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Abstract—In this paper, a novel dumbbell shaped slot resonator
(DSSR) is introduced and investigated based on a circuit theory and
electromagnetic (EM) simulation. Lumped and distributed equivalent
circuit models are then presented for an analysis of the proposed DSSR.
The circuit and EM simulated results validate the DSSR’s equivalent
circuit models and their analysis methodologies. Since the proposed
DSSR does not employ ground slots, additional etching process for
the ground plane is not necessary. Thus, one can minimize the cost
and fabrication errors. For the DSSR’s applications, the miniaturized
tunable DSSR and band-pass filter (BPF) are designed, simulated, and
measured. The tunable DSSR does not require additional lumped DC-
block capacitors since DC is isolated due to the coupled gap structures
in an input and output. In the BPF design, two DSSRs are simply
coupled by input/output ports. Both simulated and measured results
of the designed tunable resonator and BPF show good agreement.

1. INTRODUCTION

Many RF and microwave components utilizing slots in the ground
plane have been reported in [1-10] for the compact circuit dimensions
and harmonic suppression purpose. The lumped equivalent circuit
models of these structures, known as a defected ground structure
(DGS), are a parallel LC resonator in series. Since the equivalent
circuit model of the DGS is the parallel LC resonator and it shows
a band-stop characteristic in the frequency response, it is difficult to
design a band-pass filter (BPF) using only the DGS without additional
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circuit elements. As shown in [11] and [12], the BPF designs using the
DGS should employ other BPF circuit elements in order to produce a
frequency pass-band. As a result, their analysis and designs are more
difficult due to the complicated circuit structures with the ground slots.

In this paper, the microstrip dumbbell shaped slot resonator
(DSSR) and its accurate modeling technique are presented. As the
DSSR’s applications, the miniaturized tunable resonator and BPF are
designed, simulated, and measured. Their equivalent circuit models
are also introduced and validated from circuit and EM simulation.
Since the designed BPF does not include the ground slots, it is
simple in the structure. The designed tunable DSSR using a varactor
diode employs a coupled gap structure in input/output ports. Thus,
DC is isolated from the RF ports. As a result, lumped DC block
capacitors are not necessary for the DC and RF isolation. For
the tunable resonator, the DSSR is designed at 6 GHz. Then, the
varactor diode, which is MA46600 from M/A-COM, is mounted
on the designed DSSR. The simulated and measured results of the
miniaturized tunable DSSR validate its equivalent circuit model and
the DSSR’s analysis methodology. The microstrip miniaturized BPF at
the center frequency of 5.8 GHz is designed using two coupled DSSRs
and one center line. Therefore, the BPF design can be simple and
compact. Since the proposed DSSR does not utilize the slotted ground
structures, the design and fabrication are easier than the conventional
dumbbell shaped DGS circuits.

The paper is organized as follows. Section 2 presents the DSSR’s
fundamental characteristics and its equivalent circuit models. The
equivalent circuit models are validated from the circuit and EM
simulated results. Section 3 discusses the miniaturized tunable DSSR
and its equivalent circuit model. In Section 4, the miniaturized
BPF design using two coupled DSSRs is presented. In the design,
a low dielectric constant substrate has been used to minimize the
dielectric loading effects on miniaturization. All circuits in the paper
are fabricated on Rogers 5880 with a substrate thickness of 0.508 mm
and a dielectric constant of 2.2, and they are measured using an HP
8510 vector network analyzer.

