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Abstract

In the field of modern optical communication, radar signal processing and optical sensors,
true time delay technology, as a key means of signal processing, can achieve the accurate
control of the time delay of optical signals. This study presents a novel design that integrates
a 2 × 2 Multi-Mode Interference (MMI) structure with a Mach–Zehnder modulator on a
silicon nitride–lithium niobate (SiN-LiNbO3) heterogeneous integrated optical platform.
This configuration enables the selective interruption of optical wave paths. The upper path
passes through an ultralow-loss Archimedes’ spiral waveguide delay line made of silicon
nitride, where the five spiral structures provide delays of 10 ps, 20 ps, 40 ps, 80 ps, and
160 ps, respectively. In contrast, the lower path is straight through, without introducing an
additional delay. By applying an electrical voltage, the state of the SiN-LiNbO3 switch can
be altered, facilitating the switching and reconfiguration of optical paths and ultimately
enabling the combination of various delay values. Simulation results demonstrate that the
proposed optical true delay line achieves a discrete, adjustable delay ranging from 10 ps
to 310 ps with a step size of 10 ps. The delay loss is less than 0.013 dB/ps, the response
speed reaches the order of ns, and the 3 dB-EO bandwidth is broader than 67 GHz. In
comparison to other optical switches optical true delay lines in terms of the parameters of
delay range, minimum adjustable delay, and delay loss, the proposed optical waveguide
digital adjustable true delay line, which is based on an optical switch and an Archimedes’
spiral structure, has outstanding advantages in response speed and delay loss.

Keywords: optical true delay line (OTDL); optical waveguide; Archimedes’ spiral
waveguide; optical path switching; thin-film lithium niobate (TFLN)

1. Introduction
In the domain of modern optical communication, radar signal processing and optical

sensors, true time delay (TTD) technology, as a key means of signal processing, can achieve
accurate control of the time delay of optical signals [1–3]. Consequently, it plays a crucial
role in frontier fields such as phased-array radar [4–7], optical signal processing [8–10],
optical communication systems [11–13], and quantum computing [14,15]. Nevertheless, tra-
ditional time delay technologies are typically constrained by the physical size, tuning range,
and response speed of the device, rendering it challenging to satisfy the escalating demand
for high-performance applications. Therefore, the development of a high-performance,
digitally tunable true time delay line has emerged as one of the focal points of current
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research. In recent years, research on optical true delay lines has mainly focused on four
aspects: microring resonators [16–19], grating delay lines [20–22], multi-path switchable
optical switches [23,24], and wavelength selective optical delay line [25–27].

Over the past few decades, multi-path switchable optical switches have been widely
used in various photon integration platforms such as SOI [28–34], Si3N4 [35,36], PLC based
on doped SiO2 [37,38], polymer [39–41], and TFLN [42]. In the early stages, polymers were
favored for optical switch delay line (OSDL) chips due to their distinctive advantages,
such as straightforward fabrication processes, low optical loss, and cost-effectiveness [43].
However, this material exhibits notable drawbacks, including an excessively long switching
time (on the order of milliseconds). Due to their low thermal conductivity, polymer-based
switches consume high power consumption (up to hundreds of milliwatts per switch).
Moreover, their inherently large heat capacity and low refractive index contrast result in
bulky device sizes. Although the use of a specialized ethylene oxide polymer can facilitate
rapid switching, it concomitantly introduces higher optical losses. Additionally, concerns
regarding their long-term stability have been raised.

In recent years, the rapid development of optical waveguide technology have offered
novel perspectives for realizing high-performance true time delay lines. Optical waveguide
structure possess the merits of miniaturization, high integration, and low loss, effectively
surmounting the limitations of traditional time delay devices [44,45]. Against this backdrop,
Archimedes’ spiral structure has attracted much attention due to its unique geometric char-
acteristics. Archimedes’ spiral, an equidistant spiral configuration, can significantly extend
the optical path when applied in optical waveguides. This enables the achievement of a
broader time delay range while maintaining a compact device footprint [46]. Furthermore,
by incorporating a digital tuning mechanism, an Archimedes’ spiral optical waveguide true
time delay line can provide precise time delay control, thereby fulfilling the requirements
of dynamic signal processing.

