
ATh3A.16.pdf ACP 2014 © OSA 2014

Optical Delay Line based on Waveguide Mode Multiplexing 
 

Anbang Xie, Linjie Zhou*, Zhi Zou, and Jianping Chen 
State Key Laboratory of Advanced Optical Communication Systems and Networks 

Department of Electronic Engineering Shanghai Jiao Tong University, Shanghai, 200240, China 

ljzhou@sjtu.edu.cn 

 

Abstract: We propose a novel optical delay line structure based on Bragg gratings-assisted 

waveguide mode multiplexing. Proof-of-concept simulations show that optical delay is increased 

by about three times using three waveguide modes. 
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Gratings; (200.4490) Optical buffers 

 

1. Introduction 

Integrated electronic circuit technology has been unable to meet the increasing data capacity and bandwidth 

requirements in high-speed optical communication networks. The all-optical networks without optical-electrical-

optical (O-E-O) conversion in switching nodes eliminates the noise and bit error that arise from converting optical 

signals to electrical ones and meanwhile greatly reduces the power consumption during conversion [1-2]. Recently, 

optical delay lines have emerged as key components for future optical networks and information processing systems. 

Applications of optical delay lines range from all-optical routers and optical delay-line filters to microwave photonic 

devices such as antenna beam formers using optical delays to achieve the so-called ―true time delays‖ in microwave 

signals [3]. In all-optical router applications, the optical delay line is used as an optical buffer — a component that 

functions as temporary optical storage to effectively synchronize data packets [2]. 

Silicon photonics technology has received much attention in recent years, as it can offer ultra-small photonic 

circuits with potentially ultra-large scale of integration (ULSI) due to the high refractive index contrast between 
silicon (n≈3.45) and silica  (n≈1.45) at λ=1550 nm. The compatibility of its fabrication with CMOS process also 

allows for low cost and high volume production of silicon photonic chips [4]. Because of its extensive applications, 

on-chip silicon delay lines have become the spotlight of silicon photonic devices. A large group delay can be 

achieved on a chip by designing a long waveguide in a spiral shape [5]. Unfortunately, the long waveguide increases 

the device footprint and the dynamic long-range continuous tuning is of a big challenge for such delay lines. 

Cascaded optical resonance structures can considerably reduce the device size while maintaining a large group delay 

around resonances [6-7]. However, their delay performances are limited by the delay–bandwidth product. Also, the 

group delay dispersion (GDD) is an issue that needs to be carefully considered in designing the resonance delay 

lines. 

In this paper, we present a novel delay line based on waveguide mode multiplexing to increase the delay 

capacity. With the facilitation of Bragg gratings, a lower order waveguide mode can be converted to a reverse-
propagating higher order mode, and therefore light travels through the same waveguide by several times, greatly 

increasing the delay.  

2.  Device design and analysis 

 
Fig. 1. Schematic structure of our proposed delay line. 

Fig. 1 shows the schematic graph of the delay line structure consisting of two mode-converters connected by a long 

multimode waveguide. The mode converters are formed by waveguide Bragg gratings to enable transverse electric 

(TE) mode conversion, with the front one for TE1 to TE2 and the rear one for TE0 to TE1 conversion. It should be 

noted that light changes its propagation direction after conversion. The multimode waveguide is 900 nm wide and 

220 nm high to support three TE modes (TE0, TE1, and TE2). The length of the waveguide is assumed to be 1 cm. 
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The waveguide does not need to be straight, and instead it can be arranged in a spiral shape to have a more compact 

size. In order not to induce inter-mode coupling during bending, the multimode waveguide can be made using 

transformation optics and gray scale lithography [8]. The waveguides are assumed to be covered by SiO2. The TE0 

mode excited at the input end first passes through the TE1-2 grating and travels in the long waveguide. When it 

encounters the rear TE0-1 grating, it is reflected and converted to the TE1 mode. It then travels back along the long 

waveguide until seeing the TE1-2 grating where it is converted to TE2 mode and changes the propagation to forward 
direction. The light then goes through the long waveguide once more before entering the TE0-1 grating and 

propagating out. It can be seen that the three modes in the long waveguide are all utilized with the assistance of 

Bragg gratings, resulting in a much longer delay compared to a single mode delay line.  

