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However, such split rings are typically tuned outside the ring structures and the
fundamental mode of resonance is determined by the inner ring. Thus, the quality factor is
limited. In this work, we aim to examine and improve the impedance-matching issue of a
single loop without implementing the split-ring structure. The metal loop usually has poor
resonance performance due to its impedance mismatch, as predicted by analytical theories
on loops made of metal wire [15–17]. Similarly, the issue occurs for planar metal loops
in which metal thickness is much smaller than the width. Typically, the inductance and
capacitance of the planar ring are obtained by finite-element simulation or empirically at
the resonate frequencies. Additional matching circuits for the loop using lumped capacitors
and resistors may increase insertion losses. Matching circuits also bring non-negligible
frequency shifts and make the loop resonator larger or bulkier.

In this work, a new self-tuned method for impedance-matching of the loop resonator
was analytically and experimentally investigated. We conducted a series of comparisons
among equivalent circuits, finite-element simulations, and measurements to verify McKin-
ley’s analysis [17], which was based on wire loops, for the proposed planar loop resonators.
The limitations of the theory were also studied. In section. 3, our proposed tuning element
for loop resonators was introduced and demonstrated with similar equivalent circuits and
verified by simulations. Measurements were conducted and compared to the results from
finite-element simulations and equivalent circuits to verify our theory. The discrepancy
between measurements and simulations due to the connectors were discussed and verified.
The demonstration showed significant improvement on the resonance quality factors and
tunability for different dimensions without increasing the footprints of resonators. The
principles and equivalent circuits developed could be applied in general applications.

Figure 1. The equivalent circuit for loop resonator [17].

2. Limitations of Loop Resonators

According to the ring resonator theory, a metal loop will resonate when a circumference
is an integer number of the wavelength, as 2πb = nλ0 where b is the radius of the ring and
λ0 is the wavelength in the medium, for a metal loop width and thickness much smaller
than its radius. However, the exact relationship does not hold. Many found discrepancies
in the resonant frequencies and resonance quality factors. The effect is often considered as
contributions from parasitic reactance and resistance. Common approaches use estimated
and/or measured inductance L and capacitance C from the metal loop to conclude the
resonant frequency as 1

√
LC. The method does not provide information about the quality

factor since the resistance of the metal loop needs to be evaluated at the resonant frequency,
and it becomes more difficult as the operating frequency increases.

To address the problem, Storer analytically studied the impedance of a metal loop
without substrate by applying an infinite Fourier series for current distributions [15]. The
examination of the loop impedance reveals the exact resonant and anti-resonant frequencies
along with their resonance performance. Later, McKinley et al. [17] expanded with the
finite integration technique (FIT) theory on the impedances at resonance conditions and
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established an equivalent circuit, shown in Figure 1. In McKinley’s analysis, the loop
resonance performance is decided by a unitless measure Ω = 2ln(2πb/a) where a is the
radius of the solid metal wire, and b is the radius of the wire ring. In this work, the
loops become planar, thus, we redefined Ω as U = 2ln(2πb/a) where a is defined as
the half width of the metal line because of the planar nature of the device. We would
also prefer to avoid the confusion between the Ω factor in [17] and the impedance unit
Ohm. For a fixed radius b, a higher U led to a better resonance, as predicted by the
formula [17]. The resistance-inductance-capacitance (R-L-C) values were determined by the
impedances evaluated at the resonance points. The classic impedance functions developed
by Storer [15] and Wu [16] could be transformed into the equivalent circuit in Figure 1.

The resonant frequency is determined at the point where the reactance of the loop
becomes zero while the reactance changes from negative to positive (capacitive to inductive
reactance), as compared to the anti-resonance, where the reactance changes from inductive
to capacitive with the real part of impedance reaching a peak value. At the resonance point,
the current travels and becomes a standing wave along the loop. At the anti-resonance
point, the current directions become opposite at certain points in the loop, so little current
is available to form a standing wave along the ring. By the analytical equations in [15,17],
the resonant and anti-resonant frequencies, as well as their respective impedances, can
be obtained. The spectral characteristics of the impedance determine the quality factor
of resonance.

