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Abstract
Wereport a comprehensive analysis anddesignoptimizationof true-timedelay (TTD)photonic
waveguides using compactArchimedean spiral geometries,with a focus on low-loss siliconnitride
(Si3N4) and silicon-on-insulator (SOI)platforms.Using a combinationof finite element andfinite-
difference time-domain simulations at 1550nm,we evaluated thepropagation characteristics,mode-
matchingbehavior, andbending losses of variouswaveguide designs.Our results demonstrate that Si3N4
rectangularwaveguides exhibit superior performance for longoptical paths, achievingminimal radiation
and scattering losses,whereas SOI ismore suitable for compact integration.We further investigated
curvature-engineeredbends (Euler, Bézier, and circular) and identifiedQuartic Bézier bends as optimal
for tight-radius, low-loss guiding. Byminimizing crosstalk through tailoredwaveguide gaps and carefully
engineeredS-bend transitions,wepresent a scalable low-lossTTDarchitecture.These findings offer
critical insights for integratingultralow-loss,material-efficient delay lines intophotonic circuits for
applications in signal processing, LiDAR, phased array antennas, andneuromorphic computing.

1. Introduction

True-time delay (TTD) is a fundamental concept in various disciplines. It is critical for the operation of phased
array antennas inmicrowave photonics, where optical delay units are used to achievemultibeam formation [1],
and plays an important role in optical signal processing and communication systems by enabling advanced
functionalities, such as parallel reservoir computing and information transfer [2]. The development of
integrated photonic platforms has further expanded the applicability of TTD, supporting compact and scalable
on-chip solutions [3]. Unlike resonance-based delays, which rely on temporarily trapping light, TTDarises
from the physical propagation path, providing precise timing control essential for preserving signal integrity
and optimizing high-speed reservoir computing (RC) systems.
Optics is a promising candidate for future computing, particularly in neuromorphic architectures [4].

Researchers have explored the combinationof the computational power of RCwith the high-speed signal hand-
ling of photonics.One approachuses coupled semiconductor optical amplifiers [5], although this requiresmany
nodes andpresents technological challenges. Thedelayed feedback approachprovides a simpler alternative: Van-
doorne et al [6]demonstrated photonicRC for signal processing, Paquot et al [7] introduced an optoelectronic
implementation, andMcDonald et al [8] analyzedultrashort TTD lines for compact designs. Larger et al [9]
further showed that photonic informationprocessing can exceed conventional Turing architectures, although
fiber-based implementations remain bulky andunsuitable for chip-scale integration applications.
Reducing losses is paramount in photonic integrated circuits (PICs) for TTD lines, optical gyroscopes [10],

andmicrowave photonic beamforming [11]. LiDAR requires nanosecond-scale delays (path lengths of tens of
centimeters tometers)withminimal excess loss; phased arrays typically demand loss budgets below 3–5 dB;
andneuromorphic computing imposes latency constraints of tens of picosecondswith low dispersion. Recent
reviews have emphasized the critical role of TTD in next-generationmicrowave photonic systems [12].
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Severalwaveguide platformshave been investigated to achieve this. SOI technology enables dense photonic
integrationusing compact circuits. Vlasov andMcNab [13] reported early SOI stripwaveguideswith losses of a
fewdB/cm,whereas Li et al [14] later demonstrated ultralow-loss. Xu et al [15] further reviewed advances in SOI
formicrowave photonic signal processing. In comparison, silicon nitride (Si3N4) supportsmuch lower loss. Pfeif-
fer et al [16, 17] achievedpropagation losses down to sub-0.01 dB/musing a damascene reflowprocess, Zhang
et al [18] showed sidewall smoothing further suppresses scattering, andLi et al [19]developed broadband spiral
delay lineswith propagation losses of∼0.02 dB/cm.Romero-García et al [20] also demonstrated low-loss inte-
grateddelay lines, andZhang et al [21]highlightedprogress toward scalable, foundry-compatible Si3N4platforms
Complementary designs for digitally tunable delay lines have also been reported [22].
Silica-basedwaveguides are also strong candidates. Zhang et al [23] demonstrated serpentine trapezoidal

