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Design of a Split Ring Resonator Integrated with On-Chip
Terahertz Waveguides for Colon Cancer Detection

Sae June Park,* Robyn Tucker, Emma Pickwell-MacPherson, and John E. Cunningham*

Finite element method (FEM) simulations (employing ANSYS High Frequency
Structure Simulator, HFSS) are used to investigate the response of terahertz
(THz) frequency range split-ring resonators (SRRs) integrated with on-chip
THz waveguides to cancerous tissues. Two-port S-parameter simulations are
performed to obtain the transmission spectra (S,;) of a planar Goubau line
(PGL) integrated with an SRR. Permittivity and loss tangent of the colonic
tissues are both taken into account in the numerical simulation. The
transmission spectra of the SRR integrated PGL are obtained for cancerous
and healthy tissues in close proximity to the SRR, and it is found that they can
be distinguished by the resonant frequency shift of the SRR induced by
dielectric loading. The electric field distribution and magnitude near the SRR
for various capacitive gap widths of SRR are investigated to understand how
the gap width affects the maximum electric field magnitude and the vertical
extent of the electric field in the gap area. The simulated imaging of colonic
tissue consisting of healthy and cancerous tissues using the SRR integrated
PGL device with a protective layer on it is performed, showing how the
technique could in principle be used to distinguish tumor margins with

realistic THz dielectric parameters.

1. Introduction

Colorectal cancer (CRC) was the second leading cause of
death worldwide in 2020, with ~935 173 deaths estimated.!]
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Pre-screening of CRC in asymptomatic pa-
tients is an effective way to reduce cancer
risk as cancer survival rates improve sig-
nificantly when cancer is diagnosed and
treated early.?] Colonoscopy has been con-
sidered the gold standard of CRC detection
as it allows colorectal surgeons to have a
detailed look at the entire colon.**] How-
ever, colonoscopy adenoma miss rates, vary-
ing between 6% and 27% have been re-
ported by several studies.*! This impreci-
sion makes developing novel in vivo detec-
tion methods that can be integrated into
existing colonoscopy probes very timely.

Various studies have proposed the use
of free-space THz spectroscopy to image
cancerous tissues drawing upon its non-
contact,®! and non-ionizing!® properties.
Imaging of skin cancer has been receiv-
ing particular attention owing to its eas-
ily accessible location on the human skin
which is not restricted by the limited tis-
sue penetration depth of THz radiation.[®]
Reid et al. (2011) reported, for exam-
ple, that freshly excised cancerous colonic
tissue can be differentiated from healthy tissue using THz
spectroscopy.?! It has also been reported that subcutaneous can-
cers can be detected using THz imaging.l”) For most other
in vivo applications (e.g., CRC detection), however, the lim-
ited tissue penetration depth makes free-space THz imaging of
cancer challenging.[®]

On-chip THz spectroscopy provides a compact!®! and planar
geometry!®! that can potentially be integrated into the existing
colonoscopy probes. We recently showed that SRRs-integrated
with on-chip THz waveguides can be used to detect target di-
electric materials deposited on the chip, and the permittivity of
unknown analytes determined at multiple frequencies.['° Such
systems could offer an ideal platform to examine target tis-
sues inside the human body (e.g., in the colon) owing to their
compactness!® and good sensitivity to the water content.l'!] Vari-
ous geometrical parameters in SRR and on-chip THz waveguides
can be adjusted to optimize the performance of the chip depend-
ing on the applications.['®12] Therefore, it is timely to explore
methods to that could perform imaging of cancers with SRR in-
tegrated on-chip THz waveguides in order to maximize the de-
tection sensitivity.