For our analysis in this work, b = 20.9 mm was chosen and fixed in the equations
in [17] to approximate a resonant frequency within the industrial, scientific, and medical
(ISM) band around 2.4 GHz. First, we verified the equivalent circuit model by conducting
finite-element simulations and measurements with the U values from 8 to 11.

2.1. Simulations

The dimensions for simulations, shown in Figure 2a, have a radius b of 20.9 mm and
a metal width of 2a = 4.8 mm, 2.88 mm, 1.76 mm, and 1.06 mm, for U = 8, 9, 10, and 11,
respectively. The thickness of the copper sheet with a conductivity of 5.8 × 107 S/m is
0.0345 mm. A 50-Ω lumped port connects the gap for excitation. Reflection coefficients
are extracted at 1001 frequency sampling points from 0 to 10 GHz. Figure 3 shows the
comparison of simulation results for each U value. Resonances occur roughly at similar
frequency points among each configuration but not exactly the same. This is due to
that the reactive part of the loop impedance does not pass the zero value at the desired
frequencies, yet rather just be close to it. This phenomenon is more prominent as U
decreases and at higher orders of resonance. For the 50-Ω port, the minimum point of
|s11| = |(R + jX − 50)/(R + jX + 50)|—where R and X are the real and imaginary parts
of the loop impedance, and both are functions of frequency—does not only depend on R
but also X. Thus, the resonance points deviate from the frequencies where the reactance
has been expected to be zero. All of their fundamental resonant frequencies are still within
the ISM band at 2.49, 2.45, 2.42, and 2.38 GHz. The variation is 110 MHz. The loop with a
higher U has a sharper spectral shape at expected resonant points, matching well with the
theory [17].
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(a) (b)

Figure 2. (a) Loop resonator configuration. b is the radius; 2a is the planar loop width. (b) Photo of a
loop resonator for measurement in which U = 9, b = 20.9 mm, and a = 1.44 mm. The metal thickness
is 0.0345 mm.

Figure 3. Comparison of simulations for loop resonators with U from 8 to 11.

2.2. Measurements

Loop resonators with the same configurations and made of copper sheets, shown in
Figure 2b, were used in measurements. A 50-Ω SMA adaptor connected the resonator
to a vector network analyzer (Keysight PNA N5227B). Figure 4 shows the measurement
results for each U. Same to simulations, a higher U leads to a better resonance. The obvious
discrepancies in magnitudes and spectral shapes of |s11| are due to the SMA adaptor. The
effects of the adaptor were investigated and verified later in the discussion section.

Figure 4. Comparison of measurements for loop resonators with U from 8 to 11.
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2.3. Comparison of Each U

The calculations from the resonant equivalent circuit models, finite-element simula-
tions, and measurement results are compared for each U value in Figure 5. The equivalent
circuit considers five branches (Z0, Z1, Z2, Z3, Z4) for the first four resonances within 10
GHz.

Figure 5. Comparison of simulations, equivalent circuit results and measurements for loops with
U = (a) 8, (b) 9, (c) 10, and (d) 11.

Their values are calculated from Equations (1)–(5) [17] and are shown in Table 1.
Annotations of the equations are in Table 2. The equivalent circuit models match well with
the finite-element simulations at the fundamental resonance for all Us, and match better as
U increases. Again, the discrepancies between measurements and the other two methods
are due to the SMA adaptor. When U is lower than 9, the equivalent circuit becomes
less accurate because of the non-zero reactance at the less-pronounced resonance, similar
to the conclusion in [17]. The R-L-C pairs in the in-parallel branches for higher orders
contribute to the total impedance instead of being considered as open circuits within the
specific frequency range. At a larger U, such as 11, the impedance around the first resonant
frequency is dominated by the first R1-L1-C1 branch, while the others can be considered
almost as open circuits.

kb = 2πb/λ (1)

Rm ≡ mξ0[
kbrm

m
− m

kbgm
] (2)

Ls ≡ µ0blum (3)

Cs ≡
ε0blεm

m2 (4)

Zm = Rm + j(ωLm −
1

ωCm
) (5)
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Table 1. Equivalent circuit components for U = 8, 9, 10, and 11.

