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ABSTRACT

A metamaterial sensor is proposed to detect the random location of a sub-wavelength metallic object. The sensor is composed of a transmis-
sion line (TL), which supports the propagation of spoof surface plasmon polaritons (SSPPs) with localized electromagnetic (EM) field, and a
complementary spiral resonator (CSR) that resonates strongly at designed frequencies around 0.9 and 2.7 GHz. Based on the shift of the reso-
nance frequencies, this sensor is able to detect the location of a sub-wavelength metallic object (whose diameter is smaller than 0.6 mm) ran-
domly attached to the CSR. A prototype of the sensor is fabricated and tested. In practice, the CSR is excited through the EM coupling of the
SSPP TL, and the location of the metallic object is obtained through the transmission coefficient (S21). To improve the accuracy, a retrieval
curve for locating is generated and calibrated. It is proved that the random location of the sub-wavelength object can be accurately detected

inside an area of 97 mm? with a low error of 2%,

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0090146

With the vigorous development of the Internet of Things (IoT)
and the increasing application of wearable devices, the demand for sen-
sors is expanding, Flexible and wearable systems are utilized to monitor
inflammatory skin diseases,” detect human body temperature,”’ analyze
sweating rate,”" etc. Microwave sensors based on electromagnetic (EM)
resonance have become an important solution due to the virtue of low
cost, high sensitivity, and robustness to harsh environments.'
Nowadays, sensors that adopt the microwave principle have been devel-
oped quickly, including those for detecting the characterization of mate-
rials,”® concentration of solution,”” properties of microfluidic,'""
image,'” pressure,"” temperature,""'” and angular displacement.'®"*

In recent years, metamaterial sensors have been investigated
because their designable resonances may result in novel functions and
outstanding performances. Among them, the spoof surface plasmon
polaritons (SPPs) and localized surface plasmonsw’21 (LSPs), which
are considered as the plasmonic metamaterials, are especially suitable
to compose sensors due to their localized EM fields, high quality factor
(Q-value), low and conformal profiles, and easy integration in flexible
circuits. An ultrafast and high-sensitivity humidity sensor was fabri-
cated to quantify the humidity using the spoof LSP device.”” A micro-
fluidic chemical sensor was created based on quarter-mode spoof LSPs
to possess the merits of high sensitivity, compact size, and very low
requirement of testing liquid.”” A dielectric sensor that takes advantage

of spoof surface plasmon polaritons (SSPPs) was presented to easily
integrate in microwave and THz systems.” In addition, angular dis-
placement sensors are also available. One of the designs was based on
a rotor comprised of a complementary split-ring resonator (CSRR)
placed on the ground plane of the microstrip line, and the detectable
angular displacement ranges from 0° to 90°."° When a rotational
cross-shaped resonator (RCSR) was used, the sensor was able to detect
the angular displacement from —180° to 180°."” However, although
the sensors can accurately detect the angular displacement of the
object, few sensors can detect the precise position of the object, espe-
cially for electrically small objects. The spiral EM resonators, which
possess simple structures and high Q resonances,”* ** have the polar
coordinate angle to represent location information and, therefore, are
good candidates for location sensing.

In this work, we propose a microwave sensor for detecting the
location of a sub-wavelength metallic object. The sensor is made of a
complementary spiral resonator (CSR) and a SSPP TL. The CSR is
pierced in the ground of the SSPP TL for strong EM coupling and
compact configuration. When a metallic object is added on the CSR,
the resonance frequency changes in line with the location of the object
because it terminates the resonating current in the CSR. Change of
the resonance is observed through the shift of transmission zero of the
SSPP TL. The relationship between the resonance frequency and the
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location of the metallic object is analyzed theoretically, retrieved
numerically, and demonstrated experimentally.

The proposed sensor is composed of the SSPP TL on the top of
the dielectric substrate and the CSR on the ground [Figs. 1(a) and
1(b)]. The TL is used to support the propagation of SSPPs, which is a
type of slow wave. Figure 2 shows the dispersion diagram of the SSPP
TL and the geometric parameters. The dispersion curve gradually
departs to the right side, resulting in a cutoff frequency beyond which
the SSPP waves cannot propagate. In this work, the cutoff frequency is
designed to 8 GHz, which is far away from the resonance frequencies
of the CSR. The SSPP TL is fed with microstrip lines in Sec. I (defined
in Fig. 1). Gradient strips are added in Sec. II for impedance and
momentum matching between the microstrip line and the uniform
SSPP structure in Sec. IIL It has been demonstrated that the SSPP TL
possesses stronger field confinement when compared with the micro-
strip line.”” Therefore, the CSR can be intensively stimulated due to
the strong EM coupling. Electric currents are induced and resonate in
the sculptured spiral-shape hollow at specific frequencies, resulting in
transmission zeros where the EM energy cannot propagate on the TL.

