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Abstract: In this paper, a new method is presented for the design of a low pass filter (LPF) based on an LC equivalent
circuit. Firstly, new formulas are proposed to calculate an LC equivalent circuit of a rhombus-shaped resonator. Secondly,
the transfer function and transmission zero of the rhombus-shaped resonator are extracted, based on the presented
formulas. Then other rhombus-shaped resonators are designed, based on the extracted formulas. The proposed filter
has a cut-off frequency with an attenuation level of 3 dB at 1.54 GHz. The obtained return loss and insertion loss in the
pass band are 16 dB and 0.1 dB, respectively. The designed filter is fabricated on RT-5880 with 31 mil thickness.
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1. Introduction
Filters with good features like compact size, insertion loss, return loss, wide stopband, and sharp roll-off play
important roles in many RF/microwave applications. They are used to pass or suppress various frequencies.
Filters are used to choose or limit the RF/microwave signals within assigned spectral confines. Microstrip LPFs
are important passive devices for suppressing noise and undesirable signals in communication systems [1–6].
Emerging technologies, such as wireless communications, WCDMA, and other wideband applications continue
to challenge RF/microwave filters with ever more accurate requirements such as higher performance, smaller
size, lighter weight, ultrawide stopband, and lower cost [1]. Thereby, various studies have been published to
achieve an LPF with the mentioned features [7–11]. A compact LPF with a wide stopband is proposed in
Liu et al. [7] using hairpin structures and stepped impedance units. Using coupled rhombic stubs, a compact
and high selective LPF with a wide stopband is presented in Zhang et al. [8]. In Xiao et al. [9], an LPF
is presented, based on a modified complementary split-ring resonator. A new microstrip lowpass filter using
coupled T-shaped, elliptical, and radial resonators with features like sharp roll-off and high suppression level
in the stopband is presented in Karimi et al. [10]. In Mousavi et al. [11], a microstrip lowpass filter based on
a bend structure with some excellent features such as compact size and high suppression level in the stopband
is proposed. In Palandoken [12] a mathematical method like LC equivalent circuit is introduced to design
filters. In the present paper, a new method is presented to calculate an LC equivalent circuit of a rhombus-
shaped resonator. Several rhombus-shaped resonators are combined to design the presented lowpass filter. The
proposed lowpass filter has a stopband bandwidth from 1.76 GHz to 17.6 GHz. The size of the simulated filter
is 22 mm × 12.3 mm. The proposed LPF is designed for L-band applications [13].
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2. Main resonator
The rhombus-shaped resonator is similar to a rectangular resonator. Both of them can generate a transmission
zero with a high attenuation level. However, matching a rectangular resonator with another resonator that
has an angle like triangular or a rhombus-shaped resonator is difficult. In the present paper, an LC equivalent
circuit of a rhombus-shaped resonator is extracted based on a rectangular resonator. The novel formulas are
presented for the first time. The formulas needed for calculating LC equivalent of a rectangular resonator are
written in (1) and (2). The rectangular resonator can be equaled by two capacitors and an inductor [1].
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Trigonometric functions can be used to calculate the LC equivalent circuit of the rhombus-shaped
resonator. In the rectangular resonator, the length and width of transmission lines are important to calculate
the LC equivalent circuit based on equations (1) and (2). The structure of the rhombus-shaped resonator is
shown in Figure 1. The electromagnetic (EM) simulation result of the rhombus-shaped resonator is illustrated
in Figure 2. As can be seen, the presented resonator has a transmission zero at 4.2 GHz.

LengthNew =
Length

2 cos θ
2

(3)