2. Theoretical Analysis
2.1. Optical True Time Delay

The core idea of optical true delay is to utilize the time difference in light propagation
through paths of varying lengths to achieve a delay. Specifically, the propagation velocity
of light in the waveguide can be expressed as follows:

v =
c
n

(1)

In Equation (1), c represents the speed of light in a vacuum (c ≈ 3 × 108 m/s) and n is
the refractive index of the waveguide material. Therefore, the time delay τ of the optical
signal propagating in the waveguide can be calculated using the following formula:

τ =
L
v
=

L · n
c

(2)

In Equation (2), L is the propagation path length of the optical signal in the waveguide.
The time delay in optical waveguides can be realized through the following ap-

proaches: (1) Altering the physical length of the waveguide: By designing waveguide paths
with diverse lengths, different time delays can be achieved. For example, the spiral waveg-
uide can introduce substantial time delays by extending the propagation path of the optical
signal. In addition, the multilayer superposition structure can also prolong the propagation
path by increasing the number of reflections of the optical signal [47]. (2) Employing
microring resonator: Microring resonator, a specialized waveguide structure, enable optical
signals to propagate back and forth within the ring cavity many times, thereby generating
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significant time delays. Through rational design of the microring size and coupling coeffi-
cient, precise control over the optical signal time delay can be achieved [17,18]. For example,
when the microring resonator is an over-coupled state, a positive time delay is obtained.
(3) Utilizing optical switch: In certain adjustable delay lines, variable delays are realized by
selecting different waveguide paths via optical switches. For example, a silicon-based 7-bit
tunable optical delay line can select waveguide paths of varying lengths through optical
switches, thus achieving up to 128 distinct delay states. In this study, a digital tunable delay
line was designed and simulated on the SiN-LiNbO3 hetero-integrated optical platform,
leveraging the structure of optical switch and an Archimedes’ spiral.

2.2. Time Delay Principle in Optical Waveguides

An optical waveguide is a structure designed to confine and direct the propagation of
optical signals. Typically, it consists of a high-refractive-index core layer surrounded by a
low-refractive-index cladding [48]. Light propagates within the waveguide through total
internal reflection, thereby enabling low-loss optical transmission. The group refractive
index of light is defined as the ratio of the speed of a light pulse or light group to the speed
of light when a light wave propagates in the medium. The formula of group refractive
index is as follows [49]:

ng = ne f f − λ
dne f f

dλ
(3)

where ne f f represents the effective refractive index, and λ is the wavelength of light.
dne f f /dλ denotes the rate of change of the refractive index with respect to the wavelength.
This parameter is crucial in optical waveguide systems, as it directly influences the time
delay and dispersion characteristics of optical signals. Understanding and accurately
calculating the group refractive index is essential for optimizing the performance of optical
delay lines and ensuring reliable data transmission in optical communication systems.

There is a close physical relationship between the group refractive index and group
delay. Group delay refers to the time delay caused by the change in group velocity when a
light pulse propagates through a medium. It can be expressed using the following formula:

∆t =
L
vg

=
ngL

c
(4)

where L is the distance of light propagation in the medium.

2.3. Basic Principle of Archimedes’ Spiral Optical Waveguide

The geometric expression of Archimedes’ spiral is as follows:

r(θ) = r0 +
Λ
2π

θ (5)

where r0 represents initial radius of the spiral, Λ is the pitch, and θ is the azimuth. Figure 1
shows five turns of Archimedes’ spiral.

The Archimedes’ spiral structure can extend the optical path in a confined space,
effectively reducing the size of optical waveguide devices. By adjusting the parameters
of the spiral (such as radius, number of turns, etc.), precise control over the optical path
length can be achieved, enabling tunable time delays.

The field distribution of an Archimedes’ spiral optical waveguide can be derived from
its geometric characteristics and electromagnetic field theory. In optical waveguide, the light
field distribution.is typically obtained by solving Maxwell’s equations. For an Archimedes’
spiral optical waveguide, the field distribution can be expressed as the superposition along
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the spiral path. Assuming that the electric field distribution in the optical waveguide is
E(τ, θ, z), its general form can be expressed as follows:

E(τ, θ, z) = E0(r) · ei(lθ−kz) (6)

where l represents the length of Archimedes’ spiral optical waveguide, E0(r) is related to
the wavelength of light, while λ is the wavelength of light.