In this design, the CSR shown in Fig. 1(c) has a diameter of
6 mm and is described as

{X1 = 1% 1y % COS(Ty * T0),

. where 0 < 7, < 1y. (1)
Yy =711, * sin (1, * 1),

Here, ¥ = 0.2, r, = 14, and X is the x coordinate of the spiral curve
and Y; is the y coordinate. Figure 1(d) shows a metallic object placed on
the CSR. The width of the sculptured spiral-shape hollow is 0.2 mm. So,
as long as the metallic object has a diameter between 0.4mm and
0.6 mm, it can block one hollow, can change the length of the resonating
electric currents in the CSR, and, consequently, change the resonance
frequencies. The rotation angle @ in the polar coordinate can be used to
uniquely determine the location of the metallic object as

0 0
X—r*(%Jrl)*cos((%qu)*n—O.S*n),
Y r*(0+1>*s'n(<9+1>*n OS*n)

= — 1 — — .
360 360 '

where 0° < 6 < 4800°. 2)

In this work, 0 ranges from 0° to 4800°.

(c)

]

FIG. 1. (a) Top view and (b) bottom view of the proposed sensor. (c) The CSR
(zoomed out). (d) The CSR with a metallic object located on it. The yellow part is
metal (copper) and the gray one is dielectric (Rogers 4350).
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FIG. 2. Dispersion diagram of the SSPP TL. Inset: the SSPP units, in which
d=0.6mm, w=0.5mm, /=6mm, and s=0.3 mm.

When the metallic object is added to the CSR, there exist multiple
resonant modes. For the sake of easy application, only the first two res-
onant modes are chosen for analysis. Figure 3 shows the normalized
amplitudes of magnetic fields for the two resonant modes when the
metallic object is located at different locations. Generally, the location
of the metallic object is categorized into four regions in correspon-
dence with 0. Figure 3(a) shows the magnetic field distribution when
the metallic object is located within the first region where
0° < 0 < 2460° (region I). It is observed that the fields resonate in dif-
ferent manners in Figs. 3(al) and 3(a2), resulting in the first and sec-
ond orders of resonant mode (named as “mode 1”7 and “mode 2”).
Note that, in this case, since the inner branch (from the metallic object
to the center of the spiral) is very short, both the first and second reso-
nances occur in the outer branch (from the metallic object to the outer
end of the spiral). Obviously, mode 1 is generated when the current
path is comparable to the wavelength, and mode 2 is generated when
the current path is twice of the wavelength. Figure 3(b) shows that
when the metallic object is located within the second region where
2460° < 0 < 3480° (region II), mode 1 is determined by the resonance
in the outer branch, while mode 2 is determined by the resonance in
the inner branch. This is because the current path of the inner branch
is long enough to generate the second resonance. When the metallic
object is located in the third region where 3480° < 0 < 4110° (region
III) and in the fourth region where 4110° < 0 < 4800° (region IV),
two resonant modes are also observed according to the distributions of
the magnetic fields. We denote that higher order resonances can be
even observed and included to improve the sensing performance in
more rigorous scenarios.””

When the CSR is excited by the SSPP TL through near-field cou-
pling, most energy radiates to the free space, and transmission zeros
appear at resonance frequencies. Figure 4 plots the simulated S21
curves when the metallic object is at different locations. Figure 4(a)
shows that when the metallic object is located in region I, the reso-
nance frequencies of mode 1 and mode 2 increase monotonously as
the angle 0 increases. This is because when 6 increases from 0°, the
metallic object moves from the center of the spiral toward the outer
end, and the resonating branch becomes shorter and the resonance
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frequency goes higher accordingly. Figure 4(b) shows that when it is in
region I, the frequency of mode 1 continues to increase monotonously
but that of mode 2 decreases monotonously, due to the reason that the
resonance of mode 2 happens on the inner branch. As the metallic
object continues to move to the outer end of the spiral, the length of the
inner branch increases and that of the outer branch decreases. However,
in region III, the frequency of mode 1 varies only slightly, as is plotted in

