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Abstract. In this paper, an equivalent circuit model (ECM) for a defected ground structure
(DGS) pattern is proposed and evaluated for designing a compact low-pass filter (LPF). The
proposed ECM is based on microstrip lines and microstrip-slotline transitions. Every slotlines
of the DGS unit are modeled by ideals transmission lines of characteristic impedance and
electrical length. Comparison between full-wave EM and circuit simulations illustrates the
validity of the proposed ECM.

1 Introduction

Recently, various etched defects on metallic ground plane, namely, defected ground structure (DGS)
have been focused by many researchers. They are very efficiently used to improve the performances
of a variety of microwave circuits such as filters, amplifiers, oscillators and antennas [1]-[4]. Usually,
a DGS unit in either microstrip or coplanar waveguide is modeled by lumped elements (LE), i.e, a
parallel LC resonant circuit, known as conventional equivalent circuit model (CECM) connected to
transmission lines at both sides [1]. Furthermore, some circuit models based on an inductor and a
shorted stub for a spiral DGS and a short stub, additional series transmission lines and a resistor for a
dumbbell DGS have also been presented in literature [5], [6]. Even though this type of circuit models
can present a periodic frequency response, they require a full-wave electromagnetic (EM) simulation
in order to determine the values of their elements. However, EM simulation takes a lot of time to
accomplish the design goals. This is a first drawback of this modeling method. The second one is that
there is not relationship between the circuit model parameters and the physical dimensions of the DGS.
Consequently, this modeling technique is not practical for designing microwave circuits in general and
filters in particular. To overcome these limitations, it is necessary to establish an accurate technique
by developing another equivalent circuit model (ECM), which is derived from DGS physical
dimensions and do not need to use EM simulation to achieve it parameters.

In this paper, a proposed equivalent circuit model (PECM) for the DGS is developed and a
systematic method for the parameters extraction is described. Moreover, it is applied to the design a
compact low-pass filter (LPF). The PECM is based on microstrip line model and microstrip-slotline
transitions [7]-[9]. Every slotlines of the DGS are modeled by ideals transmission lines of
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characteristic impedance (Zg;) and electrical length (6;), where i goes from 1 to nb (nb is the slotlines
number). To show the validity of the PECM, three steps are taken in consideration and are as follows:

(i) Comparison between Full-wave EM, CECM and PECM simulations of the DGS unit;

(i1) Application of the PECM to design a compact LPF having three DGS units as an example of

purpose;

(ii1) Comparison between full-wave EM-LPF and PECM-LPF simulations.

The availability of substrate material, which is used in this work, is based on RO4350B Rogers
material with a thickness of 0.25 mm, conductor layers of 35 um and a relative permittivity of 3.63.

2 Equivalent Circuit Model

Based on microstrip line model and microstrip-slotline transitions [7]-[9], a PECM is described in this
section. As a first step, a dumbbell shaped DGS is chosen as an example of application that is shown
in Figure 1.a. Next, the structure is modeled by a conventional parallel inductor (L) and capacitor (C)
resonant circuit connected to transmission lines at both sides as shown in Figure 1.b, where the circuit
elements are given by [1].

@,

C= 20 2 M
2Z,(0f — @)

L= 1 (2)
a;C

where @, =27f, and @, =27f, are respectively the angular resonant frequency and 3-dB cutoff
frequency ( f, and f, are respectively the attenuation pole and cutoff frequencies, they obtained from
the simulated response of a DGS unit using an EM simulator) of the DGS. Z is the characteristic

impedance of the transmission line.

The considered DGS unit is composed of two rectangular defected areas and a narrow connecting
slot as shown in Figure 1.a. The dimensions a, b, g and ¢ are considered to be respectively 5, 3.8, 0.5
and 1 mm. Hence, the achieved attenuation pole and cut-off frequencies using an EM simulator are
respectively 8 GHz and 3.68 GHz. Insertion of these quantities into equations (1) and (2) yield values
of C and L to be respectively 0.25 pF and 1.57 nH. A comparison between CECM, PECM and full-
wave EM simulations will be discussed later.
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Figure 1. DGS unit. (a) Geometry of dumbbell shaped DGS and, (b) Its conventional equivalent circuit model
(CECM)

The PECM for the DGS unit is shown in Figure 2 (Model 1 which corresponds to one DGS unit).
The considered structure is modeled such that, all slotline are modeled by ideal transmission lines of
characteristic impedance (Zg;) and electrical length (6s;), where 1 goes from 1 to nb (nb is the slotlines
number) as shown in Figure 2. In our case, the Slotlines 1 and 3 and Slotlines 2 and 4 indicated in
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Figure 1.a are respectively the two rectangular defected areas (axb) and a narrow connecting slot (gxc).
Next, the short-end of the slotline is represented by an equivalent length [9].
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Figure 2. Proposed equivalent circuit model (PECM) for the cascaded defected ground structures (N: Number of
used DGS patterns)

Finally, the transition of microstrip line to slotline, i.e, the EM coupling between them is modeled
by an ideal transformer as shown in Figure 2, where n is the turn ratio of the transformer. In this work,
for the simplification raison of calculus, the slotlines 1 and 2 are considered respectively similar to
slotlines 3 and 4 as shown in Figure 1.a. The factor k of Figure 2 is equal to the number of similar
DGS patterns connected in cascade.