2. DUMBBELL SHAPED SLOT RESONATOR (DSSR)

Figure 1 presents the proposed microstrip DSSR. Two square slots
(D x D) are connected with a rectangle slot (G x W) on the top
plane. The input/output microstrip line widths (W) are set to 50 ohm
line impedance. Figure 2 shows the top view of the DSSR and its
lumped equivalent circuit model. In Figure 2(a), the regions, A (A’)
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Figure 1. Proposed dumbbell shaped slot resonator (DSSR) and its
microstrip circuit configuration.
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Figure 2. Proposed DSSR; (a) top view of the DSSR with divided
sections (A, B, and C) and (b) lumped equivalent circuit model.

and C (C"), are a copper and the region, B (B'), represents the slot.
The microstrip dimensions, A(A’), produce a parallel plate capacitance
which is the parallel shunt capacitor (Cp) placed at each side of the
parallel LC resonator in Figure 2(b). The capacitor (Cpgsgr) in the
parallel LC' resonator is obtained from the cross coupling separated
by the gap dimensions (G) in Figure 1. The regions, B (B’) and C
(C"), are related to the inductance (Lpssgr) of the center parallel LC
resonator. From EM simulation, it has been found that the current
below the cutoff frequency flows around the slot regions, B (B’). Thus,
in Figure 1 the wider slot dimensions (D x D) produce the bigger
Lpssr, and the narrower P, and P, also increase Lpgssr. However, it
is difficult to determine the exact Lpgsr value from the given DSSR
dimensions. In order to extract the DSSR’s element values, Cpssr
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should first be found since its exact value can be determined from the
cross coupled line’s gap capacitance modeling. Cp value can also be
estimated using (1) [13], where H and W are the substrate thickness
and microstrip dimension, respectively. Once these values are found,
Lpssr can simply be determined by matching the circuit simulated
S-parameters to the EM simulated one.

ng 1.08
CP:50 <H> +

1.087 1/1.08

1 W
w(sr+1){WH+1) - SHH (1)

For the given DSSR, dimensions of D = 4.5, G = 0.4, P, = 1.5,
P, =0.7,and W = 1.56 mm, Cpgsr and Cp are calculated as 0.014 pF
and 0.72 pF, respectively. Based on these calculated Cpssr and Cp,
Lpssr is approximately determined by matching the circuit simulated
S-parameters to the EM simulated one. In this process, only except for
the exact Cpggr value, L pgsrg and Cp values can further be optimized
to fit the pass-band return loss, resonant pole, and cutoff frequency. As
a result, the optimized Lpgsr and C'p are found as 1 pF and 1.37nH,
respectively.

Since the DSSR does not employ the ground slot, its equivalent
circuit can also be represented using a distributed model. Figures 3(a)
and (b) illustrate the proposed DSSR and its distributed equivalent
circuit model. Cpgsr for the various coupled gap dimensions can
be found from Figure 4. The lumped/distributed equivalent circuit
simulation results are compared with its EM simulated S-parameters in
Figure 5. Both circuit and EM simulated results show good agreement
in the pass-band return loss, resonant pole, and cutoff frequency. Thus,

Z\

(a)

Figure 3. Proposed DSSR; (a) top view of the DSSR with impedance
notations and (b) distributed equivalent circuit model.
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Figure 4. Cross coupled capacitance (Cpgsgr) versus the gap
dimensions (G).
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Figure 5. Circuit and EM simulated results of the DSSR (D = 4.5,
G =04, P =15, P, = 0.7, and W = 1.56 mm), where Cpssg =
0.014pF, Lpssr = 1.37nH, and Cp = 1pF.

the lumped and distributed equivalent circuit models in Figures 2(b)
and 3(b) are validated.

Figures 6(a) and (b) present the microstrip coupled DSSR (D =
4.5, G1 = 04, GQ = 0.2, P1 = 1.5, P2 = 07, P3 = 06, and
W = 1.56 mm) and its lumped equivalent circuit model, respectively.
Since the DSSR dimensions are the same as the previous DSSR in
Figure 5, Cpssr, Lpssr, and Cp can be expected as the same as
0.014 pF, 1.37nH, and 1pF, respectively. In order to determine the
series capacitance (Cg), the initial lumped element values (Cpssg =
0.014pF, Lpssg = 1.37nH, and Cp = 1pF) of the DSSR are used
for the circuit simulation, where Cg is determined as the value which
produces the same bandwidth obtained from the EM simulated one. It
should be noted that the pass-band bandwidth of the equivalent circuit
model in Figure 6(b) is dominantly affected by the series capacitance
(Cg). Thus, Cg can simply be found as 0.14 pF. One other important
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Figure 6. Coupled DSSR; (a) top view on microstrip and (b) lumped
equivalent circuit model.