To calculate the LC equivalent circuit of the rhombus-shaped resonator, the formulas of the rectangular
resonator, (1) and (2), are used. If the widths of the rhombus-shaped resonator and the rectangular resonator
are assumed equal while their areas are also considered equal, then (3) will be calculated. Thus, new formulas
to compute the LC equivalent circuit of the rhombus-shaped resonator are written in (4) and (5).
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As can be seen in Figure 1, the main resonator is formed by rhombus-shaped and rectangular structures.
Thus, to calculate the LC equivalent circuit of the main resonator, equations (1)–(5) can be used, so that L1
and L2 are calculated by (1) and C1 is computed by (2). L3 and C3 are calculated by (4) and (5), respectively.
Moreover, C2 can be obtained by the sum of (2) and (5). To have a physical insight into each element, L1,
L2, and C1 are related to rectangular structures, while L3 and C3 correspond to rhombus-shaped structures.
In addition, C2 is related to rhombus-shaped and rectangular structures. The extracted LC equivalent circuit
of the main resonator is depicted in Figure 3. The EM simulation result and LC equivalent circuit simulation
result of the rhombus-shaped resonator are displayed in Figure 4. The values of the LC equivalent circuit of
the rhombus-shaped resonator are given in Table 1.
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Figure 1. Rhombus-shaped resonator. Figure 2. Frequency response of the rhombus-shaped
resonator.

Figure 3. LC equivalent circuit of the rhombus-shaped resonator.

To perceive the effects of rhombus-shaped and rectangular structures on the transmission zero, the transfer
function should be studied. The transfer function can be calculated by Kirchhoff’s voltage law (KVL) and
Kirchhoff’s current law (KCL) rules. The transfer function of the main resonator is written in (6).

vo
vi

=
Ar

(r + L1S + L2S) (2A+ r + L1S + L2S)
, (6)

where A is defined as follows:

A =
S

C3 + C1+C2+C1C2L1S2

1+S2(C2L2+C1(L1+L2+C2L1L2S2))

(7)
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Figure 4. EM simulation result and LC equivalent circuit simulation result of rhombus shaped resonator, (a) magnitude
and (b) phase.

Table 1. Calculated parameters of the LC equivalent circuit of the rhombus-shaped resonator.

Parameters L1 L2 L3
Calculated 8.08 nH 0.43 nH 0.58 nH
Parameters C1 C2 C3
Calculated 0.25 pF 0.94 pF 1.21 pF

The main resonator has a transmission zero at 4.4 GHz. The equation of transmission zero can be
calculated by the obtained transfer function. Equation (8) shows the location of the other transmission zero.
By using the equation of transmission zero a resonator can be presented with a controllable transmission zero,
which is suitable for suppressing desirable frequency.

TZ =

√
− 1

C1L1
− 1

C2L1
− 1

C2L2
−

√
−4C1C2L1L2+(C1L1+C1L2+C2L2)

2

C1C2L1L2√
2

(8)

L2 is really effective in (8) and so the transmission zero frequency could be controlled by changing the
L2 value. L2 corresponds to the main high impedance line of the resonator. Therefore, for decreasing the
frequency of the transmission zero, this high impedance line length should be increased. Moreover, to increase
the attenuation level of this transmission zero, two resonators can be added to the structure. The new resonator
is shown in Figure 5. This new resonator has a transmission zero at 2 GHz. The frequency response of the new
resonator is illustrated in Figure 6.

The LC equivalent circuit of the new resonator is calculated by (1)–(5), so that L1, L2, and L3 are
calculated by (1) and C1 is computed by (2). L4 and C5 are calculated by (4) and (5), respectively. C4 can
be obtained by the sum of (2) and (5). To have a physical insight into each element, L1, L2, L3, and C1
are related to rectangular structures and L4 and C5 correspond to rhombus-shaped structures. C4 is related
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Figure 5. Structure of the double rhombus-shaped res-
onator.

Figure 6. Frequency response of the double rhombus-
shaped resonator.

to rhombus-shaped and rectangular structures. The double rhombus-shaped resonator is formed by rhombus-
shaped and rectangular structures. The extracted LC equivalent circuit of the double rhombus-shaped resonator
is depicted in Figure 7. The EM simulation result and LC equivalent circuit simulation result of the double
rhombus-shaped resonator are displayed in Figure 8. The values of the LC equivalent circuit of the double
rhombus-shaped resonator are given in Table 2.

Figure 7. LC equivalent circuit of the double rhombus-shaped resonator.

The transfer function and transmission zero of the double rhombus-shaped resonator are extracted similar
to the main resonator. They are written in (9) and (11), respectively.

vo
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Figure 8. EM simulation result and LC equivalent circuit simulation result of the double rhombus-shaped resonator,
(a) magnitude and (b) phase.