scitation.org/journal/apl
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0.7 FIG. 3. The normalized magnitudes of the
= magnetic fields at resonance frequencies.
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0.5 (c1) mode 1 and (c2) mode 2 in region IIl;
and (d1) mode 1 and (d2) mode 2 in
region IV.
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words, it is hard to decide the location of the metallic object by only
detecting the change of mode 1. Fortunately, the change of the fre-
quency of mode 2 is significant, which is due to the fact that the reso-
nance in the outer branch is intense [as indicated in Fig. 3(c)]. In view
of this, one is able to detect the angular displacement of the object by
observing the change of mode 1 and mode 2 together. Figure 4(c) shows
that, in this region, the frequency of mode 1 decreases slowly and that of

the inset of Fig. 4(c), indicating a low resolution of the sensor. In other mode 2 increases quickly as 0 goes higher. In region IV, the resonances
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FIG. 4. (a)-(f) Simulated S21 when the metallic object is placed in different areas with regard to the coordinate angle 6. (a) 0° < 6 < 2460°, (b) 2460° < 6 < 3480°, (c)
3480° < 0 <4110°, and (d) 4110° < 0 < 4800°. (e) Angular resolution around 0 = 856° and (f) 0 = 4214°.
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at mode 1 and mode 2 both happen in the inner branch, and therefore,
both the resonance frequencies decrease monotonically as 0 increases.
Through the above analysis, it is discovered that there is a correspon-
dence between the location of the metallic object and the resonance
frequencies of the first two modes. Moreover, high resolution can be
guaranteed in different areas of polar coordinates, as indicated in Figs.
4(e)-4(f). When 0 varies with 1° shift, the frequency resolution is
0.001 GHz for mode 1 and 0.005GHz for mode 2 in region I and is
0.0015GHz for mode 1 and 0.005GHz for mode 2 in region IV.
Assuming that the testing equipment has a frequency resolution of
0.001 GHz, it can guarantee the angular resolution of 1° (around 856°)
and 0.6° (around 4214°) through measuring the first resonance fre-
quency, and the corresponding distance resolutions are about 0.005 92
and 0.0133 mm, respectively, both in the deep sub-wavelength scale.

3.2 |- A 8=2640° c T
8=2160° iy

Frequency of mode 2(GHz)

e Object in inner section
0.6 0.7 0.8 0.9 1.0 1.1
Frequency of mode1 (GHz)
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FIG. 5. (a) Relationship between the resonance frequencies and 6 when r=0.2
and r, = 14. (b) Relationship between the resonance frequencies and 0 when the
CSR is scaled in terms of r and r,.
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Based on the simulated results, Fig. 5 plots the fitting curves of
the two resonance frequencies when 6 increases from 0° to 4800°. The
red curve starts from § =0° and ends at 6 = 3480° (point B), indicat-
ing that the metallic object is located in the inner section. The blue one
starts from point B and ends at 0 = 4800°, indicating that the metallic
object is in the outer section. When the metallic object moves from the
center, @ increases continuously from 0°, and the frequencies of mode
1 and mode 2 increase monotonously until point A (0 =2460°). As 6
keeps increasing, the frequency of mode 1 increases monotonously but
that of mode 2 begins to decrease. There is another inflexion at point
B, from which the metallic object moves to the outer section. When 6
increases from point B to point C (0 = 4110°), the frequency of mode
1 increases monotonously but that of mode 2 decreases. Beyond point
C, both frequencies decrease monotonously. From Fig. 5(a), it is con-
cluded that there is a one-to-one correspondence between the frequen-
cies of mode 1 and mode 2 and the angular of 6. The only exception
happens at point D where @ may be either 2730° or 4320°. Solution to
this problem will be discussed in the following text. In addition, to ver-
ify the scalability and applicability of this scheme, we scale down the
CSR with r=0.2 and r, = 12 and scale it up with r=0.3 and r, =12
and plotted the corresponding resonance frequencies in Fig. 5(b). It is
shown that the larger CSR results in the lower resonance frequencies
(see the blue curve) and vice versa (see the orange curve). Therefore,
the proposed scheme can work when the CSR is scaled up with more
turns or larger linewidth, or scaled down in the opposite way. As long

(b)

FIG. 6. (a) Top view and (b) bottom view of the prototype.
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as the linewidth is fine enough, the sensor can maintain its function
and deep sub-wavelength resolution after scaling.