As depicted in Figure 2, the heat distribution in the spiral waveguide is characterized
by distinct patterns in both the top and side views. The top view shows the transverse dis-
tribution of the thermal field along the spiral path of the waveguide, with high-temperature
regions concentrated on the inner side of the curved segments. The side view reveals the
vertical distribution of the thermal gradient in the waveguide cross-section, indicating that
heat is primarily dissipated toward the cladding.
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Figure 1. Archimedes’ spiral structure (5 turns).

  

(a) (b) 

Figure 2. The heat distribution in the spiral waveguide: (a) top view; (b) side view.

2.4. Digital Tunable Technology Based on Optical Switch

Digital tunable technology based on optical switch is a technology that manipulates the
optical signal path through optical switch mechanisms to achieve the discrete adjustment
of optical parameters, including time delay, dispersion, and filtering. Digital tuning of
these parameters can be realized by designing selective switching of multiple paths or
cascaded switches. This technology offers notable advantages such as discrete control,
ease of integration, and straightforward programmability, thereby enabling rapid and
accurate optical signal processing and regulation. In this study, a digital tunable true time
delay line of optical waveguide based on an Archimedes’ spiral structure is designed. The
detailed design methodology and comprehensive simulation outcomes will be elaborated
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in Section 3, providing in-depth insights into the technical feasibility and performance
characteristics of the proposed design.

3. Design and Simulation of Optical Waveguide Digital Adjustable Delay
Lines Based on Optical Switches and Archimedean Spiral Structures
3.1. Design Idea of Optical True Delay Line

In this study, a 2 × 2 Multi-Mode Interference (MMI) coupler, in conjunction with a
Mach–Zehnder modulator, is employed to realize on-off selection of the optical path. The
upper optical path traverses a silicon nitride waveguide spiral delay line with ultra-low
loss characteristics. Specifically, five distinct spiral structures are designed to introduce
delays of 10 ps, 20 ps, 40 ps, 80 ps, and 160 ps, respectively, thereby achieving a discrete
adjustable delay ranging from 10 to 310 ps in 10 ps increments. Conversely, the lower
path is a straight-through configuration, ensuring no additional delay is introduced. By
applying voltage to alter the state of the lithium niobate switch, various combinations
of these delay values can be realized, which constitutes the fundamental principle of the
proposed digital adjustable delay line. Figure 3 illustrates the structural diagram of the
digital tunable true delay line.

 
Figure 3. Digital adjustable true delay line. (a) Structure diagram. (b) ”Through” switch state.
(c) “Cross” switch state. (d) Switch unit. (e) Delay line unit.

As depicted in Figure 3, manipulating the switch state enables the combination of var-
ious delay values. By altering the state of the switch, it can realize the mutual combination
of different delay amounts. Table 1 systematically presents the corresponding relationship
between switch state and delay value.

The time delay of the Archimedes’ waveguide spiral follows a pattern where it in-
creases exponentially as the N power of 2. In this study, the designed delays are 10 ps, 20 ps,
40 ps, 80 ps, and 160 ps, respectively. By precisely controlling the through and cross states
of the optical switch, this configuration can achieve optical true time delay with a minimum
step of 10 ps, covering a range from 10 ps to 310 ps, as comprehensively summarized in
Table 1.

Figure 4 shows the design layout of optical true delay lines. The layout features five
optical switches integrated with five spiral waveguide delay structures, forming a compact
and highly functional configuration. The chip size of the optical true delay line designed in
this paper is less than 4 mm × 30 mm.

Figure 4. Design layout of optical true delay lines.
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Table 1. Corresponding relationship between switch state and delay value.