fact of the coupled DSSR structure in Figure 6(a), the parallel shunt
capacitor (Cp) is increased due to the fringing field, i.e., fringing
capacitance. The increased Cp can instantly be found as 1.17pF by
fitting the circuit simulated resonant pole to the EM simulated one.
This explains that Cg and Cp of the coupled DSSR can easily be
determined by adjusting the bandwidth and resonant pole location,
respectively. Thus, the lumped element values of the coupled DSSR for
the given dimensions are found as Cpgssg = 0.014pF, Lpgsg = 1.37nH,
Cp = 1.17pF, and Cs = 0.14pF. The distributed equivalent circuit
model of the coupled DSSR is also similar to Figure 3(b). By placing
Cs at Ty and T4 in Figure 3(b), the distributed equivalent circuit
model can be obtained. The circuit and EM simulated S-parameters
of the coupled DSSR are shown in Figure 7. The lumped circuit
and EM simulated results match well, but the distributed model’s
resonant frequency shows 90 MHz difference to the EM simulated one.
However, the distributed model still provides a reasonable estimation
for determining the resonant location of the DSSR.

3. TUNABLE DUMBBELL SHAPED SLOT RESONATOR

Figure 8(a) shows the microstrip circuit configuration of the proposed
tunable DSSR. In Figure 8(a), DC is isolated from input and output
RF ports by coupled gaps (G3). Thus, additional lumped DC block
capacitors are not necessary for this tunable resonator. Other gaps
(S) are also added for an isolation of DC bias in Figure 8(a). By
employing the gap (5), the series capacitance (Cs) due to the coupled
gap dimension (G2) is decreased. As a result, the resonant frequency
is slightly shifted toward to the high frequency region. However, the
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Figure 7. Circuit and EM simulated results of the coupled DSSR.

accurate lumped element values for the tunable DSSR can still be
determined since their element values are obtained from the simulated
S-parameters. Without a varactor diode, the equivalent circuit model
of the tunable DSSR is the same as the one in Figure 6(b). In order
to demonstrate the proposed tunable DSSR and its equivalent circuit,
the DSSR dimensions in Figure 8(a) are arbitrary selected as D = 4.5,
Gy =06, Go =02, Pp =P, =07, P =06, W = 1.56, and
S = 0.1mm. The corresponding lumped element values for the given
tunable DSSR dimensions can be determined by using the same method
described in the previous section. The exact Cpgsr for G = 0.6 and
W = 1.56 mm is found as 0.01 pF from a cross coupled microstrip
line modeling. The parallel shunt capacitance (Cp) is calculated from
(1), and then the series capacitance (Cyg) is obtained by fitting the
circuit simulated pass-band bandwidth to the EM simulated one. As
mentioned in Section 2, the coupled DSSR’s bandwidth is dominantly
affected by Cg in Figure 6(b). Thus, Cg can simply be found. After
that, L pgsr is determined by matching the circuit simulated resonant
pole location to the EM simulated one. The lumped element values
for the given dimensions are Cpgsg = 0.01pF, Lpssg = 1.47nH,
Cp = 0.8pF, and Cs = 0.13pF. Figure 8(b) presents the circuit/EM
simulated and measured S-parameters of the tunable DSSR without a
varactor diode. As shown in Figure 8(b), the designed tunable DSSR
resonates at 6.04 GHz, and its simulated and measured results show
good agreement.