silica-on-siliconwaveguides exceeding 27mwith losses as low as 0.05 dB/m, illustrating their potential for
ultra-long, low-loss delays. Other architectures include plasmonic spirals for optical trapping [24] andwhisper-
ing-gallery spirals with compact footprints [25]. Compact spiral Si3N4 devices have also been realized, includ-
ing broadband spirals (∼68cm, excess loss< 0.08 dB) [19] and digitally tunable spirals (10–310 ps delay,
< 0.013 dB/ps loss) [22]. Geometry is equally important: Zhang [26], Yi [27], Sun [28], andBahadori [29] all
proposed bend-optimized designs tominimize propagation loss.
Considering the need for∼40 m-longTTD lines withmanageable fabrication complexity, rectangular

Si3N4waveguides are an optimal choice for long-path, low-loss applications. Although trapezoidal silica
achieves ultralow loss, it ismore fabrication-intensive, whereas SOI provides a compact footprint but suffers
higher long-path losses.
In this study, we evaluatedArchimedean spiral silicon photonicwaveguides for TTDapplications. Spiral

geometries enable compact and efficient delay lineswith tunable delay times controlled by spiral parameters.
Using finite element and finite-difference time-domain simulations, we analyze the propagation character-
istics, lossmechanisms, and delay performance, comparing spiral and linear delay lines.We also investigated
curvature-engineered bends to identify designs thatminimize losses across different radii. The results provide
insight into designing efficient, compact TTD systems for LiDAR, phased arrays, and neuromorphic photonics.

2. Archimedean spirals

Archimedean spirals are frequently used in on-chip designs for long bendwaveguides because they efficiently
use space and enable smooth transitions between straightwaveguides and bends [24]. These designs typically
consist of two interwoven spirals: one spiral directs light from the outer edge toward the center, while the other
guides it back outward [25]. The spirals can bemathematically represented using the angle θ in Cartesian
coordinates as follows:
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Here, the parameterR0 specifies the initial radius of the spiral, andAdetermines the spacing between suc-
cessive loops. Because this function defines only one central curve, two additional parallel curves, (xin, yin) and
(xout, yout), are introduced as follows: To fully define thewaveguide boundaries, the inner and outer edges are
represented as follows:
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where (nx(θ),ny(θ)) define the normal vector of the curve in equation (1) andw(θ) =win(θ) +wout(θ) w(θ)
specifies thewidth of thewaveguide.
Thewidth typically remains constant for theArchimedean portion of a spiral waveguide, excluding the

S-bend sections. This section is defined by threemain parameters: the initial size of the spiralR0, waveguide
widthw, and gap g between adjacentwaveguides. The parametersw and g together determineA in theArchime-
dean spiral by the formulaA= (w+ g)/π. Figure 1 illustrates anArchimedean spiral.
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3.Waveguide design

3.1. Silicon on insulator
Themost commonly usedmaterial platform in silicon photonics is known as ‘silicon-on-insulator’(SOI),
which is alsowidely applied in the electronics industry for high-performance circuits and devices.Our design
utilizes a 1 μmsilicon substrate, a 2.62 μmsilicon dioxide (SiO2) cladding layer, and a 220 nmcrystalline silicon
core, as illustrated in figure 2(a) [30]. The 220nmcore thickness has become a standard, particularly among
multiproject wafer foundries and foundry service providers such as imec, LETI, and IME.However, the ideal
thickness can vary based on specific applications, and a thickness of 220 nmmaynot always be optimal.
Additionally, variations in the top silicon thickness, which can differ by up to 5 nm, are key parameters to
consider [30].
To determine the single-mode condition, we varied thewidth of thewaveguide from200 to 800 nm, as