Switch 1 Switch 2 Switch 3 Switch 4 Switch 5 Delay
Value

through cross through through through 10 ps
cross cross cross through through 20 ps

through through cross through through 30 ps
cross through cross cross through 40 ps

through cross cross cross through 50 ps
cross cross through cross through 60 ps

through through through cross through 70 ps
cross through through cross cross 80 ps

through cross through cross cross 90 ps
cross cross cross cross cross 100 ps

through through cross cross cross 110 ps
cross through cross through cross 120 ps

through cross cross through cross 130 ps
cross cross through through cross 140 ps

through through through through cross 150 ps
cross through through through cross 160 ps

through cross through through cross 170 ps
cross cross cross through cross 180 ps
cross through cross cross cross 190 ps
cross through cross cross cross 200 ps

through cross cross cross cross 210 ps
cross cross through cross cross 220 ps

through through through cross cross 230 ps
cross through through cross through 240 ps

through cross through cross cross 250 ps
cross cross cross cross through 260 ps

through through cross cross through 270 ps
cross through cross through through 280 ps

through cross cross through through 290 ps
cross cross through through through 300 ps

through through through through through 310 ps

3.2. Specific Design
3.2.1. Design of SiN-LiNbO3 Optical Switch

The Mach–Zehnder modulator, in conjunction with a 2 × 2 MMI structure, enables the
realization of an optical transmission channel selection switch. An external voltage source
applies a voltage to change the phase of the light wave to interfere with it and change the
output port of the light wave, so as to realize the selection switch function on the optical
transmission channel.

The losses associated with a 2 × 2 MMI typically include transmission losses, mode
conversion losses, bending losses, coupling losses, and absorption losses inherent to the
material. In this study, the Ansys Lumerical 2024 R1 software, employing the finite-
difference time domain (FDTD) method, was utilized for comprehensive analysis. The
MMI is equipped with a power monitor placed at the input and output end faces. By
directly quantifying the power difference between the input and output, the total loss is
directly obtained through α = 10lg(Pout/Pin). Simulation results indicated that the 2 × 2
MMI loss exhibits a total loss of less than 0.75 dB at a wavelength of 1550 nm.

Furthermore, by applying the following formula

PI =
|Pout1 − Pout2|
Pout1 + Pout2

× 100% (7)
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we obtained the power imbalance of a 2 × 2 MMI, and that is PI = 0.5 dB.
Regarding the optical switch integrated on TFLN material, the Pockels coefficient along

its highest principal axis is significantly high. This coefficient is rLiNbO3 ≈ 30 − 33 pm/V,
over 300 times that of silicon (rsilicon ≈ 0.1 pm/V),endowing TFLN with unique electro-
optic properties. When an electric field is applied, the refractive index of TFLN changes
linearly with the electric field intensity. This linear electro-optic effect occurs without the
need for carrier accumulation or nonlinear optical processes, enabling fast responses on the
picosecond to nanosecond scale.

As reported in the study by Zhizhang Wang et al. from Nanjing University [50], the
response speed of the optical switch can reach 14.4 ns, which is below 20 ns. Such a high-
speed response significantly improves the fast-tuning ability of microwave beamforming.

Table 2 presents the structural parameters of the 2 × 2 MMI device. The main body
size of MMI features dimensions of 76 µm × 10 µm × 0.5 µm, corresponding to its length,
width and height (i.e., thickness), respectively. The width plays a crucial role in determining
the number of modes within the multi-mode transmission region. For the silicon nitride
waveguide employed in this study, a width of 10 µm enables the support of multiple
transverse mode transmission. This characteristic facilitates the formation of a symmetrical
output distribution following the interference process.

Table 2. Structural parameters of 2 × 2 MMI in this paper.

Component Dimensions/Position Thickness Type

MMI 76 µm × 10 µm × 0.5 µm/(10 µm × 1 µm × 0.5 µm) 0.5 µm Rectangle
Input waveguide_up 10 µm × 1 µm × 0.5 µm/(−15 µm, −1.75 µm, 0.15 µm) 0.5 µm Rectangle

Input waveguide_down 10 µm × 1 µm × 0.5 µm/(−15 µm, −1.75 µm, 0.15 µm) 0.5 µm Rectangle
Output waveguide_up 10 µm × 1 µm × 0.5 µm/(91 µm, 1.75 µm, 0.15 µm) 0.5 µm Rectangle

Output waveguide_down 10 µm × 1 µm × 0.5 µm/(91 µm, −1.75 µm, 0.15 µm) 0.5 µm Rectangle
Taper 1 (0 µm, 1.75 µm, 0.15 µm) 0.5 µm Polygon
Taper 2 (0 µm, −1.75 µm, 0.15 µm) 0.5 µm Polygon
Taper 3 (0 µm, 1.75 µm, 0.15 µm) 0.5 µm Polygon
Taper 4 (0 µm, −1.75 µm, 0.15 µm) 0.5 µm Polygon