U
R, ohm L, nH C, pF

R0 R1 R2 R3 R4 L0 L1 L2 L3 L4 C1 C2 C3 C4

8

0.002

156.283 221.618 273.744 293.871

72.6

26.579 23.156 20.676 19.48 0.135 0.04 0.02 0.013

9 151.178 208.164 250.683 281.101 33.778 30.509 28.152 26.455 0.114 0.033 0.016 0.01

10 147.551 201.102 239.225 270.723 40.593 37.29 34.935 33.11 0.1 0.028 0.014 0.008

11 145.041 196.212 232.703 261.49 47.487 44.151 41.751 39.914 0.088 0.025 0.012 0.007

Table 2. Symbols in equations.

Rm Modal resistance gm Unitless reference value k Unitless variable
Ls Self inductance lum Unitless reference value εe f f Effective permittivity
Cs Self capacitance lem Unitless reference value ξ0 The impedance of free space
Zm Modal impedance kb Unitless reference value µ0 The permeability of free space
Cd Total distributed capacitance Ωm Lommel–Weber function of order m ε0 The permittivity of free space
Ct Total capacitance Jm Bessel function of the first kind a The radius of a metal wire
Lm Mutual inductance f1 Fundamental resonant frequency b The radius of the metal loop
rm Unitless reference value m The number of harmonic order

At a larger U, discrepancies are found more in higher harmonics. This is due to the fact
that the equivalent circuit only considers four resonant branches, besides the zero-order
one. To increase accuracies, more resonant branches need to be included in the circuit.
The conclusion is that a higher U leads to a better resonance. However, the resonance
performance is still not enough for resonant sensing applications, even when U = 11 by
which |s11| is −6.6 dB at the first resonance. For a fixed b = 20.9 mm, the loop width 2a
is 1.06 mm for U = 11. To design a resonator with a much larger U becomes difficult as
the metal width becomes too narrow for cost-effective fabrication and the loop has a high
AC series resistance that increases power dissipation. For these reasons, we propose a
self-tuned metal pattern for distributed impedance-matching and a better quality factor
without increasing U or sacrificing the metal width.

3. Tuned Resonator Design
3.1. Tuning Mechanism

We proposed a new impedance-matching method for a loop resonator to tune its
resonance performance by embedding a metal pad, as shown in Figure 6a. The resonant
frequency of the loop should stay the same, while the presence of a center pad presents
a distributed capacitance Cd, by the gap between two metal patterns [18], and a mutual
inductance Lm, across the gap owing to coupling magnetic fields [19].

Cd =
2πb εe f f

2(K(k)/(K′ (k) )
, k = d/(d + 2a) (6)

Ct = Cs + Cd (7)

Lt = Ls + Lm =
1

Ct(2π f1)
2 (8)

rm =

π
8

∫ 2kb
0

(
J2(m+1)(x) + J2(m−1)(x)

)
dx m > 0

π
2

∫ 2kb
0 J2(x)dx m = 0

(9)

gm =

{
1/
[

π
4

∫ 2kb
0 J2m(x)dx

]
m = 0

∞ m > 0
(10)
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lum =


1
2 ln
(

8b
a

)
= 1

2 ∑m
k=0

1
2k+1 −

1
2 ∑m−2

k=0
1

2k+1 −
π
8

∫ 2kb
0

[
Ω2(m+1)(x) + Ω2(m−1)(x)

]
dx m > 0

ln
(

8b
a

)
− 2− π

2

∫ 2kb
0 [Ω2(x)]dx m = 0

(11)

lem =

{
2/(ln

(
8b
a

)
− 2 ∑m−1

k=0
1

2k+1 −
π
2

∫ 2kb
0 [Ω2m(x)]dx) m > 0

∞ m = 0
. (12)

(a) (b)

Figure 6. (a) Loop resonator with a center pad. b: Loop radius. 2a: Loop width. d is the spacing
distance between the metal pad and loop. (b) A photo of the tuned loop with U = 9, b = 20.9 mm,
a = 1.44 mm, and d = 1.9 mm.

The distance between the loop and center pad d can serve to tune the distributed
capacitances and mutual inductances presented to the loop in order to match the port
impedance at the desired resonant frequency. We consider a loop with a lower value of
U = 9 for demonstrating the tuning effect, by which b = 20.9 mm and a = 1.44 mm that is
not too narrow to fabricate. The gap d is considered between 0.1 and 8 mm.