shown in figure 2(b). A Finite-Difference Eigenmode (FDE) solverwas used for comprehensive 2Dmode calcu-
lations to identify the single-mode condition for thewaveguide. The effective indices of themodes are plotted
in figure 2(b) for awavelength of 1550 nm. To achieve a single TE-likemode polarization at 1550 nm, a strip
waveguidewith a height of 220 nmand awidth of 440 nm is required.Under these conditions, thewaveguide
supports oneTE-like and oneTM-likemode. An additional TE-likemode appears forwaveguides with larger
widths, and once thewidth exceeds 660 nm, a secondTM-likemode appears.

Figure 1.Artistic representation ofArchimedean spiral 3Ddiagram featuring input and output of long-pathwaveguide.

Figure 2. (a)Cross-sectional view schematics of silicon-on-insulator (SOI) platform ridgewaveguide (b)Calculated effective index
versus corewidth (c)Calculated loss as a function of spiral radius. The triangular points represent radiation losses, the orange dashed
line indicates propagation loss, the yellow open circles showmodalmismatch loss, and the purple circular line represents the total
loss.

3
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3.2. Silicon nitridewaveguide
In silicon photonic integrated circuits, a rectangular optical waveguide is a basic component, and a single-mode
waveguide is commonly used to avoid intermode interference andmode dispersion. To guarantee the single-
mode condition of the Si3N4 rectangular waveguide, we simulated themodal properties of the Si3N4waveguide
using the finite-difference eigenmode (FDE) solver in Lumerical’sMode Solution software. The structure is
illustrated in figure 3(a), where the cladding layer has a thickness of 3 μm, the core layer has a thickness of
0.3 μm, and the upper cladding layer has a thickness of 0.5 μm.
To identify the single-mode condition, we analyzed thewidth of the silicon nitridewaveguide at awave-

length of 1550 nm. The relationship between thewaveguidewidth and effective refractive index neff is shown in
figure 3(b). Based on the orange dashed line in the figure, themaximumwidth formaintaining single-mode
operation is 1.4 μm.

3.3. Comparison SOI and Si3N4waveguides
Wecompared the losses of twowaveguide designs: SOI and Si3N4. For SOIwaveguides,mode calculations for
bentwaveguides with radii smaller than 3 μmare numerically challenging. The results of themode power
coupling calculations are shown in figure 2(c). For buried SOIwaveguides,modemismatch losses are the
dominant source of bend loss, but radiation losses become significant for bend radii below 4 μm.This
graph includes a line for the optical scattering losses (propagation loss), assuming 2 dB/cm.We observed that
the total loss increased starting from10 μm.
In contrast, for Si3N4waveguides, scattering losses as low as 0.25 dB/cmhave been demonstrated in the

literature, which is significantly lower than those for SOIwaveguides. This leads to a significantly smaller total
loss, particularly over long paths. The results of themode power coupling calculations are presented in
figure 3(c).Mode calculations for Si3N4 bentwaveguides become challenging below 10 μmradius, compared to
3 μmfor SOI. Therefore, SOIwaveguides aremore attractive for compact layouts, whereas Si3N4 is preferable
for long-delay, low-loss applications, such as theArchimedean spiral considered here.
To summarize the trade-offs, table 1 lists the key bend and propagation loss components extracted from

figures 2(c) and 3(c). Here, ‘Rad.’ denotes the radiation loss, ‘Prop.’ denotes the propagation loss, and ‘MM’
denotes themodemismatch loss.
From table 1, it is evident that the Si3N4 platformoffers a significantly lower total bend-related loss com-

pared to SOI for long-delay applications, albeit with a largerminimumbend radius. SOI, while exhibiting
higher bend and propagation losses,maintains amuchmore compact footprint andmay still be preferable for
shorter delay or highly integrated systems.