In this work, we perform FEM simulations of SRRs inte-
grated on-chip THz waveguides to investigate their utility for
in vivo CRC imaging. SRR integrated PGL and colonic tissues
were modeled in the simulation to investigate how healthy and
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Figure 1. a) Schematic of the SRR integrated PGL model used in the simulations. b) The calculated transmission parameter S,; of the SRR integrated
PGL. c) Real permittivity and d) loss tangent of healthy and cancerous colonic tissues in the THz frequency range.[?!

cancerous colon tissues can be distinguished from each other
using their THz response. The instantaneous electric field
distribution near the SRR on resonance was explored for various
capacitive gap widths to find optimal geometrical parameters
for this imaging application. Specifically, a tissue consisting
of healthy and cancerous tissue was examined using an SRR
integrated with PGL with a protective layer on it, the latter to
ensure biological compatibility.

2. Simulation Method

To obtain S,; of the SRR integrated PGL on a quartz substrate,
we used ANSYS High-Frequency Structure Simulator (HFSS).
Figure 1a shows a part of 5 um-wide, 500 ym-long PGL with an
SRR consisting of a rectangular ring with outer dimensions of
I, x I, with a line width of 2 um and a capacitive gap structure with
a gap width of w,,,. The gap between PGL and the SRR was 2 ym.
A 100 um-thick quartz substrate was used with a permittivity of
3.8, which is valid in the frequency range of 50-1100 GHz.[*%]
Both the PGL and SRR have a metal thickness of 150 nm which
islarger than THz skin depth of gold at 500 GHz. w,,,, was chosen
in the range of 1-10 um, while |, and |, were 25 and 40 um respec-
tively. S,, of the SRR integrated PGL was obtained by performing
two-port S-parameter simulations. Wave-ports were directly cou-
pled to the PGL to generate and detect THz signals. To prevent
any incident electric and magnetic fields on the boundaries, a ra-
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diation boundary condition was chosen in the simulation model.
Figure 1b shows the simulated S,; of the SRR integrated with
PGL when w,,, = 4 um, showing a single inductive-capacitive
(LC) resonance at 596 GHz (f;).

For the simulations of colonic tissue, three types of tissue mod-
els were designed. Tissue model I: a healthy colonic tissue with
a thickness of h;,., a width of 170 um, and a length of 170 um.
Tissue model II: a cancerous colonic tissue block with a thick-
ness of hy ., @ width of 170 pm, and a length of 170 um. Tis-
sue model III: a healthy colonic tissue block with a thickness of
20 um, a width of 170 um, and a length of 170 um part with
a cylindrical cancerous colonic tissue of radius 140 pm in the
middle. We note that geometrical parameters used in the sim-
ulations are tabulated in Table 1. Real permittivity and the loss
tangent of healthy and cancerous colonic tissues used in the sim-
ulations are shown in Figure 1c,d, respectively. These dielectric
properties were extracted and reproduced from the experimen-
tal work by Reid et al. (2011).12) We note that cancerous colonic
tissue has a higher real permittivity value across the broadband
THz frequency range from 0.2-0.8 THz. Cancerous and healthy
colonic tissues have permittivity values of 4.90 and 4.13 at the
operating frequency of the SRR (f; = 596 GHz), respectively,
while they have the same loss tangent of 0.0057 at f,. We note
that, as previously reported,!'! the loss tangent value of the tar-
get material does not significantly affect the resonant frequency
shift of the SRR, so weak resonances in loss tangent such as that
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Table 1. Geometrical parameters used for modelling of SRR integrated on-
chip waveguides.

Substrate thickness 100 pm Gap between 2 um
SRR and PGL
PGL length 500 um Metal thickness 150 nm
PGL width 5um SRR line width 2 um
Width of SRR 25 um Tissue thickness 20 um
Length of SRR 40 um Tissue length 170 pm
Capacitive gap width 1-10 um Tissue width 170 um
Capacitive gap length 20 um Polyimide layer Tum
thickness

seen at 550 GHz in the experimental data should not affect our
conclusions.