The total capacitance Ct at the resonance can be evaluated as the capacitance Cs of the
loop itself in parallel to the added distributed capacitance with a total of Cd from the length
of 2πb. The currents in the loop create magnetic fields in the gap that induces currents
flowing in the opposite direction in the metal pad. From the equivalent circuit point of view,
treating the loop and pad as two inductors, it appears to be a negative mutual inductance
Lm that reduces the total inductance Lt presented to the port.

Combining the analytical formula derived by McKinley et al. [17], Equations (2), (7) and (8)
give the equivalent circuit component values, while Equations (3)–(6), (9)–(12) provide the
individual values for Equations (2), (7) and (8). Table 2 lists the symbol definitions. The
resistance Rm, capacitance Cs and inductance Ls of the loop can be found for the equivalent
resonant circuit from the impedances in Equation (5) near the resonance [17]. The values
depend on m for the mth resonance. The distributed capacitance can be approximated
from the two planar parallel finite-width metal-plate waveguide model [18]. Although
the additional capacitance is distributed along the 2πb circumference, we approximate the
equivalent circuit value as Cd, the total distributed capacitance. Total distributed inductance
Lt can be evaluated by Equation (8) as it is directly related to the fundamental resonant
frequency f1, which can be found from the formula when there is no tuning pad. Lm then
can be obtained.
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Table 3 lists the values of Cd, Lm, Ct, and Lt for each d between 0.5 and 5 mm for the
first resonance. Increasing d reduces the magnitudes of Cd and Lm as the coupling becomes
weaker, in return increases Lt and decreases Ct. This approach, however, could not estimate
Cd or Lm at higher orders of resonance because the current distributions on the loop and
the induced currents on the pad become more complicated. The parallel plate capacitance
in [18] could not work for higher orders.

Table 3. Comparison of total distributed reactance.

d, Cd, Lm, Ct, Lt, CTline, LTline,

mm pF nH pF nH pF nH

0.5 0.133 16.742 0.248 17.037 0.216 20.772

1 0.107 14.683 0.221 19.095 0.191 23.178

1.5 0.092 13.303 0.206 20.475 0.179 24.31

1.9 0.083 12.422 0.198 21.356 0.171 25.53

3 0.067 10.579 0.182 23.199 0.164 26.15

5 0.051 8.203 0.165 25.576 0.159 26.28

Figure 7 shows the reflection coefficients for d = 0.18, 0.5, 1, 1.5, 1.9, 3, and 5 mm by
finite-element simulations for the case of U = 9 and b = 20.9 mm. It is clear that the center
pad improves resonance at the first four resonances, particularly the first three, without
shifting their resonant frequencies. Quality factors of resonance are obtained as Q = fi/∆ fi,
where fi is the ith resonant frequency and ∆ fi is the corresponding 3-dB bandwidth. The
quality factor for the first three resonant frequencies as a function of tuning distance d is
shown in Figure 8. For the first resonance, a maximum quality factor of 120.5 is obtained at
d = 1.9 mm. To compare, the quality factor without the pad is 4.9. For the second and third
resonances, the maximum quality factors are 119.6 and 119.5 when d = 0.5 and 0.2 mm,
respectively. Their counterparts without the pad are 5.3 and 4.38.

Figure 7. Comparison of simulations for tuned-loop resonators with different d.
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Figure 8. Quality factor as a function of spacing distance between the metal pad and loop d. Quality
factor reaches the maximum of 120.5 for the first resonance when d = 1.9. mm. For second and third
resonances, the maximum quality factors are 119.6 and 119.5 when d = 0.5 and 0.2 mm, respectively.

3.2. Finite-Element Simulations

The Smith chart in Figure 9 shows how the reflection coefficients change for different d
from DC to 4 GHz, compared with the one without a center pad (black curve). Although the
port drives a voltage across two ends of the loop, the coupling between the loop and center
pad induces current distributions on the center pad, making it similar to a virtual ground.
Thus, we can look at the loop and pad from the port as a two-conductor transmission line.