The Bragg gratings in Fig. 1 are double-sided anti-symmetric structures. The gratings are apodized (the grating 

tooth width first increasing and then decreasing) so that the coupling strength gradually weakens from the center 

towards the two ends to eliminate the Fabry-Perot (F-P) effect. According to the coupled-mode theory [9], the 

maximum reflection occurs at the Bragg resonance wavelength λ0 which satisfies the phase-matching condition: 

0 ( )in outn n    , where  is the grating period,     is effective index of the input mode, and     is effective index 

of the desired output mode. We optimize the two Bragg gratings including period, duty circle (the tooth ratio in one 

period), maximal tooth width and number of periods to maximize the conversion and meanwhile minimize the loss 

of the transparent modes. Three dimensional finite difference time domain (3-D FDTD) method is used to simulate 

the device. Of all the parameters, the number of periods has a significant effect on the reflectivity. The reflection 

spectra for TE0-1 and TE1-2 gratings with various periods are plotted in Figs. 2(a) and (b). The transmission spectra of 

the TE2 mode in TE0-1 grating and the TE0 mode in TE1-2 grating are shown in Figs. 2(c) and (d). The black dashed 

line indicates the reflection/transmittance corresponding to 0.1 dB loss. From Fig. 2 we can see that the longer 

gratings have a larger bandwidth and higher reflectivity/transmittance. The overlap of these four spectra determines 

the device operation band of 1543-1560 nm. Considering the length and efficiency of the gratings, the optimized 

design parameters are shown in Tab. 1. 

 

Fig. 2. (a) Reflection spectrum for TE0-1 grating. (b) Reflection spectrum for TE1-2 grating. (c) Transmission spectrum of TE2 mode 

in TE0-1 grating. (d) Transmission spectrum of TE0 mode in TE1-2 grating. N1 is the number of periods in TE0-1 grating and N2 in 

TE1-2 grating. 

Tab. 1. Optimized parameters for the two gratings 

Gratings Period (μm) Duty circle Maximal tooth width (μm) Number of periods 

TE0-1 0.295 0.5 0.5 332 

TE1-2 0.35 0.5 0.18 600 

Figs. 3(a) and (b) show the electric field magnitude (|E|) patterns when excited with TE0 and TE1 modes in the 

TE0-1 and TE1-2 gratings at 1550 nm wavelength, respectively. It can be observed that mode conversions upon 
reflection are successfully realized. Figs. 3(c) and (d) show the transmission patterns when excited with TE2 and TE0 
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modes in the two gratings respectively. These two modes can pass through the gratings without causing back 

reflections. 

 
Fig. 3. Electric field magnitude patterns at 1550 nm when excited with (a) TE0 mode in TE0-1 grating, (b) TE1 mode in TE1-2 grating, (c) 

TE2 mode in TE0-1 grating, and (d) TE0 mode in TE1-2 grating. 

As the three modes in the multimode waveguide have different dispersions, their group delays (GD) are 

different. In fact, the dispersion of higher-order modes is larger, resulting in a little longer group delay than the 

fundamental mode, as shown in Fig. 4(a). Fig. 4(b) shows the loss as well as the total GD spectrum of our proposed 

device. The black dashed line indicates 0.1 dB loss. We can see that the loss is less than 0.1 dB in 1544-1557 nm, 

which falls into the overlap bandwidth of the four spectra in Fig. 2. Because of the mode multiplexing, our device 

can achieve more than three-fold longer delay than the single-mode delay line of an equal length. It should be noted 
that GD increases at the band edges due to the Bragg grating slow light effect. 

In the above simulations, we only take the simplest delay line with two gratings as an example. In fact, the 

multimode waveguide can be widened to support more modes, so that an even longer optical delay can be obtained. 

We remark that the multimode waveguide can be replaced by other delay line structures as long as they can support 

multimode propagation. The delay can also be made tunable by integrating metal heaters based on the thermo-optic 

effect or p-i-n diodes based on the free carrier plasma dispersion effect. Since the tuning elements interact with the 

same waveguide for different modes, the tuning power consumption is several times lower for a given delay tuning 

range. 

 

Fig. 4. (a) Group delay spectra of the three waveguide modes. (b) Insertion loss and group delay of the proposed delay line. 

3.  Conclusions 

We present a novel optical delay line by utilizing mode multiplexing in a multimode waveguide to increase the 

delay capacity. A proof-of-concept example shows the multimode waveguide supporting three modes can have 

about three-fold longer delay. It is expected that an even longer delay is achievable by using a wider waveguide at 
the cost of more complex grating design.  
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