Figure 3. (a) Schematic cross-section of a rectangular Si3N4waveguide. (b)The effective refractive indexwas simulated as a function
of thewaveguidewidth. (c)Loss analysis: triangularmarkers represent radiation loss, the orange dashed line indicates propagation
loss, circularmarkers showmodemismatch loss, and the purple dashed line represents the total loss.

Table 1. Loss components atλ = 1550 nmextracted fromfigures 2(c) and 3(c). Rad.: radiation loss; Prop.: propagation loss;MM:mode
mismatch loss;MinR: minimumbend radius for low-loss operation.

Platform Rad. [dB/90�] Prop. [dB/cm] MM [dB/90�] Total [dB/90�] MinR [μm]

SOI ∼0.08 2.0 ∼0.15 ∼0.23 3

Si3N4 ∼0.02 0.25 ∼0.04 ∼0.06 10

4
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3.4. Bentwaveguides
Losses due to sidewall roughness are determined by the fabrication process. At the same time, the geometry of
waveguide bends affects bothmodemismatch and radiation losses, which are the primary focus of this study.
To investigate these losses, we use awaveguidemode eigensolver to compute the field profile of a bent
waveguide. Variousmechanisms contribute to bend losses.

3.4.1. Scattering losses and substrate leakage
Losses areminimal for the short bend lengths under consideration. Specifically, these losses remain small for
bend radii up to�10 μm.The scattering loss (αs), as defined by the analyticalmodel from [31], is given by

( ) · · ( )=
+

=
h

r

k h E

E dx
n

4
4s

p

s
2 2

2

2
0
2 2

2
2

In this equation,σ denotes the interface roughness, t is thewaveguide thickness, k0 is the free-spacewave
number,β is themodal propagation constant, andΔn is the refractive index difference between the core and
cladding.Here, h and p correspond to the transverse propagation constants in the core and cladding,
respectively. Themodel indicates that the loss is directly proportional to the normalized electric field intensity,

/E E dxs
2 2 , at the core/cladding interface and to the square of the interface roughness,σ.

3.4.2. Radiative loss
In highly confinedwaveguides, especially for TEmodes in stripwaveguides, radiation is typically small. It
contributes to ribwaveguides for bend radii�5 μmandTM-polarizedmodes. The approximation for the
bending or radiation loss (αr) is [32]

( )
/

R V
Rexp

2

3
5r

g
3

1 2 2 3

2

whereR is the bend radius,βg is the propagation constant of thewaveguide, andV is proportional to the
effective refractive index contrast between the core and cladding.κ is proportional to the refractive index of the
waveguide, the free space propagation constant, andβg, and γ is proportional to the refractive index of the
cladding layer, the free space propagation constant, andβg.

3.4.3.Modemismatch loss
Modemismatch loss is the primary contributor to bend-induced losses in photonic waveguides. This results
from imperfectmode overlap between the straight and curved sections of thewaveguide, leading to scattering
at the abrupt transition points at the beginning and end of a fixed-radius bend. Several strategies have been
proposed tomitigate themode-mismatch loss. (a)Laterally offsetting the straight waveguide relative to the bent
waveguide to improve themode overlap [13]. (b)Varying the curvature continuously rather than abruptly. For
instance, a 90� bendwith an effective radius of 20 μmcan be designedwith a gradual change in curvature from0
to 1/15 μm−1, and back to 0 [14].
We used Lumerical to calculate the overlapmismatch losses between themodes in the straight and bent