Figure 9. Reflection coefficient in the Smith chart among different d from DC to 4 GHz within which
they cover the first resonance. When d = 1.9 mm, the loop impedance is matched at the desired
resonant frequency of 2.41 GHz.

The curve shapes in the Smith chart reveal that, effectively, the distributed capacitance
and inductance serve to tune the characteristic impedance of such a transmission line.
Thus, the self-tuned structure can be modeled as a transmission line between its first and
second anti-resonant frequencies and between which the first resonance passes the zero-
reactance point at the designed resonant frequency. The definition of anti-resonance is
given in [15,17].

Achieving the proper Cd and Lm by a specific gap d, the impedance on the black curve
from 1.09 to 3.37 GHz can be tuned to those on any curve shown in Figure 9. With d = 1.9,
the impedance at 2.41 GHz is tuned close to 50 Ω. The labels in the figure show how the
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desired resonance frequency of 2.41 GHz varies on the Smith chart with different values
of d.

The total distributed capacitance CTline and inductance LTline along the 131.3 mm
circumference of the loop can be extracted from the finite-element simulation results and
are listed in Table 3. The characteristic impedance can be calculated as

√
(LTline/CTline). In

the case of d = 1.9 mm, the return loss is significantly improved to −37.97 dB from −6.11
dB. The transmission-line impedance is 386.4 Ω between the first and second anti-resonant
frequencies 1.09 and 3.37 GHz, respectively. For a higher order of resonance, the same
method can be used to find the corresponding CTline, LTline, and characteristic impedance
for a specific frequency range. For example, the highest quality factor for the second
resonant frequency of 4.79 GHz is 119.6 at d = 0.5 mm. The transmission-line impedance is
563.3 Ω between 3.37 and 5.72 GHz, the second and third anti-resonant frequencies.

3.3. Equivalent Circuits

Inspired by McKinley’s equivalent circuit for the loop, in which each resonance is repre-
sented by a branch of resistor, inductor, and capacitor (RLC) components in series while or-
ders of resonance are in parallel, we established a similar equivalent circuit for the self-tuned
loop resonator. The component values were extracted from the transmission-line models for
all orders of resonance in the frequency range up to 10 GHz. Five branches were considered
since there were four resonances within 10 GHz. Table 4 lists the component values.

Table 4. Equivalent circuit components for d = 0.5, 1, 1.5, and 1.9 mm.

d, mm
R, ohm L, nH C, pF

R0 R1 R2 R3 R4 L0 L1 L2 L3 L4 C1 C2 C3 C4

0.5

0.002

25.125 49.81 71.13 91.345

72.6

20.772 18.791 15.768 12.602 0.216 0.059 0.031 0.022

1 35.88 67.25 97.86 120.13 23.178 20.142 15.831 13.595 0.191 0.055 0.031 0.02

1.5 45.22 82.565 114.39 141.565 24.31 20.243 15.166 11.46 0.179 0.054 0.032 0.023

1.9 49.48 92.635 117.84 137.86 25.53 19.092 12.795 8.016 0.171 0.056 0.037 0.032

Figure 10 shows the comparison between the results from the equivalent circuits
and finite-element simulations, with good agreement, for d = 0.5, 1, 1.5, and 1.9 mm.
It is expected that more discrepancies occur at the third and fourth resonances because
the equivalent circuits only include four resonant branches. More branches can increase
accuracy. However, the transmission line model may not work well at higher modes
of resonance because the current distributions on the loop and pad start to mix with
more harmonics.

It is noted that d = 1.9 mm clearly improves the first resonance while d = 0.5 mm
improves the second resonance significantly. This can be observed from the Smith chart
shown in Figure 11, in which the second resonant point at 4.79 GHz for d = 0.5 mm reaches
good impedance-matching to 50 Ω, while the real part of the impedance is 24.78 Ω at the
first resonant frequency of 2.39 GHz. Compared to the Smith chart in Figure 9, at 2.41
GHz, the real part of impedance for d = 1.9 mm becomes 49.73 Ω when the reactance
becomes zero.
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Figure 10. Comparison of simulations and equivalent circuit results in different d = (a) 0.5, (b) 1,
(c) 1.5, (d) 1.9 mm.