The lumped equivalent circuit of the tunable DSSR with a varactor
diode is shown in Figure 9. The variable capacitance (Cy) due
to the different bias condition of the varactor diode changes the
resonant frequency of the DSSR. Figures 10(a) and (b) present the
simulated and measured Sy for the different bias levels of the varactor
diode, where the tunable DSSR dimensions are equal to Figure 8(a).
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Thus, the lumped element values in Figure 9 are also the same as
Cpssr = 0.01pF, Lpssg = 1.47nH, Cp = 0.8pF, and Cg = 0.13 pF.
The varactor diode used for this experiment is MA46600 from M/A-
COM. This diode typically provides 0.381 pF with no bias and 0.243 pF
with 30 volts. From a diode modeling, the measured diode junction
capacitances (Cy) have been found as 0.31, 0.295, 0.278, and 0.27 pF
for 0, 5, 10, and 15 volts, respectively. The resonant frequency (fy) of
the DSSR in Figure 6(b) can be written as (2), where Cpotq is the total
capacitance of the coupled DSSR without the diode capacitance (Cy/).
Then, the resonant frequency (fr) of the tunable DSSR’s equivalent
circuit in Figure 9 can be estimated using (3), where fy can simply be
found from EM simulation. The circuit simulated resonant locations

——— Circuit simulation
-50 —— EM simulation
----- Measurement

0040 45 50 55 60 65 70 75 80

Frequency [GHz ]

(a) (b)

Figure 8. Proposed (a) tunable DSSR (D = 4.5, G; = 0.6, Go = 0.2,
P =P =07 P; =06, W =156, and S = 0.1mm) and (b) S-
parameter characteristics without varactor diode.

Figure 9. Equivalent circuit model of the varactor tuned DSSR.
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Figure 10. Varactor tuned DSSR’s (a) circuit simulated So; (Cyov =
0.31, CV,5V = 0.295, CV,lOV = 0.278, and CV,15V = 0.27pF) and (b)
measured S97.

Figure 11. Photo of the fabricated tunable DSSR.

in Figure 10(a) show good agreement with the measured results in
Figure 10(b). Figure 11 illustrates the photo of the fabricated tunable
DSSR.

Quality (Q) factor of a microstrip circuit is a strong function
of frequency and a substrate thickness [14]. Resonators can be
characterized by their unloaded @ factor (Qr), which is the ratio
of the energy stored to the energy dissipated. Since @ factor is a
figure of merit which represents the resonator’s performance, it is an
important parameter along with the resonator’s slope parameter. From
the measurement, loaded @ (Qr) can be determined using (4). Once
Q1. is found, Qp can also be calculated from (5). Table 1 summarizes
the performance of the fabricated tunable DSSR. One important fact
in Table 1 is that the tunable DSSR’s Qy is a function of varactor
diode bias voltage. As the bias voltage increases, Qy also increases.
This is caused by a diode junction resistance which is in parallel to the
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Table 1. Resonant frequencies, loaded and unloaded () factors of the
measured tunable DSSR.

Voltage (V) | fr (GHz) | Qr | Qu
0 4.69 52.1 | 144.1
-5 4.74 52.6 | 170.7
—10 4.79 53.2 | 182.1
—15 4.82 53.5 | 188.5

junction capacitance (Cy). The junction resistance is dramatically
increased, i.e., open circuit, in the reverse bias condition, so Cy
becomes dominant. This junction resistance value is decreased as the
diode bias voltage increased. Thus, @y is increased with the diode
bias voltage. The unloaded @) values in Table 1 are in the range of
100 to 200, which agrees with the theoretical calculation for a typical
microstrip line [15].
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4. MINTATURIZED BAND-PASS FILTER DESIGN

4.1. Usign Dumbbell Shaped Slot Resonator

In BPF design, the number of filter orders should be considered
with the design specifications since it is related to filter’s cutoff
characteristic. As the number of filter orders increases, the sharper
frequency cutoff slope is obtained. However, increasing the filter order
also increases an insertion loss due to the dielectric and conduction
losses. As illustrated in (5), an insertion loss is the dominant factor to
decrease ). Thus, one should carefully determine the number of filter
orders for a filter design.