sections of thewaveguide. First, we calculated themodes for the straightwaveguide, then for the bentwave-
guide, and finally, we performedmode-overlap calculations between the two to determine the power coupling.
The overlapmeasures the fraction of overlapping electromagnetic fields between the twofield profiles (modes).
The formula is as follows [33].
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3.5. Curvature
Curvature is an important characteristic of a curve and deserves formal definition. Essentially, curvature
measures the extent towhich a curve bends away froma straight path at any point. It is greater in regionswhere
the curve twists, oscillates, or changes direction sharply and smaller in regionswhere it approaches a straight
line. In addition, assigning a direction to the curvature by defining it as a vector provides further insight.
Classical treatments of curvature can be found in differential geometry, as described by doCarmo [34] and
Salomon [35]. Recently, Zhang et al [26] demonstrated the impact of curvature design on low-loss, n-adjustable
bends for photonic integrated circuits. Yi et al [27] introduced optimal Bézier curve transitions for
ultracompact S-bends, while Sun andXia [28] developedmodifiedBézier bendwaveguides to furtherminimize
propagation losses. For parametric curves, curvature can be calculated using the following equation:

5
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( ) ( ) ( ) ( ) ( )
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where ( )x t and ( )y t are the first derivatives of the x and y coordinates with respect to the parameter t, and x″(t)
and y″(t) are the second derivatives.
Themost popular design approach uses unique bent shapes to decrease themodemismatch losses by vary-

ing the curvature. Such designs include the use of Bézier bends [28], Euler bends, adiabatic bends, circular
bends, and low-loss bends based on other special functions [29]. Recentwork on bent asymmetric coupled
Si3N4waveguides with partial Euler bends has demonstrated further suppression of radiation loss in tight-
curvature designs [36].
TheCubic Bézier curve is defined by four control points:P0 at (0, 0),P1 at (Reff, 0),P2 at

( )( )· · ( )R R, 1 2 1eff eff
4

3
, andP3 at (Reff,Reff). The curve is parameterized by t, ranging from0 to 1,

and is computed using
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This curve provides a smooth transition that can effectivelyminimize themodemismatch losses. For
improved performance in tighter bends, theQuartic Bézier curve is defined by five control points and is com-
puted as
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This offers an even smoother curvature, reducing optical losses in small-radius bends. TheEuler bend, or
clothoid curve, features a linearly varying curvature. It is defined by:
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/ /

= =x A d y A dcos
2

, sin
2

10
L A L A

0

2

0

2

whereA is the clothoid parameter, L is the curve length, and the relationR · L=A2 defines curvature. TheEuler
bend connects two clothoid curveswith a circular arc, thereby ensuring a smooth curvature transition. The
circular bend is defined by a constant curvature, described as

( ) ( ) ( )= =x R y Rcos , sin 11eff eff

whereReff is the bending radius and θ ranges from0 toπ/2.
Figure 4(a) visually compares the geometries of the four types of bends: Euler, circular, cubic Bézier, and

quartic Bézier. These geometries are critical in photonicwaveguide design, where smooth transitions can sig-
nificantly reduce the bend andmismatch losses. The comparison in figure 4(b) highlights the curvature profiles
of these bends, providing insights into the smoothness of the transition froma straight to a curved segment.
The Euler bend, characterized by an initial Clothoid curve, exhibited a gradual increase in curvature over

the first 500 points. This smooth transition helps tominimize abrupt changes.However, a curvature spike
occurs at approximately the 500th point because of the transition to a circular arc, where the curvature becomes
constant. Another spike is observed at approximately the 1000th point, indicating the transition from the cir-
cular arc to themirroredClothoid curve.Despite these spikes, the Euler bendmaintains a relatively smooth
curvature compared to other geometries.
In contrast, the circular bend has a constant curvature throughout, resulting in a sharp curvature transition.