3. Simulation Results and Discussion

To study how healthy and cancerous colonic tissues can be differ-
entiated from each other using the SRR integrated PGL, Tissue
model I (healthy colonic tissue) and II (cancerous colonic tissue)
were located on the SRR with w,,, = 4 pm. Figure 2a,b shows a
diagram of the SRR integrated PGL with Tissue model I, and II
overlaid on top respectively. The center of the tissue models was
located in the center of the gap structure of the SRR. Figure 2c
shows the simulated S,; of the SRR with Tissue model I, and Tis-
sue model I when h,, ... = 20 um, and without the tissue models.
The LC resonance of the SRR without loading of tissue layer can

be described by following equation: f, = 1/2z VLC, where L is
the inductance of the side arm ring of the SRR, and C is the ca-
pacitance in the gap area.['*] The LC resonance (fj upon loading of
the tissue can be expressed by f=f; (¢/e.7)"!/?, where € and €. are
the effective permittivities near the SRR with and without the tis-
sue loading, respectively.['® The resonant frequency shift was 130
and 155 GHz when Tissue model I and II was located on the de-
vice, respectively, showing that healthy and cancerous colonic tis-
sues can be distinguished from each other by comparing the size
of the resonant frequency shift. The resonant frequency shift of

(a)
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the SRR as a function of h,,,. Was also investigated in Figure 2d.
The difference in the resonant frequency shift between Tissue
model I and II cases increases up to 25 GHz as hy; . increases,
but no longer changes when h,; . > 10 um. We note that the SRR
integrated PGL still can distinguish the healthy and cancerous
colonic tissues when hy; . < 10 pm, while the maximum sensi-
tivity for the distinction can be achieved when hy . > 10 pm.

The sensitivity for the dielectric sensing and the effective sens-
ing height of the SRR structure are mainly determined by w,,,.["°!
Therefore, we investigated the effect of w,,, on the electric field
confinement and distribution, and the magnitude of the instan-
taneous electric field near the gap structure at the operating fre-
quency of the SRR for w,, in the range of 1-10 pm. Figure 3a,b
shows the field confinement and distribution along the z—x plane
for Weyp = 1 pm, and Wy,p = 10 pm, respectively. We first defined
an area containing electric field strengths within one order of
magnitude of the maximum electric field strength as the area of
field confinement (see the dotted orange lines, Figure 3a,b). We
obtained the confinement areas of 6 and 111 ym? for the SRRs
with w,,, =1, and 10 pm, respectively. The SRR with w,,, =1 um
shows 18 times more confined electric field distribution com-
pared to the SRR with w,,, = 10 um. In Figure 3c, the electric
field magnitude was plotted at the center of the gap structure as
a function of the vertical position (2) for w,,, =1, 2, 5, 10 um. Fig-
ure 3d shows the maximum electric field magnitude (at z= 0 um)
at the center of the gap structure as a function of w,,, in the range
1-10 pm. The maximum magnitude of the field for the SRR with
W,,, = 1 um is ~5.6 X 107 V m~! which is ~28 times stronger
than that of the SRR with w,,, = 10 pm (2 x 10° V. m™"). On
the other hand, the decay length of the electric field magnitude
obtained by an exponential fit in the air (z > 0 um) was plotted
as a function of w,,, in Figure 3e. The decay length (effective
sensing height) increases ~5 times from 1.3 pm (w,,, = 1 um)
to 6.4 um (W,,, = 10 um). These results indicate that reducing
Wy, increases the electric field magnitude in the gap area of the
SRR, leading to greater sensitivity,['”) while the effective sens-
ing height decreases with decreasing w,,,.'"l We note that these
criteria should be considered when designing practical imple-
mentations of an SRR with integrated on-chip THz waveguide
probes.