Based on the study of the DSSR in Sections 2 and 3, the
miniaturized BPF is designed using two coupled DSSRs. The designed
BPF using two coupled DSSRs provides the reasonable cutoff slope
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Figure 12. The proposed BPF; (a) microstrip circuit configuration
and (b) the equivalent circuit model.

and insertion loss. The microstrip circuit configuration of the proposed
BPF is presented in Figure 12(a). For the validation of the proposed
BPF model, a BPF is designed at the center frequency of 5.8 GHz. In
order to design the BPF at the desired center frequency, the dimensions
of the single DSSR should be determined. Once the coupled DSSR
dimensions resonating at the desired center frequency are obtained,
the lumped element values can also be found using the introduced
method in the previous sections. After that, the center line length
(L) is optimized for reasonable insertion and return losses in the pass-
band. The characteristic impedance of the center line (L) is the same
as the input/output port impedances. If the line length (L) is decided
using circuit simulation, the overall frequency responses of the BPF can
be verified using EM simulation. The designed filter dimensions are
D =393, Gy =G2=02,L=327, P =0.6, P,=0.7, P; =0.2, and
W = 1.56 mm. The equivalent circuit model of the designed BPF is
shown in Figure 12(b). The coupled DSSR’s equivalent circuits are the
same as Figure 6(b), and they are simply connected by a microstrip line
with the characteristic impedance of Z, and line length of /,. Using
the proposed technique in Section 2, the lumped element values are
found as Lpgsg = 1.35nH, Cpssp = 0.22pF, Cp = 0.97pF, and
Cs = 0.12pF. The center line’s characteristic impedance is equal to
the port impedance, and the line length is optimized as 3.27 mm. The
simulated and measured results of the designed BPF are presented
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Figure 13. S-parameter comparisons; (a) circuit and EM simulated
results and (b) EM and measured results.
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Figure 14. Comparisons of (a) measured S-parameters of
conventional parallel coupled BPF and proposed BPF and (b) photo
of the fabricated BPFs.

in Figures 13(a) and (b). The circuit and EM simulated results in
Figure 13(a) show good agreement, thus the proposed BPF equivalent
circuit model in Figure 12(b) is validated. The designed BPF shows
the fractional bandwidth (FBW) of 0.02, and an insertion loss less
than 3dB in both EM simulated and measured results. Figure 14
presents the comparisons of the proposed BPF and the conventional
parallel coupled line BPF. For the comparisons, the parallel coupled
line BPF (N = 4, FBW = 0.02) is fabricated at 5.8 GHz using the
same substrate. The measured S-parameters of both BPFs have been
plotted in Figure 14(a). The parallel coupled line BPF with N = 4
shows a steeper cutoff slope than the proposed BPF. However, as shown
in Figure 14(b), the proposed BPF has an advantage in size reduction
with a reasonable frequency cutoff characteristic.
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5. CONCLUSION

The microstrip dumbbell shaped slot resonator (DSSR) has been
introduced and studied based on a circuit theory and EM simulation.
Through an analysis and modeling of the DSSR, the lumped and
distributed equivalent circuits have been presented and validated using
circuit and EM simulation. As the applications of the DSSR, the
tunable DSSR and miniaturized band-pass filter (BPF) are designed,
simulated, and measured. In the tunable DSSR design, a varactor
diode is simply mounted on the coupled DSSR. The proposed BPF
is compact in the dimensions, and provide a sharp frequency cutoff
characteristic compared to its size. Since the DSSR is a simple
microstrip structure, its analysis and design are relatively easy, and
fabrication errors can also be reduced compared to the slotted ground
structures.
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