The above designed sensor is fabricated, and the photo of the
prototype is given in Fig. 6. The white part is the substrate (thick-
ness = 0.254 mm, ¢, = 3.66, and loss tangent = 0.0037), and the yellow
part is the 0.035-mm-thick copper. The four through holes in the cor-
ners are used to fix the SMA connector to connect with the coaxial
cables from the vector network analyzer (VNA). In order to test the
sensor, we locate the sub-wavelength metallic object at five different
positions, including 6 = 2160°, 6 =2640°, 0 =2730°, 0 =4320°, and
0 =4590°. It is observed that at @ = 2160° and 0 = 2640°, the frequen-
cies of mode 2 are same, while that of mode 1 are different, and at
0 =2160° and 0 =4590°, the frequencies of mode 1 are same, while
that of mode 2 are different. Moreover, as is pointed out above, the fre-
quencies of mode 1 and mode 2 are identical at 6 =2730° and
0 =4320°.

Figure 7(a) compares the measured and simulated S21 when
0 =2160° and 6 =2640°. The frequencies of mode 2 are almost the
same, while the position can be distinguished by the frequency of
mode 1, which is consistent with the simulated result. The comparison
of measured and simulated S21 when 0 = 2160° or 6 = 4590° is shown
in Fig. 7(b). Clearly, the position can be determined by the frequency
of mode 2 regardless of the similar frequencies of mode 1.
Additionally, as mentioned above, there are two locations (6 = 2730°
and 0 = 4320°) where the resonance frequencies of the two modes are

ARTICLE scitation.org/journal/apl

nearly identical, as is shown in Fig. 7(c). However, the resonance of
mode 2 at § =4320° is much stronger than that at @ =2730°. In par-
ticular, as is shown in Fig. 7(c), when 0=4320°, the resonance at
mode 2 is comparable to that at mode 1, with the valley values of S21
being about —20 dB in measurement. In contrast, when 0 = 2730°, the
resonance at mode 2 is much weaker than that at mode 1, resulting in
the valley value of S21 around —10dB in measurement. In other
words, one is able to distinguish the two positions by comparing the
intensities of the two resonances. Therefore, the proposed sensor is
able to detect the unique location of the sub-wavelength metallic
object.

It should be pointed out that because of the errors in fabrication
and assembly, there is a slight linear shift of frequency between the
simulated and the measured results. Figure 7 indicates that the fre-
quency shift of mode 1 is less than 0.025 GHz and that of mode 2 is
less than 0.08 GHz. Therefore, corrective actions are necessary to
ensure the performance of the sensor. In this work, the measured val-
ues of S21 at 6 =2160°, 2640°, and 4590° are chosen to calibrate the
simulated fitting curve in Fig. 5. The mean value of the frequency devi-
ation at the three points is used as the calibration error. The scatter
point connection line after calibration is shown as the black curve in
Fig. 7(d), where the x-axis and y-axis record the resonance frequencies
of mode 1 and mode 2 respectively, and the z-axis is the angular posi-
tion in the term of 0. The red, blue, and green lines are the projections
in the xoz, yoz, and xoz planes, respectively. One is able to determine
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the exact position of an unknown metallic object by measuring the
first two resonance frequencies and retrieving the value of @ in the
scatter point connection line given in Fig. 7(d).

For demonstration, we tested two samples. The first sample has
the metallic object located at @ =2730°, and the two resonances are
found at 0.8414 and 2.8918 GHz. The correspondingly retrieved angle is
0=2715°. The second sample has the metallic object located at
0 = 4320°, and the two resonances are found at 0.8408 and 2.8534 GHz.
The correspondingly retrieved angle is 8 = 4330°. When the angle val-
ues are substituted into Eq. (2), the errors of location are less than
0.2 mm, which is 29, 4 at 3 GHz. Therefore, the sensor is verified to
detect the location of a sub-wavelength object with the error of 29,

In summary, a microwave sensor has been proposed to detect the
location of a sub-wavelength metallic object with high accuracy and
resolution. Prototypes composed of the SSPP TLs and CSRs have been
designed, fabricated, and tested. From simulation and measurement, it
is verified that the location of the metallic object can be uniquely deter-
mined by simply measuring the S21 parameters. This metamaterial
sensor possesses high accuracy, high resolution, low profile, and low
cost and, hence, can be adopted as an efficient method for microwave
sensing in different application scenarios such as meter measuring in
the automotive industry”” and fabrication of precision instruments.
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