—
Q.
~

w/o tissue

—— w healthy colon tissue
-4 —— w cancerous colon tissue

200

-

a

o
L

S;1(dB)

——|

100

B healthy tissue
- -
50 cancerous tissue

Fitting
—— Fitting

Frequency shift (GHz)

-20

400 450 500 550
Frequency (GHz)

T T T

600 650 0 5 10 15 20
htissue (Hm)

Figure 2. Schematics of the SRR integrated PGL model with a) healthy colonic tissue (Tissue model I) and b) cancerous colonic tissue (Tissue model I1).
) S,q parameter of the SRR without tissue (black line), with healthy colonic tissue (blue line), and with cancerous colonic tissue (red line). d) Resonant
frequency shift as a function of hy,. for healthy (black dots) and cancerous tissue (red dots).
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Figure 3. Electric field distribution near the SRR when a) wg,, = 1um, b) wg,, = 10 um. c) Electric field magnitude at the centre of the gap along the

z-axis, d) Maximum electric field magnitude (at z =0 um) as a function of w,

In Figure 4, we performed imaging of the colonic tissue
model (Tissue model III) using the SRR integrated PGL with
w,,, = 4 um. From a practical point of view, the SRR inte-
grated PGL should be covered by a protective dielectric layer for
durability, and reusability. Therefore, we added a polyimide (PI)
layer as a protective layer to the SRR integrated PGL as PI is
biocompatible!'®1° and the thickness of the layer can be con-
trolled by changing the spin-coating speed.[?%! Figure 4a shows a
perspective-view diagram of the PI covered SRR integrated PGL
with Tissue model III on it. We note again that Tissue model
IIT consists of healthy (outer area) and cancerous (inner circle
area) colonic tissues. A cross-sectional view of the diagram along
the z—x plane is shown in Figure 4b. A 1 um-thick PI protective
layer was used here to let the SRR distinguish the types of the
colonic tissue on the protective layer with high sensitivity. The
SRR becomes less sensitive to the permittivity difference between
healthy and cancerous colonic tissues on the protective layer if
the PI layer is too thick compared to the effective sensing height
of the SRR as investigated in Figure 3, for example. To image
Tissue model III with the PI covered SRR, Tissue model III was
translated along the x-y plane with a step of 10 ym in the range
of —100 to 100 pm in both the x and y-axis. The resonant fre-
quency shift of the SRR was recorded at each x, y position and
then was plotted as a function of x, y in Figure 4c. The imag-
ing results revealed the structure of Tissue model III with excel-

Adv. Theory Simul. 2022, 5, 2200313 2200313 (4 of 5)

gap?

e) Effective sensing height as a function of wg,,

lent agreement to its composition revealing the circular shape of
the inner cancerous colonic tissue area and outer healthy colonic
tissue area being clearly reconstructed allowing them to be dis-
tinguished from each other. We note that the spatial resolution
of the SRR integrated on-chip probe can be adjusted by chang-
ing the gap width since the spatial resolution is determined by
the volume of the electric field confinement in the capacitive gap
area. However, the change in the effective sensing height should
Dbe also considered to optimise the sensitivity and the spatial res-
olution, depending on the specific application.

4, Conclusion

We proposed a novel imaging technique using an SRR inte-
grated with on-chip THz waveguides for CRC detection. Healthy
and cancerous colonic tissues were modeled in the simula-
tion by assigning permittivity and loss tangent from earlier
experimental work.?] Resonant frequency shift of the SRR was
investigated with the loading of healthy (Tissue model I) and
cancerous (Tissue model II) colonic tissues, finding they can
be distinguished from each other by the resonant frequency
shift. A study on electric field distribution and its confinement
near the SRR showed that reducing w,,, increases the electric
field magnitude in the gap area of the SRR, leading to greater
sensitivity, while the effective sensing height decreases with
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Figure 4. a) Perspective view and b) side view of a schematic of the SRR in-
tegrated PGL model with Tissue model IIl. ¢) 2D imaging results of Tissue
model Ill using the Pl covered SRR integrated PGL.

decreasing w,,,. Imaging of colonic tissue (Tissue model III)
consisting of healthy and cancerous tissues was demonstrated
and the imaging results were in excellent agreement with the
known structure of Tissue model III. This approach for detecting
CRC using SRR integrated on-chip waveguides can be combined
with the existing and future colonoscopy techniques, potentially

providing enhanced accuracy for diagnostics.
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