This ismost noticeable around the 1500th point, where a spike in the curvature indicates an instantaneous

Figure 4.Comparison of three basic bends(a) Schematic of 90° bends composed of a circular bend, an Euler bend, andBézier bends
(b)The relationship between bend curvatureK andpoint index.
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change in the direction. This sharp transitionmakes circular bendsmore prone to losses than smoother bends,
such as the Euler bend.
The twoBézier bends (Cubic andQuartic) exhibited distinct curvature behaviors. The cubic Bézier bend

has a gradual curvature transition, similar to the Euler bend, butwithout sharp spikes,making it smoother.
However, owing to itsmore complex curvature profile, the quartic Bézier bend features smoother transitions at
smaller radii, offering themost gradual change in curvature. This smoothness is reflected in theminimal spikes,
suggesting that the quartic Bézier curve provides the best performance for tight bends.
In figure. In 4(c), we compare the transmission as a function of the bend radius for the fourwaveguide

geometries. As expected, the transmission increasedwith larger bend radii for all the bends.However, the
Quartic Bézier bend shows the highest transmission for smaller bend radii (approximately 4 and 8 μm), out-
performing the other geometries in tight bends. This result is consistent with the superior curvature smooth-
ness observed in theQuartic Bézier bend, allowing it tomaintain high transmission evenwith sharp bends.
As the radius of thebend increased, theEuler benddemonstrated ahigher transmission, surpassingbothBézier

bends (cubic andquadratic).With gradual curvature transitions, theEuler bendperformsbetter for larger-radius
bends. In contrast, despite itsmore straightforwarddesign, the circular bend consistently exhibits the lowest trans-
mission across all radii because of its sharp transitions and constant curvature,which inducehigher optical losses.
In summary, the quartic Bézier bend is themost effective for tight bends, whereas the Euler bend excels in

applicationswith larger-radius bends. Although the circular bend is straightforward, it remains the least effi-
cient because of its sharp curvature transitions, which result in higher transmission losses.

3.6.Minimizing losses and cross-talks
Tominimize the footprint of the spiral waveguidewhile preventing undesired evanescent coupling, the gap
between adjacentwaveguidesmust be reduced asmuch as possible. The coupling length Lc can be calculated
using the following equation:

( )
( )=L

n n2
12c

eff,TE eff,TE0 1

Hereλ is thewavelength and neff, TE0
and neff, TE1

are the effective indices of theTE0 andTE1 supermodes.Here, the
effective indiceswere calculatedusing afinite elementmethod (FEM)mode solver. Figure 5 illustrates the calculated
coupling length as a functionof thewidthof the gap in the spiralwaveguide. Because thewaveguide spiral is long,
thewaveguide gap is chosen asWgap=2.5μm,which is sufficient to avoid the crosstalk of the adjacentwaveguide.
We simulated a 3Dmodel of a 90-degree bend to observe any leaks into the adjacent waveguide, if they

existed. The firstmodelwas designed to fill the gapwith silicon dioxide as the cladding of thewaveguide

Figure 5.Calculated coupling length Lc as the gapwidthWgap in theArchimedean spiral varies.
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structure, whereas the secondmodel had the gap filledwith air. The simulations revealed that when the gapwas
filledwith silicon dioxide, significant light leakage occurred into the adjacentwaveguide. In contrast, using air
as the cladding effectively suppressed this leakage, as shown in figure 6.
The S-bend in themiddle is one of the keys to thewaveguide spiral design because the bending radii are

abrupt fromR to−R. To guarantee ultralow bending losses and negligible higher-ordermode excitation, we
simulated the s-bendwaveguide using FDTD simulations, as shown in figure 7. FDTD simulations of the initial
180° S-bends indicated a transmission efficiency of approximately 93%.

3.7. End-to-end transmission of the full Archimedean spiral
A full-vector simulation of the complete two-armArchimedean spiral atλ = 1550 nm is computationally
prohibitive. Instead, we estimated the end-to-end transmission using a segmented-loss integration that
accumulated per-unit-length losses along the spiral centerline and added discrete transition losses. This
approach is standard in large-scale PIC link budgets and is consistent with our section-level FEM/FDTD
extractions and analytical bend/scatteringmodels [31, 32].