Figure 11. Reflection coefficient in the Smith chart for d = 0.5 mm from DC to 10 GHz within which it
covers the first four orders of resonance. s11 passes through the matching point at the 2nd resonant
frequency of 4.79 GHz.

Figure 12 compares the impedances from the equivalent circuits of the loop being
untuned (red curves) and tuned (blue) with d = 1.9 mm. The untuned curves match well
with the results in [17]. Two sets of resonance and anti-resonance points are illustrated in
the figure. In the resonance point, reactance changes from capacitive to inductive while
the real part of impedance reaches a local minimum. At the anti-resonance point, although
the reactance crosses zero from inductive to capacitive, the resistance reaches the local
maximum, indicating little current flowing. The reactance amplitude variations indicate
how pronounced the resonance between them is. In this comparison, the resistance of the
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tuned loop (blue, solid curve) with d =1.9 mm is 49.73 Ω at the first resonance point, while
the resistance for the untuned one (red, dashed) is 145.8 Ω.

Figure 12. Comparison of impedances from the equivalent circuits of loop resonators of U = 9 tuned
and untuned. The first three anti-resonance and two resonance points are labeled for the tuned loop
resonator where the reactance become zero (blue, solid curve). The real part of the impedance (blue,
dotted curve) distinguishes resonance from anti-resonance.

For the first resonance frequency, the total distributed capacitance and inductance of
the loop circumference calculated by Equations (7) and (8) are compared with the values
from the transmission-line model, shown in Figure 13. The discrepancy is noticeable when
d is smaller. This is because the field distribution assumption deviates from the one in the
two in-parallel metal plates with finite widths in [18]. As the field strength becomes higher
between the smaller gap, the edge effects on the far edge in one plate are more pronounced
as compared to our case in which the center pad has no far edge. The edge effect is not
considered in the formula. Additionally, the elliptic integral diverges K′(k) logarithmically
as 1/k when the variable k is smaller than 0.4 in Equation (6). The similar discrepancy has
also been discussed in [18]. In our cases, k is 0.15, 0.26, 0.34, 0.4, 0.51 and 0.63 for d = 0.5, 1,
1.5, 1.9, 3 and 5 mm, respectively. Therefore, discrepancies between the transmission-line
model and analytical values are expected when the spacing d becomes smaller.

Figure 13. Comparison of the theorical and transmission-line model values for the capacitance and
inductance of the tuned loop.
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It is clear that the self-tuned configuration can significantly improve the resonance of
a loop resonator at the desired resonant frequency. The performance can be predicted with
the equivalent circuits with sufficient accuracy.

4. Experimental Results
4.1. Results of The Self-Tuned Loop Resonator with U = 9

A loop resonator with U = 9, which has b = 20.9 mm and 2a = 2.88 mm, made of a
thin copper sheet, is chosen for demonstration. The fundamental resonant frequency is
designed at 2.41 GHz. In the case of the tuned loop, the center pad is fixed with three small
pieces of thin transparent tape. The rings are not supported by any substrate to avoid any
effect from the substrate to the loop performance in order to validate the theories in [15,17].
The radius of the center pad is 17.56 mm, and the tuning gap d is 1.9 mm, as shown in
Figure 6b.

The device is connected to a vector network analyzer (Keysight PNA N5227B) via
an SMA adaptor. The s-parameters are extracted at 801 frequency sampling points from
100 MHz to 10 GHz. Figure 14 shows the comparison of reflection coefficients of the
loop resonators with and without the center pad. The measurements match well with the
simulations indicating significant improvement in resonance with the tuning structure. At
the fundamental resonance, the reflection coefficient is expected to improve from −6.11 to
−37.97 dB, while the measurements show an improvement from −7 to −29.5 dB. At the
second resonance, the measured |s11| is improved from −7.2 dB to −17.25 dB, compared
to the theoretical improvement from −4.82 dB to −10.17 dB. The discrepancies between
simulations and measurements are mainly due to the SMA adaptor, which will be validated
in the discussion section.

Figure 14. Comparison of measurements and simulations for tuned (d = 1.9 mm) and untuned loop
resonators, both with U = 9.