The length of MMI is primarily governed by the interference effect and generally
adheres to the following formula:

L =
ne f f · W2

4λ
(8)

where neff is the effective refractive index, W is the waveguide width, and λ is the wave-
length. The selected length of 76 µm satisfies the self-imaging condition at the wavelength
of 1.55 µm, ensuring that the input light achieves power sharing or specific coupling at
the output end. Meanwhile, the thickness of 0.5 µm aligns with the common thin-film
silicon nitride processing standard. This parameter effectively balances the constraints
of light field confinement and processing feasibility, while minimizing bending-induced
optical loss.

A taper structure is employed to connect the standard waveguide and MMI body, min-
imizing mode mismatch loss through gradual adjustments in width and height. The four-
dimensional symmetric design (comprising two pairs of positive/negative y-coordinates)
ensures symmetry of input/output ports, thereby eliminating polarization-dependent loss.

The position of the light source is (−13 µm, 1.75 µm, 0 µm), with a size of 3 µm × 2 µm,
and the wavelength of the light source is 1.5 µm–1.6 µm. The switch selection function
is illustrated in Figure 5. An external voltage source applies an electrical signal to the
Mach–Zehnder modulator, inducing a phase change in the light wave propagating through
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its two arms. This phase alteration leads to interference between the two optical paths
within the modulator, ultimately redirecting the light wave to a different output port.
By precisely controlling the magnitude and polarity of the applied voltage, the optical
signal can be selectively routed, thereby achieving the function of an optical switch that
facilitates manipulation of light propagation paths in the designed delay line system. We
also obtained the half-wave voltage of the switch, Vπ, which is lower than 3 V.

 
(a) (b) 

Figure 5. Distribution of switch selection function field: (a) the phase of the lower arm is 90◦ (b) the
phase of the upper arm is 90◦.

3.2.2. Archimedes’ Spiral Waveguide Delay Line

The phase change of optical waveguide is related to wavelength, group refractive
index, and waveguide length, which satisfies the following formula:

φ(ω) = − 2π

λ(ω)
ne f f (ω)L (9)

The group delay is shown in Equation (8) below:

Tgroup = −∂φ(ω)

∂ω
=

L
c
[ne f f (ω) + ω

∂ne f f (ω)

∂ω
] =

L
c

ngroup(ω) (10)

According to simulation, the group refractive index of waveguide delay line is about
2.08. Archimedes’ spiral optical waveguide lithography layout designed in this study is
shown in Figure 6.

  
(a) (b) 

  
(c) (d) 

Figure 6. Archimedes’ spiral waveguide delay line: (a) 10 ps delay, (b) 20 ps delay, (c) 40 ps delay,
and (d) 80 ps delay.

The spiral waveguide delay line proposed in this study is designed for 1.5 µm–1.6 µm
optically controlled beamforming networks, aiming to compensate for the aperture transi-
tion time required by each subarray. Constructed as a staggered Archimedes’ spiral delay
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line, the bending radius is constantly changing. Figure 6 depicts the chip design layout of
the spiral waveguide at 1550 nm, taking an 80 ps delay structure as an example. Occupying
an area of approximately 0.3 mm × 0.3 mm, the structure is composed of two groups of
semicircles, one of which is used to lead the light into the center and the other is used to
lead the light out for output. These inward and outward semicircles are connected by an
S-shaped structure, and the radius of the structure remains large enough to achieve lossless
transmission and mode position stability in the middle of the spiral waveguide. The time
delay can be calculated according to the following formula:

td =
ngL

c
(11)

where td is the time delay of the spiral delay line, ng is the effective index, and c is the
speed of light. For the effective group index ng of 1.62 (TE mode) and 1.51 (TM mode), the
calculated delay time of the structure at 1550 nm precisely matches the designed value of
80 ps, validating the accuracy of the proposed design and theoretical model.

Table 3 list the structural parameters of spiral waveguide delay line designed in
this study.

Table 3. Structural parameters of spiral waveguide delay line designed in this paper.

