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Comb-Shaped Structure Loaded Defected Ground Structure and Its
Application in Low-Pass Filters
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Abstract—A new defected ground structure (DGS) with two transmission zeros is presented for the first
time by loading a conventional dumb-bell-shaped (DBS) DGS with a comb-shaped structure. Equivalent
circuits are developed, and electric parameter extraction is derived. The low-pass filter (LPF) design
method based on the proposed new DGS is given. The fabricated filter demonstrates a sharp, wide,
and high stopband rejection with an ultra-wide 20 dB rejection bandwidth of 21.9fc, and the sharp
attenuation rate is more than 129.4 dB/GHz.

1. INTRODUCTION

Defected ground structures (DGSs) are promising candidates for many components owing to their
inherent stopband and compact size [1–4]. DGSs are also utilized in low-pass filter designs [5–10].
In [5], dumb-bell-shaped (DBS) DGSs are employed to develop LPFs. Interdigital DGSs [6] and split
ring type DGSs [7] are also proposed to design LPFs. These new DGS LPFs in [5–7] have considerably
wider and deeper stopband characteristics than those of conventional LPFs. However, these LPFs are
difficult to achieve both a sharp and wide stopband based on these DGSs in [5–7], which have only
one transmission zero. In [8], an LPF with sharp and wide stopband is developed by combining DGSs,
uniform impedance stubs and stepped-impedance stubs, and yet the design complexity is increased
largely. In [9, 10], two DGSs with two transmission zeros are proposed. However, the DGS LPFs
in [9, 10] have a narrower stopband because the zero separation is not large enough.

In this letter, a new defected structure (DGS) is presented. Theoretical analysis based on equivalent
circuit is carried out, and corresponding electric parameter extraction methods are developed. It is
found that the proposed DGS has two transmission zeros, and the zero location can be tuned flexibly to
produce both a sharp and wide stopband. Finally, an exemplary LPF is designed, and the experimental
results agree well with the simulations.

2. THE PROPOSED DGS AND ITS APPLICATION IN LPF DESIGN

2.1. The Proposed DGS and Its Equivalent Circuit

The proposed comb-shaped structure loading a dumb-bell-shaped DGS is presented in Figure 1(a).
Figure 1(b) shows the HFSS-simulated S-parameters of the proposed DGS. As shown in Figure 1(b),
the new DGS exhibits different response characteristics from the conventional DBS-DGS once the comb-
shaped structures are loaded. Two transmission zeros and one transmission pole appear in the response
of the new DGS.
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Figure 1. (a) The proposed DGS. (b) Simulated S-parameters. The dimension is w1 = 1.5mm,
g1 = 0.5mm, l1 = 5.5mm, a1 = b1 = 12mm, g2 = 0.2mm, 12 = 11.6mm, w2 = 0.25mm, respectively.
The 0.8-mm-thick FR4 with the dielectric constant of 4.4 was used for all cases.

Moreover, zero frequencies can be adjusted by changing the dimension of the periodic comb-shaped
structure. Figure 2(a) compares the simulated responses of the proposed DGSs with different periodical
numbers N . As shown in Figure 2(a), both transmission zeros are drawn to the lower area when
N increases. Furthermore, the comb length l2 can also be adjusted to change the transmission zero
position. In order to continuously inspect the effects of l2 on the response, a comparison has been made
with different l2 in Figure 2(b). Similarly, both transmission zeros are pushed to the lower side when a
larger l2 is utilized.

(a) (b)

Figure 2. Simulated S21 with different parameters. (a) Periodical number N . (b) Comb length l2.

Additionally, due to its double band gap characteristic, the proposed DGS can be described by the
equivalent circuit in Figure 3(a), where CS1 represents the capacitance of the narrow slit in the DGS;
CS2 represents the capacitance brought by the loaded comb shaped structure; and LS1 and LS2 represent
the inductance caused by the rectangular lattice on the two sides of the comb-shaped structure loaded
position. The reactance XDGS of the proposed DGS in Figure 3(a) can be expressed by the following
formula:

XDGS =
(LS1 + LS2)− ω2LS1LS2CS2

ω4LS1LS2CS1CS2 − ω2(LS1CS1 + LS2CS1 + LS2CS2) + 1
(1)
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Figure 3. (a) Equivalent circuit. (b) EM Simulated and circuit simulated S parameters.

Obviously, S21 = 0 when XDGS = ∞. It can be derived from (1) that the two transmission zeros
frequencies of ωZ1 and ωZ2 must satisfy the following relationship:

ω2
Z1 + ω2

Z2 =
1

LS1LS2CS1CS2
(LS1CS1 + LS2CS1 + LS2CS2) (2)

ω2
Z1ω

2
Z2LS1LS2CS1CS2 = 1 (3)

Obviously, S21 = ∞ when XDGS = 0. So, the transmission pole frequency of ωp can be calculated
from (1) as:

ωP = 2πfP =

√
LS1 + LS2

LS1LS2CS2
(4)

DGSs are always employed to replace inductors for the DGS LPF. Consequently, the equivalent
reactance of the proposed DGS should be equal to that of the replaced inductor at the cut-off frequency
of ωc. So

XDGS,ω=ωc = ωcLk (5)

where Lk is the inductance of the inductor replaced by the proposed DGS.
By combining formulas of (1)–(5), all the element values of the equivalent circuit in Figure 3(a)

can be extracted if ωZ1, ωZ2, ωp, ωc, and Lk are predetermined. The calculated element values of the
proposed DGS in Figure 3(a) are LS1 = 8.50 nH, LS2 = 3.00 nH, CS1 = 0.44 pF, and CS2 = 3.73 pF,
respectively. Figure 3(b) shows a good agreement between the EM simulation and equivalent circuit
simulation results, which verifies the validity of the circuit model.