Geometry and length.Weused the centerline parameterization already adopted in figure 1:

( ) ( )
( ) ( ) ( )

= +
= +

x R A
y R A

sin ,
cos . 13

c

c

0

0

Here,R0 is the inner radius, andA= (w+ g)/π is set by thewaveguidewidthw and gap g. The differential arc
length is

Figure 6.Comparison of two 90-degree bendwaveguideswith differentmaterials in the gap between two adjacentwaveguides. (a)
90-degree bendwaveguidewith silicon dioxide filling the gap between adjacentwaveguides, (b) 90-degree bendwaveguidewith air
filling the gap between adjacentwaveguides.

Figure 7.Mode profile S-bendwaveguide.
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For two interwoven spirals (inward and outward) traversing the same span,

( ) ( )-+ +L L L L2 , , 16spiral in out S bends leads

with θout= (Rout−R0)/A and θin= 0.
Loss decomposition.Weexpress the total end-to-end loss (in dB) as

( ( )) ( )( ) ( ) ( ) ( )/ /

/

= + +L LRd d , 17
L L

k ktot
dB

0
p
dB m

propagation

0
b
dB m

bend radiation

tr,
dB

transitions couplers

spiral spiral

where ( )/
p
dB m is the straight-waveguide propagation loss (background+ sidewall scattering), ( )( )/ Rb

dB m is the

radius-dependent bend-loss density, and ( )L ktr,
dB covers discrete penalties (S-bends, straight↔bend transitions,

I/Ocoupling).
Propagation term.Take ( )/

p
dB m fromyour straight-section simulations for the chosen platform (e.g., Si3N4

as in figure 3(c)); its contribution is ( )/ Lp
dB m

spiral.

Bend-radiation term. Frombend sweeps, use the loss per 90� turn, ( )( )L R90
dB , and convert to a per-length

density via

( ) ( )
( )

( )( )
( )

/
/ =

L
R

R

R2
, 18b

dB m 90
dB

Then,αb(R) is interpolated over the radii realized in the spiral. This is consistent with the expectedR-scaling
in [32].

Transitions.Add the discrete losses you have already analyzed: two S-bends (cf figure 7), straight↔bend
modemismatch, and I/Ocoupling. If sidewall scatteringwas treated separately via [31], include it explicitly;
otherwise, fold it intoαp.

Discrete implementation.Discretize [θin, θout] intoN samples {θi} for each arm. For each sample,

( )
= +

= +

R R A

R A

,

, 19

i i

i i

0

2 2

and accumulate

( ( )) ( )( ) ( ) ( )
-

( ) ( ) ( )/ /
/+ + + +

=

L L L LR2 . 20
i

N

i ispiral
dB

1
p
dB m

b
dB m

S bends
dB

leads
dB

I O
dB

AmodestN∼ 103 suffices for long spirals. Using the samew, g (thusA) and the bend-loss curves from
figures 2(c) and 3(c) shows the end-to-end spiral transmissionwithout a prohibitively large 3Dmodel.

Reporting.We report Lspiral from (16), tabulate the extractedαb(R)used in (18), and provide the resulting
( )Lspiral
dB from (20) for the baseline geometry (sameR0, w, gused throughout this paper). This directly demon-

strates the transmission of an entire Archimedean spiral.

3.8. Fabrication tolerance considerations
Although this study is based on idealized simulations, practical implementations are subject to fabrication-
induced variations inwaveguide geometry andmaterial properties, which can affect performance. Variations
in thewaveguidewidth or thickness alter the effective refractive index, potentially affecting the phase accuracy
andmode-matching efficiency. Sidewall roughness increases scattering loss, particularly in tight bends, and
refractive index variations frommaterial inhomogeneities can introduce phase errors and crosstalk between
adjacentwaveguides.
Experimental reports indicate thatmaintainingwidth deviationswithin± 10 nmand sidewall roughness

below 1 nmRMS is critical for keeping excess loss and crosstalkwithin acceptable limits. Pfeiffer et al [17]
demonstrated that optimized sidewall smoothing in Si3N4waveguides can reduce scattering losses to below
0.01 dB/m. Similarly, Bauters et al [37] reported that precise dimensional control enables propagation losses
below 0.1dB/min long planarwaveguides, whereas Lee et al [38] showed that fabrication accuracy is essential
for preserving low-loss performance in integrated delay-line structures.
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Although a full tolerance analysis is beyond the scope of this study, literature reports highlight the fabrica-
tion parameters that aremost critical for preserving the low-loss and low-crosstalk performance predicted by
our simulations.