Material Radius of Curvature Waveguide Spacing

Silicon nitride
Spiral center: R0 = 88.6 µm Reverse waveguide spacing 4 µm

Outside the center: R(θ) = 88.6 + 0.637θ (µm) Co-directional waveguide spacing 4 µm

3.2.3. Design and Simulation of Electrode

The electrode plays a key role in the performance, efficiency, stability and functionality
of the device. The layout and material properties of the electrodes directly modulate the
electric field distribution within the device. The strength and direction of the electric field
can be optimized by reasonably designing the shape, size, and position of the electrode.
The electrodes of the optical true delay line designed in this study are shown in Figure 7.

 
(a) (b) 

Figure 7. Schematic diagram of electrode: (a) schematic diagram of the three-dimensional structure
of the electrode; (b) schematic diagram of xoy cross-sectional structure.

Figure 7 provides a visual representation of their configuration and spatial arrange-
ment. The overall size of the electrode is 500 µm × 500 µm. The purple line defines
the spatial boundary, as shown in Figure 7a. The core structure is a two-dimensional
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waveguide array extending along the X-axis, as shown in Figure 7b. The spacing between
two adjacent units in the array is 45 µm.

As is shown in Figure 8, the materials from top to bottom are SiN, Gold, Lithium
Niobate, and SOI. The base layer, constructed from Si material, has a thickness of 200 µm.
The middle SOI layer, approximately 5 microns thick, serves as a crucial intermediate
medium. Notably, the Lithium Niobate layer, with a thickness of 800 nm, plays a key role
in the electro-optic modulation process due to its excellent electro-optic properties.

Figure 8. The material of the electrode and the thickness of various materials.

4. Result Analysis
4.1. Analysis of Delay Losses in Different Delay Times

An in-depth analysis of delay lines with varying delay times has been performed, as
presented in Table 4. The total loss comprises transmission loss, bending loss, optical switch
loss, and coupling loss. Its numerical change reflects the energy attenuation characteristics
of the delay line under different delay requirements, and is the key index to evaluate the
transmission efficiency of the system. Table 4 meticulously documents 31 sets of data,
revealing that the total loss ranges from 2.1345 dB to 6.0398 dB. This range corresponds to
the total losses of optical true time delay line systems with delay times ranging from 10 ps
to 310 ps.

Table 4. The delay losses in different delay times.

Delay Time
[ps]

Waveguide Length
[cm]

Transmission Loss
[dB]

Bending
Times

Bending Loss
[dB]

Optical Switch Loss
[dB]

Coupling Loss
[dB]

Total Loss
[dB]

10 0.089 0.0445 9 0.09 1 1 2.1345
20 0.178 0.0890 17 0.17 1 1 2.2590
30 0.267 0.1335 26 0.26 1 1 2.3935
40 0.356 0.1780 34 0.34 1 1 2.5180
50 0.445 0.2225 43 0.43 1 1 2.6550
60 0.534 0.2670 51 0.51 1 1 2.7770
70 0.623 0.3115 60 0.60 1 1 2.9115
80 0.712 0.3560 69 0.69 1 1 3.0460
90 0.801 0.4005 78 0.78 1 1 3.1805
100 0.890 0.4450 86 0.86 1 1 3.3050
110 0.979 0.4895 95 0.95 1 1 3.4395
120 1.068 0.5340 103 1.03 1 1 3.5640
130 1.157 0.5785 112 1.12 1 1 3.6985
140 1.246 0.6230 120 1.20 1 1 3.8230
150 1.335 0.6675 129 1.29 1 1 3.9575
160 1.424 0.7120 137 1.37 1 1 4.0820
170 1.513 0.7565 146 1.46 1 1 4.2165
180 1.602 0.8010 154 1.54 1 1 4.3410
190 1.691 0.8455 163 1.63 1 1 4.4755
200 1.780 0.8900 171 1.71 1 1 4.6000
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Table 4. Cont.