The slotline equations such as slotline wavelength and slotline impedance used in this work are the
closed form expressions of Janaswamy and Schaubert [9] for low € r substrates obtained by curve
fitting the numerical results achieved from Galerkin’ s method in the Fourier transform domain
(FTD). Theoretical and measurements results of the short-end of the slotline obtained by Yang and
Alexopoulos [10] and Knorr and Seanz [11], respectively, have expected that the end reactance of a
shorted slotline is purely inductive and significant. It increases with the increase of both the slotline

width and h/ A, ratio. The inductive reactance is expressed by an inductance (Lys) connected to the
end of a slotline. The equivalent length of the short-end effect (7, » ) may be up to 0.1 Ag; [9].

Using Agilent ADS simulator, the PECM is simulated for the purpose of comparison to the CECM
and full-wave EM simulations. The schematic circuit of the PECM in ADS simulator is shown in
Figure 3. The electrical lengths /g, .4, Is; and /s, mentioned in Figure 3 correspond respectively to the
electrical length of the short-end effect (s, ., ), &s; and O, . The values of fg; and O, are

selected by considering f; of 8 GHz in.
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Figure 3. Schematic circuit of the PECM in ADS simulator

The required physical length for the first ideal transmission line including the equivalent length of
the short-end effect (L;) as a function of both ratio Ag;/4, (given in [9] for 0.075<a/ly <1) and f
may be estimated by the following expression:

3
L =Ly +0y . ~0.1145°10 Asi 0.1 4,
- Jo Ao (3)
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where Lg; is the physical length of the first ideal transmission without the equivalent length of the
short-end. The frequency f; is given in GHz.

Similarly to the estimated L,, the required physical length for the second ideal transmission line as
a function of both ratio A, / A, (given in [9] for 0.0015 < g/ 2y <0.075) and f; may be estimated by
the following expression:

3 8
~00137c10 Ass 41119 Aso (4)
Jo ;l'o Jo Ao

Figure 4 shows comparisons of EM and circuit models simulations. In Figure 4, it is observed that
an excellent agreement has been found between Full-wave EM and PECM simulations. This result

shows that the PECM provides excellent performances and gives results comparable to the
conventional one.

— e CECM 11

Magnitude of S-Parameters [dB]
[A
o

...... Full-wave EM Sim

Theary : PECM sm

0 2 4 6 8 10 12 14 16

Figure 4. Magnitude of S,; and S;; of DGS unit, CECM, PECM and Full-wave EM simulations
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3 Application of the proposed equivalent circuit model to design a
microwave LPF with DGS

In order to show the validity of the PECM, a DGS-dumbbell LPF has been designed and simulated.
To improve the transfer function response (S;;) of the DGS unit shown in Figure 4, full-wave EM and
circuit simulations with increasing number of cascaded dumbbell-shaped DGS units are performed. It
has been observed that a good response is achieved when three or more units are cascaded. Figure 5
shows the layout of three units of DGS-LPF whereas Figure 6 shows the magnitude of S,; and Sy,
obtained by both full-wave EM and PECM simulations.
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Figure 5. Layout of LPF based on three DGS slots
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Figure 6. Magnitude responses of the DGS-LPF : Theory (PECM simulation) and full-wave EM simulation

From Figure 6, it can be seen that the simulation results obtained by the PECM (theoretical) agree
well with full-wave EM-simulations results. Besides, less time is consumed when simulations are
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performed using the PECM. Consequently, when the number of DGS in a circuit is large (eg. more
than two DGSs), the simulations using the PECM is more advantageous than the full-wave EM
simulations.

4 Conclusion

An Equivalent circuit model (ECM) using transmission line model along with microstrip-slotline
transitions has been proposed to illustrate and design defected ground structure (DGS) unit. All
slotlines of the DGS unit have been modeled by ideals transmission lines of characteristic impedance
Zs and electrical length 6s. Also, The EM coupling between microstrip line and slotline is modeled by
an ideal transformer. To qualify the proposed circuit model, a microwave LPF with DGS based on the
proposed ECM is designed. A good agreement between the circuit simulation and full-wave EM-
simulations of the filter characteristic validates the proposed ECM of the microwave DGS based LPF.
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