4. Conclusion

In this study, we present a detailed performance evaluation of Archimedean spiral waveguides for true-time
delay (TTD) applications, emphasizingmaterial choices, bend geometries, and design optimization.
Through comprehensive FEMand FDTD simulations at the telecomwavelength of 1550 nm, we
demonstrated that silicon nitride (Si3N4) rectangular waveguides are highly suitable for long optical delay
paths owing to their low propagation and bending losses. In contrast, silicon-on-insulator (SOI)waveguides
offer advantages for compact and short-delay implementations but suffer fromhigher radiation losses over
extended paths.
We systematically investigated the impact of bend geometry on transmission efficiency and identified the

Quartic Bézier bend as themost effective for tight-radius spirals, whereas the Euler bend performed best at
larger radii.Moreover, we demonstrated that the evanescent coupling between adjacentwaveguides in compact
spirals can be effectively suppressed by optimizing the gap and using air cladding. The S-bend regionwas opti-
mized to ensureminimal loss andmode distortion.
Overall, this study provides a foundational framework for designing compact, low-loss TTD elements using

spiral waveguides in integrated photonics. These insights are directly applicable to next-generation optical sys-
tems inRF beamforming, LiDAR, neuromorphic computing, and high-speed signal processing, where precise
timing and low-latency performance are essential.
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Appendix

In our research,we conducted a comprehensive analysis bymodeling the optical field profile of the fundamental
mode at awavelength of 1550 nmusingCOMSOLMultiphysics finite elementmethod analysis. Additionally,
the research encompassed simulations in Lumerical with differentmaterials.We investigated three different
waveguide geometries: trapezoidal, rectangular, and circular. By examining thesewaveguide configurations, we
aimed to compare their respective optical field profiles and assess the variations in their behavior and
characteristics. To ensure a fair comparison among the different waveguide geometries, we ensured that the
height of the trapezoidal waveguide remained fixed. Tomaintain consistency in the total area of thewaveguide
in all cases, we adjusted thewidth of the rectangular waveguide. Specifically, thewidth of the rectangular
waveguidewas set to the average of the top and bottomwidths of the trapezoidal waveguide. This approach
allowed us tomaintain a uniform total waveguide area and facilitate an accurate comparison of the optical field
profiles among the different waveguide geometries.We observed that the electric-field distributions in all three
devices, including the trapezoidal waveguide, exhibited symmetry. This symmetry indicatesminimal leakage of
the optical field into themembrane surface.However, one notable distinction is that the trapezoidal waveguide
has a significantly smaller effectivemode area than the rectangular and circularwaveguides. By presenting these
findings, we contribute to the understanding of waveguide behavior and provide insight into the differences
between the trapezoidal waveguide and other geometries in terms of the effectivemode area. For comparison,
we alsomodeled silica rectangular and circularwaveguides with the samewidth and at the samewavelength.
The results at 1550 nm for the TEmode are shown in figures A1(a)–(c) andused to formfigureA1(d). The
electric field distributions in all three devices were symmetric, indicatingminimal leakage into themembrane.
However, the effectivemode area of the trapezoidal waveguide is significantly smaller than that of the other
geometries [23].
Our goal was to simplify thewaveguide fabrication process. Because fabricating a trapezoidal waveguide is

complex, we chose to use a rectangular waveguide instead.
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