Delay Time
[ps]

Waveguide Length
[cm]

Transmission Loss
[dB]

Bending
Times

Bending Loss
[dB]

Optical Switch Loss
[dB]

Coupling Loss
[dB]

Total Loss
[dB]

210 1.869 0.9345 180 1.80 1 1 4.7345
220 1.958 0.9790 188 1.88 1 1 4.8590
230 2.047 1.0235 197 1.97 1 1 4.9935
240 2.136 1.0680 206 2.06 1 1 5.1280
250 2.225 1.1125 215 2.15 1 1 5.2625
260 2.314 1.1570 223 2.23 1 1 5.3870
270 2.403 1.2015 232 2.32 1 1 5.5215
280 2.492 1.2460 240 2.40 1 1 5.6460
290 2.581 1.2905 249 2.49 1 1 5.7805
300 2.670 1.3350 257 2.57 1 1 5.9050
310 2.759 1.3795 266 2.66 1 1 6.0398

Experimental observations indicate that total loss demonstrates a linear correlation
with the increase in waveguide length and bending frequency. Notably, when the number
of bends exceeds 200, the loss growth rate exhibits a marginal acceleration, potentially
attributed to enhanced mode leakage caused by the reduction in waveguide bending radius.
The loss variation fluctuates within the range of 0.1245 dB–0.1370 dB, with an average
increment of about 0.13 dB per 10 ps delay. The incremental fluctuation is attributed to
the coupling effect of nonlinearly increasing bending counts and transmission length. As
the delay time increases from 10 ps to 310 ps, transmission loss increases from 0.0445 dB
to 1.3795 dB, while the bending loss increases from 0.09 dB to 2.66 dB. Collectively, these
two factors account for 76.5% of the total loss increment, establishing them as the primary
contributors to loss degradation.

4.2. Analysis of the Overall Performance of Digital Dimmable True Delay Line

This study proposes a tunable optical true delay line based on the SiN-LiNbO3 plat-
form, featuring a maximum delay time of 310 ps and a resolution of 10 ps. In recent
years, substantial theoretical investigations and experimental validations on multi-path
switchable optical switches have been conducted by numerous scholars and research teams,
yielding remarkable advancements in the field. A comparative analysis between the pro-
posed work and related studies in the literature is presented in Table 5, highlighting the
performance metrics and technical characteristics of different approaches.

Table 5. Performance comparison of tunable delay lines based on multi-path switchable
optical switches.

Literature Platform Delay Tuning Step
[ps]

Maximum Delay Tunable Range
[ps]

Loss Delay Ratio
[dB ns−1]

Footprint
[mm2]

[29] SOI 1.52 191.37 17.81 13.32
[36] Si3N4 4.2 130 1.8 35
[37] SiO2 6 90.2 5.5 602
[38] SiO2 10,000 100,000 0.22 4166
[42] TFLN 10 150 23 50

This work SiN-LiNbO3 10 310 13 120

The comparative analysis reveals that the delay range, maximum delay tunable range,
and loss–delay ratio of optical true time delay lines are significantly influenced by their
design structures and fabrication platforms. Notably, in terms of the maximum delay
tunable range, the proposed design demonstrates an enhancement of over 60% compared
to similar solutions (such as Literature [29]), effectively meeting a wider spectrum of delay
adjustment requirements. Literature 38 focuses on long delay amounts; however, its tuning
step size, as large as 10,000 ps, severely restricts the system’s ability to perform fine-grained
parameter adjustments. When compared with Literature [29] and Literature [42], the
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proposed method not only outperforms in terms of the delay range but also exhibits a
lower loss delay ratio, underscoring its superiority in achieving a better balance between
delay performance and loss characteristics.

5. Conclusions
This study presents a tunable optical true delay line constructed on the SiN-LiNbO3

platform, boasting a maximum delay time of 310 ps and a resolution of 10 ps. Benefiting
from the linear electro-optic effect of TFLN, the response speed of the optical switch can
be less than 20 ns. This remarkable performance significantly enhances the rapid tuning
capabilities of microwave beamforming systems, enabling more agile and precise control
over signal delays.

The proposed optical true delay line exhibits a distinct advantage in its low delay–loss
ratio, a key performance metric indicating minimal signal attenuation per unit delay.
This characteristic not only ensures efficient energy utilization within the device but also
underscores its potential for high-fidelity signal transmission. As a core component in
optoelectronics system, the low-loss and rapid-switching OTTD is expected to attract sig-
nificant attention in strategic applications such as optical communications and microwave
photonic radar systems. For future research directions, efforts will be concentrated on
further reducing transmission losses by exploring advanced low-loss waveguide materials
and optimizing waveguide bending structures.
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