2.2. Low-Pass Filter Design

Here is a seven-pole LPF operating at a ωc of 0.9GHz with the 0.01 dB ripple level which is discussed
below.

Firstly, the LC circuit is given in Figure 4. The values of C1, C3, C5, C7, L2, L4, and L6 can be
calculated from Equations (6) and (7) according to filter theory.

Li =
giZ0

ωc
(6)

Ci =
gi

ωcZ0
(7)

Here gi (i = 1, 2, 3, 4, 5, 6, 7) is the normalized component value of the low-pass filter.
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Figure 4. Seven-pole Chebyshev prototype LPF.

Secondly, DGSs are utilized to realize the inductors in Figure 4. If all three inductors are
implemented with the proposed DGSs, the stopband will deteriorate owing to the fluctuation around
ωP . Consequently, only the middle inductor is replaced by the proposed DGS, and then the equivalent
circuit in Figure 4 is transformed to that in Figure 5.

Next, LC values of the DGSs are calculated. The values of LS1, LS2, CS1, and CS2 are obtained

Figure 5. Modified seven-pole prototype LPF.

Figure 6. The layout of the exemplary LPF.
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from Equations (1)–(5). The values of LD1 and CD1 are calculated according to the following formula:

LD1 =
1

ω2
0CD1

(8)

1

ωcL2
=

1

ωcLD1
− ωcCD1 (9)

where ω0 is the transmission zero frequency of the DBS-DGS.
Let fZ1 = 1.4GHz, fZ2 = 2.8GHz, fP = 1.75GHz, and f0 = 2.5GHz, and Table 1 gives the

calculated values of all the electrical elements in Figure 4 and Figure 5. The four shunt capacitors
in Figure 5 are realized by the low-impedance lines between DGS patterns in Figure 6. The layout
dimension is obtained as: a1 = b1 = 12mm, a2 = b2 = 11.6mm, g1 = 0.5mm, g2 = 0.2mm, g3 = 1mm,
l1 = l3 = 5.5mm, l2 = 11.6mm, w1 = 1.5mm, w2 = 0.25mm, w3 = 5.5mm, D1 = 15mm, D2 = 24mm.

Table 1. Calculated values of all the circuit parameters.

Parameters Values Parameters Values Parameters Values Parameters Values

C1, C7 3.37 pF L2, L6 14.05 nH LS1 8.31 nH CS2 3.64 pF

C3, C5 7.16 pF L4 16.35 nH LS2 3.06 nH CD1 0.42 pF

CS1 0.47 pF LD1 12.18 nH

(a) (b)

Figure 7. (a) Simulated and measured S21 and S11. (b) Top and bottom view of the filter.

3. EXPERIMENTAL RESULTS

Figure 6 shows the layout of the designed LPF. Figure 7(a) shows the HFSS simulated and measured
S-parameters of the fabricated LPF. The simulated 3 dB passband extends to 0.9GHz with |S11| higher
than 18 dB, while the measured one extends to 0.87GHz with |S11| higher than 11 dB. The simulated
roll-off at the transition knee is 129.4 dB/GHz while the measurement is 129.4 dB/GHz. The simulated
20 dB rejection stopband ranges from 1.04GHz to 20.0GHz while the measurement ranges from 0.97GHz
to 20.0GHz. In conclusion, the simulated and measured results of the filter are in good agreement, with
good in-band and out-of-band characteristics. Figure 7(b) shows a photograph of the filter. The size of
the LPF is 0.071λ2

g, where λg is the microstrip line guided wavelength at the cut-off frequency.
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Table 2. Comparison with the low-pass filter in the paper.

Reference
Cut-off Frequency

(GHz)
Size (λ2

g)
Roll-Off

dB/GHz)

Stop-Band FBW

(20 dB)

[6] 3.00 0.026 16.5 1.9fc

[7] 3.37 0.036 188.7 1.7fc

[8] 1.00 0.016 78.0 18.1fc

[9] 4.00 0.285 130.0 4.7fc

[10] 1.90 0.030 75.0 5.3fc

This work 0.87 0.071 129.4 21.9fc

Table 2 compares the proposed LPF with several reported high-performance DGS LPFs. Compared
with other LPFs, the proposed LPF has the widest stopband and a sharper transition except that in [7].
So, the proposed LPF exhibits both a sharp and wide stopband.

4. CONCLUSIONS

A DGS with a comb-shaped structure is presented. In comparison with other DGSs, it has two tunable
transmission zeros. Thus, both a sharp and wide stopband can be achieved for LPFs based on the
proposed DGS. The designed LPF has been tested, and the measurement agrees well with the simulation,
proving the feasibility of the proposed DGS.
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