4.2. Optimal d for U

For a simple loop, U needs to be larger than 9 to have a decent resonance performance.
Figures 3 and 4 show the theoretical and measured quality factors for the first resonant
frequency are only 9.154 and 6.438, even for U = 11. The spectral curves indicate the
performance for the loops with U = 8 and 9 degrades at higher orders of resonance.
Attempts to increase U further, however, make the metal pattern too narrow.

We examine loops with the same radius b but different U from 8 to 11. The optimal
tuning gap d for each U is found in the same way shown in Figure 9, targeting the maximum
quality factor at the first resonant frequency. The ds are 1.1, 2.5, and 2.77 mm for U = 8,
10, and 11, respectively. Figure 15 shows the results. The tuning center pad dramatically
improves the resonance performance for U = 8, 9, 10, 11, with |s11| from −5.8, −6.11, −6.38,
−6.53 dB at 2.49, 2.45, 2.42, and 2.38 GHz, to −38.65, −37.97, −39.82, −40.12 dB at 2.50,
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2.41, 2.37, and 2.35 GHz, respectively. The quality factors are improved from 3.44, 4.9, 7.56,
and 9.15, to 62.5, 120.5, 118.5, and 117.5, for U = 8, 9, 10, 11, respectively.

Figure 15. Comparison of tuned-loop resonators with U from 8 to 11.

As discussed earlier, a larger U leads to a better resonance when there is no tuning
pad. However, with an optimum tuning gap designed for the first resonant frequency, the
quality factors between U = 9 and 11 are similar and higher than U = 8. For a small U,
which holds the benefit of having a wider metal loop width, the quality factor can be tuned
to be similar to that of a larger U. Furthermore, the tuning also allows the gap distance to
be optimized at a higher order of resonance.

5. Discussion
5.1. Discrepancy Investigation

The measurements in Sections 2 and 4 match well with their respective simulations.
However, one notices the measurement result has higher losses as frequency increases and
dips in the spectral shapes, especially around the anti-resonance points where |s11| has
local peaks. These effects are mainly due to the SMA adaptor between the planar loop and
coaxial cable. In comparison, simulations were conducted by placing a 50-Ω excitation port
directly across the ends of the loop.

A 3-D SMA adaptor model was built in the finite-element tool with the exact dimen-
sions of the adaptor. The materials were specified as Teflon and copper. Simulations were
conducted for the loop resonator of U = 9, with and without the center pad. The results are
compared with measurement in Figure 16. As it can be seen, the overall slopes of additional
insertion losses appear in the simulations, and their overall spectral trends now match
with those from measurements. The curves for tuned and untuned loops match well at
the first resonance. Above 3 GHz, the resonant frequencies at higher orders have more
discrepancies. The losses become less for the measured result at resonances above 5 GHz
compared to simulations. This is possibly due to the fact the materials used in the 3-D
SMA model may not have the exact frequency-dependent characteristics of the materials
used in the physical adaptor. For the loop resonator without a tuning pad, in the red color,
both curves show unpronounced third and fourth resonances, while measurements match
simulations at the first and second resonances well. Thus, it is clear that the discrepancies
above 3 GHz in measurements come from the SMA adaptor. Such an issue will not exist if
the resonator is designed with monolithic electronics integration. Even with the effect of an
imperfect adaptor, all four resonances in the tuned loop, shown by the black dashed curve,
are more pronounced and robust in measurements.
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Figure 16. Comparison of measurements and simulations for tuned- and untuned-loop resonators
with U = 9. Both have a SMA adaptor between the device and coaxial cable. The simulations are
conducted with a 3-D SMA adaptor model included. The calibration is conducted at the coaxial
output of the SMA adaptor. The tuned loop resonator has d = 1.9 mm.

5.2. Effect of Substrate

The tuning method for loop resonator impedance-matching has been verified by
finite-element simulations, equivalent circuits, and corresponding measurements without
substrates because the original model established by Storer [15] and McKinley et al. [17]
is simply a loop suspended in air, and the loop is made of a thin wire. In our work, we
utilized the formula for planar loops with limited metal width. In order to limit variables,
we used thin tapes to fix the loop and the metal pad, so the substrate effects did not appear.

