 m at the back end. Fig. 2(a) shows the effective 

refractive index as a function of waveguide width. The refractive index contrast in the grating follows a Gaussian 

distribution, leading to non-uniform grating teeth as shown in the inset of Fig. 2(b). The grating period is 563 nm 

and the total length is 1.46 cm. The grating period is set such that the second-order Bragg wavelength is at 1.55 m. 

Note that although first-order reflection can be used, its period is around 281 nm, making it a challenge to fabricate 

such device in reality. Fig. 2(b) and (c) show the grating reflection intensity and group delay spectra around 1.55 m. 

As the grating is apodized, the reflection has a flat top and fast roll-off. The group delay at the Bragg wavelength is 

around 45 ps. The group delay increases when signal carrier wavelength approaches the edges of reflection band. 

 
Fig. 2. (a) Waveguide effective refractive index versus waveguide width. Inset shows the grating 
corrugation depth distribution. (b) Reflection intensity and (c) group delay spectra without active tuning.     

(1) Electrical tuning 

We used the commercial software ATLAS from Silvaco to simulate the electrical properties of the p-i-n diode. The 

grating cross section at different longitudinal locations was simulated to extract the carrier concentration. Since the 

grating is relatively long (in the order of cm) and the diode longitudinal variation is very slow, the two-dimensional 

simulation is enough to get the carrier concentration distribution without losing much accuracy. The carrier 

concentration is then converted to refractive index change by using free-carrier plasma dispersion equations [6].         

 
Fig. 3. (a) Free carrier concentration distribution along the grating. (b) Reflection intensity and (c) group 

delay spectra for various injection levels.  

Fig. 3(a) shows the carrier concentration along the grating for different levels of injection. The intrinsic width is 

assumed to linearly increase with the grating length. The concentration is high close to the front end since the 

intrinsic region is narrow. Fig. 3(b) and (c) show the corresponding reflection intensity and group delay spectra. 
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Upon carrier injection, the refractive index is reduced leading to a blueshift of the reflection spectrum. Meanwhile, 

the reflection intensity also reduces, for instance, by 12.8 dB for carrier concentration of 310
17 

cm
-3

 at the front end, 

due to the free-carriers induced absorption loss. The group delay at 1.55 m gradually increases to ~150 ps, resulting 

from the electrically induced chirp in the grating. Note that more group delay can be achieved yet at the expense of 

higher loss.  

(2) Thermal tuning 

The refractive index distribution can also be realized by thermal tuning. Silicon has a relatively large thermo-optic 

coefficient of 1.8610
-4

 k
-1

, and hence a small temperature rise will induce a large index variation. The temperature 

rise is inversely proportional to the resistance per unit length along the grating. Compared to electrical tuning, 

thermo-optic effect is relatively slow, but it has the merit that no extra loss is incurred during thermal tuning. Fig. 

3(a) shows the refractive index variation in the grating. Fig. 3(b) and (c) shows the reflection intensity and group 

delay spectra for various thermal tuning levels. When the front-end refractive index increases by 0.0015 

(corresponding to a temperature increment of 8
o
C), the left edge of the reflection band redshifts by 0.2 nm, while the 

group delay at 1.55 m increases to ~230 ps with a loss of 6 dB. There is almost no extra loss when the front-end 

refractive index variation is <0.0013, where the signal carrier wavelength is within the reflection band. The 

maximum group delay without loss is ~210 ps.  

 
Fig. 3. (a) Thermally induced refractive index distribution along the grating. (b) Reflection intensity and 
(c) group delay spectra for various thermal tuning levels.  

3. Conclusion 

A tunable optical delay line using an apodized Bragg grating is proposed. The delay tuning is enabled by the 

dynamic chirp induced in the grating by either free-carrier effect in a p-i-n diode or thermo-optic effect in a p-i-p 

thermal resistor. Numerical simulations show that the dynamic tuning range is ~100 ps under electrically tuning 

within a loss budget of 13 dB. Under thermal tuning, the dynamic range is ~165 ps with negligible loss. The device 

fabrication and characterization are on-going.  

Acknowledgements: This work was supported in part by 973 program (ID2011CB301700), the National Natural 

Sciene Foundation of China (NSFC) (61007039, 61007052, 61107041, 61127016), the Science and Technology 

Commission of Shanghai Municipality (STCSM) Project (10DJ1400402, 09JC1408100), State Key Lab Projects 

(GKZD030004/09/15/20/21), and the International Cooperation Project from the Ministry of Science and 

Technology of China (grant no. 2011FDA11780) 

References  

[1] N. K. Fontaine, J. Yang, Z. Pan, S. Chu, W. Chen, B. E. Little, and S. J. B. Yoo, “Continuously tunable optical buffering at 40 Gb/s for optical 
packet switching networks,” J. Lightwave Technol. 26, 3776-3783 (2008). 

[2] A. Melloni, F. Morichetti, C. Ferrari, and M. Martinelli, “Continuously tunable 1 byte delay in coupled-resonator optical waveguides,” Opt. 

Lett. 33, 2389-2391 (2008). 
[3] I. Giuntoni, A. Gajda, M. Krause, R. Steingrüber, J. Bruns, and K. Petermann, “Tunable Bragg reflectors on silicon-on-insulator rib 

waveguides,” Opt. Express 17, 18518-18524 (2009). 

[4] I. Giuntoni, D. Stolarek, D. I. Kroushkov, J. Bruns, L. Zimmermann, B. Tillack, and K. Petermann, “Continuously tunable delay line based on 
SOI tapered Bragg gratings,” Opt. Express 20, 11241-11246 (2012). 

[5] J. Hong, W. Huang, and T. Makino, “On the transfer matrix method for distributed-feedback waveguide devices,” J. Lightwave Technol. 10, 

1860–1868 (1992). 

[6] R. A. Soref and B. R. Bennett, “Kramers-Kronig analysis of E-O switching in silicon,” Proc. SPIE 704, 32–37 (1986). 

 