Table 2. Calculated parameters of LC equivalent circuit of double rhombus shaped resonator.

Parameters L1 L2 L3 L4
Calculated 3.38 nH 10.3 nH 4.96 nH 0.74 nH
Parameters C1 C2 C3
Calculated 0.27 pF 1.1 pF 0.2 pF

The main resonator and the double rhombus-shaped resonator cannot generate transmission zero at high
frequencies (above 10 GHz). To generate a transmission zero at high frequencies, the capacitance and inductance
values of the structure should be decreased. Thus, the dimensions of the new resonator have to be decreased.
The new suppressor resonator and its frequency responses are displayed in Figures 9 and 10, respectively.

3. Low pass filter design

To design the final low pass filter, the examined rhombus-shaped resonators are combined in Figure 11. The
presented filter generated several transmission zeros, but first and second transmission zeros are really important
and so their equations were calculated in (8) and (11). The frequency response of the final filter is illustrated in
Figure 12. The designed resonators generated three transmission zeros at 2, 4.4, and 11.5 GHz. However, the
coupling structure between the resonators slightly changed the locations of the transmission zeros. In addition,
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two new transmission zeroes at 9.1 GHz and 15.8 GHz were generated by the coupling effect between resonators
in the final structure of the low pass filter, which can improve the stopband of the designed filter.

Figure 9. Suppressor cell structure based on rhombus-
shaped resonators.

Figure 10. Frequency responses of the suppressor cell.

Figure 11. Layout of the final low pass filter. Figure 12. EM simulation results of the final low pass
filter.

4. Simulation and experimental results

The lowpass filter is designed and fabricated on RT/Duroid 5880 substrate, with a relative dielectric constant
of 2.2, thickness of 31 mil, and loss tangent of 0.0009. A photograph and S-parameters of the fabricated LPF
are shown in Figures 13 and 14, respectively.
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Figure 13. Photograph of the proposed LPF. Figure 14. Measured and simulated results of the pro-
posed LPF.

Table 3. Performance comparison between recent published filters and the proposed LPF.

Refs. RO (ξ) (dB/GHz) RSB SF NCS λg × λg FOM
[7] 52.8 1.52 2 0.081×0.113 17638
[8] 57.8 1.61 3.5 0.120×0.100 27142
[9] 188.8 0.92 2 0.200×0.180 9681
[14] 95 1.4 2 0.104×0.214 7388
[15] 75 1.66 2 0.107×0.083 28040
[16] 56.7 1.63 2 0.115×0.116 6928
[17] 74 1.74 2.4 0.090×0.136 25274
[18] 104 1.80 2.5 0.189×0.121 22510
[19] 57 1.19 4 0.180×0.240 6280
[20] 142 1.55 2.4 0.215×0.1 24,569
[21] 100 1.82 1.6 0.02 14,560
This work 123 1.6 2 0.080×0.140 35,780

The expansions for the table’s parameters are as follows: RO = roll-off rate, RSB =relative
stopband bandwidth, SF = suppression factor, NCS = normalized circuit size, and
FOM = figure of merit.

The measured and simulation results are obtained by an Agilent network analyzer N5230A and EM-
simulator Advanced Design System (ADS), respectively. The cut-off frequency of the proposed LPF is 1.54
GHz, while the stopband bandwidth is expanded from 1.76 GHz to 17.6 GHz with 20 dB attenuation level. The
designed filter has a high figure of merit (FOM) equal to 35,780. For comparison, Table 3 shows a summary of
key LPF performance metrics [11]. The group delay is shown in Figure 15. The result shows that group delay
is really low. The designed lowpass filter has very good FOM in comparison other published articles.
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Figure 15. Group delay of the proposed LPF.

5. Conclusion
In this paper, a simple and compact microstrip LPF with an ultrawide stopband based on rhombus resonators
is analyzed, designed, fabricated, and measured. The proposed filter has several desirable features, such as
compact size, return loss better than –16 dB, and ultrawide stopband from 1.76 GHz to 17.6 GHz. With all
these good features, the proposed LPF is recommended for modern communications systems.
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