In practical scenarios, substrates are needed to support the resonator. The substrate
added a fixed value to the effective dielectric constant, and a thick dielectric layer or a
high substrate dielectric constant may add substrate modes that affect the impedances. For
lower substrate dielectric constants, the resonant frequency of the loop resonator will still
shift, responding to the changes in the overall effective permittivity. To investigate the
effects, finite-element simulations were conducted on a loop resonator with the substrate
of various dielectric constants. The dimensions of the loop were the same as those in
Sections 2 and 4, with b = 20.9 mm and 2a = 2.88 mm (U = 9). Figure 17 shows the results of
resonant frequencies as a function of substrate dielectric constant from 1 to 8 for a substrate
thickness of 1.5 mm. The resonant frequency monotonically reduced to 1.67 GHz when the
dielectric constant increased to 8, as expected.

Figure 17. Resonant frequencies as a function of substrate dielectric constant from 1 to 8 for the loop
resonator (U=9, b = 20.9 mm, a = 1.44 mm).
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To experimentally test the tuning performance, a one-layer FR4 board (uxcell, China)
with a thickness of 1.5 mm and a dielectric constant of 4.4 was used as the substrate. The
copper thickness was 34.5 µm. The optimum d is found as 4.85 mm by repeating the proce-
dures described in Section 3. Simulations with and without a tuning pad were conducted
for comparison, and the tuned resonance performance was significantly improved from
−7.99 dB to −45.47 dB at 1.905 GHz, as expected by the tuning mechanism. In measure-
ments, loop resonators with and without a tuning pad under the same configuration were
fabricated by photolithography and copper etching, as shown in Figure 18. The measured
reflection coefficients are compared with those from simulations in Figure 19. The measured
|s11| was improved from −8.23 dB to −37.34 dB at 1.89 GHz, which matched well with the
simulation results. The results indicate that the tuning method is also applicable to loops
on substrates to enhance resonance.

Figure 18. Photo of loop resonators fabricated on FR4 substrates with and without a tuning center
pad. U=9, b = 20.9 mm, a = 1.44 mm, and d = 4.85 mm.

Figure 19. Comparison of measurements and simulations for tuned- (d = 4.85 mm) and untuned-loop
resonators on FR4 substrates with a 1.5 mm thickness.

6. Conclusions

A new tuning method for impedance-matching of loop resonators has been proposed
and demonstrated in this work. By varying the spacing distances between the metal
pad and loop, the reactance can be tuned to match the port impedance at the desired
resonant frequency. First, with the single-wire-loop theory developed in [17], analytical
equations and equivalent circuits based on the impedances at resonance were verified with
measurements for the planar loop configurations. We demonstrated the tuning procedure
within an ISM-band frequency band. The optimum gap spacing for a configuration with
U = 9, by which a good trade-off was reached between the metal loop radius and width, was
found at 1.9 mm. The theory was verified by finite-element simulations and measurements.
An equivalent circuit was established for the tuned loop. High orders of resonance could
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also be tuned depending on the need. It was clear that the resonance performance at the
desired resonant frequency could be significantly improved and more robust.

Loop resonators and similar device architectures used in meta-materials can be opti-
mized at the desired resonant frequency by the proposed tuning method without changing
their overall sizes. Robust resonance performance has been validated by experiments, even
given the degrading factor contributed by SMA adaptors. The structure with robust reso-
nance can provide great advantages for sensing or near-field signal/power coupling as the
dielectric characteristics of the environments may be uncontrollable or unpredictable. For
example, such a compact planar resonator with a high quality factor was recently utilized
by us for enhancing wireless power coupling in a subcutaneous implant system [20,21]
and improving sensitivity for a near-field water-content sensor [22]. In these systems, the
designs followed the principles, analytical formula, and equivalent circuits in this work.
The robust resonance ensured that the power coupling efficiency stayed sufficient when
the implant depth varied, by which the effective dielectric permittivity presented to the
resonator changed. The significantly improved quality factor allowed the sensitivity to
tissue permittivities remain the same when the body dehydration levels changed, or water
contents changed in pork patties and fruits. These applications utilizing the simple-loop
resonators were enabled by the greatly improved resonance.
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