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Abstract 
 
This paper presents a wide-band transmission line model for 

defected ground structures (DGSs) based on a mode-conversion 

between microstrip- and slot-lines. The defects on the ground plane 
are modeled as short- or open-ended transmission lines (TLs) with 

slot-line characteristics. The transition between microstrip line and 

ground defect is modeled with interdependent voltage and current 
sources, of which the first one is placed in series with the microstrip 

line, and the latter in-shunt with the slot lines, respectively. A 

complete set of geometry-dependent analytical expressions for the 
ABCD parameter of a two-port microstrip line crossing over the 

defected structure is provided. Therefore, the proposed model can 

be readily integrated into computer-aided design programs. The 
model’s accuracy is verified in various defect shapes by comparing 

its results with those from HFSS simulations and measurements.  

 
 

Keywords: Defected ground structure (DGS), DGS Modeling, 
circuit model, microstrip line, mode-conversion, wide-band model, 

slot-line. 

Öz 
 
Bu makale, kusurlu toprak yapıları (DGS'ler) için mikroşerit ve 

yarık hatlar arasında mod dönüşümüne dayanan bir geniş bantlı 

iletim hattı modeli sunmaktadır. Toprak düzlemindeki kusurlar, 
yarıklı hat (slot-line) özelliklerine sahip kısa veya açık devre ile 

sonlandırılmış iletim hatları (İH'ler) olarak modellenmiştir. 

Mikroşerit hat ile topraklama kusuru arasındaki geçiş, sırasıyla ilki 
mikroşerit hat ile seri ve ikincisi yarık hatlarla şönt olarak 

yerleştirilmiş birbirine bağlı gerilim ve akım kaynakları ile 

modellenmiştir. Önerilen modelde kusurlu yapı üzerinden geçen iki 
portlu bir mikroşerit hattın tüm ABCD parametresi geometriye bağlı 

bir analitik ifadeler seti sağlanmaktadır. Bu da, önerilen modelin 

bilgisayar destekli tasarım programlarına kolayca entegre 
edilebilmesine olanak sağlamaktadır. Modelin doğruluğu, model 

sonuçlarının HFSS simülasyonları ve ölçümlerinden alınan 

sonuçlarla karşılaştırılarak çeşitli kusur şekilleri için doğrulanmıştır. 
 

Anahtar Kelimeler: Devre modeli, geniş bant modeli, DGS 
modelleme, kusurlu toprak yapısı (DGS), mikroşerit hattı, mod 

dönüştürme, yarıklı hat. 
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1. INTRODUCTION 

 

Thanks to their compact size and ease of implementation, defected ground structures (DGSs) find 

their utilization in almost all types of microwave circuits including, amplifiers, filters, oscillators, 

and antennas (Jahan et al., 2020; Jong-Sik Lim et al., 2001; Khalid et al., 2020; Luo et al., 2018; 

Wei et al., 2017; Zhong et al., 2017). An accurate analytical model for the DGS is a major demand 

for microwave circuit designers; therefore, various circuit models are proposed (Ahn et al., 2001; 

Caloz et al., 2004; Challal et al., 2016; Chul-Soo Kim et al., 2002; Jun-Seok Park et al., 2002; 

Karmakar et al., 2006; Khandelwal et al., 2017; Knorr, 1974; Park et al., 2005; Sis et al., 2022; 

van Nechel et al., 2019; Woo et al., 2013). A parallel LC resonator produces the same electrical 

response as that of DGS (Ahn et al., 2001; Khandelwal et al., 2017; Woo et al., 2013). This simple 

model is useful for characterizing the DGS for a given electrical response; however, its narrowband 

response makes this model valid near the fundamental resonance frequency of the DGS. For 

wideband modeling, multiple cascaded LC circuits are proposed for representing higher-order 

resonances as well (van Nechel et al., 2019). Nevertheless, both models do not possess expressions 

relating the circuit geometry to its lumped element values; therefore, they are not quite useful for 

predicting the circuit’s response in the initial design stage. 

 

Other more complex lumped element models are also proposed in the literature (Jun-Seok Park et 

al., 2002; Karmakar et al., 2006; Khandelwal et al., 2017). The π-shaped lumped model in (Jun-

Seok Park et al., n.d.) is a slightly modified version of the LC model with extra shunt-connected 

RC branches on both sides of the series-connected parallel LC resonator. These extra RC 

components provide the model to represent phase variation as well and yield more accurate results 

(Jun-Seok Park et al., 2002; Khandelwal et al., 2017). This model, however, also does not provide 

a direct relationship between the geometry of the circuit and the lumped element values. The quasi-

static model (Karmakar et al., 2006) overcomes the aforementioned limitation by providing model 

parameters as a function of the physical dimensions of the DGS. Yet this model represents DGS 

near its fundamental resonance frequency and seems not to be accurate in wideband simulations.    

 

The transmission line (TL)-based models are inherently suitable for wide-band modeling of 

distributed circuits; therefore various circuits are proposed for modeling DGSs (Caloz et al., 2004; 

Challal et al., 2016; Chul-Soo Kim et al., 2002; Das, 1993; Knorr, 1974; Park et al., 2005; Sis et 

al., 2022). In the TL-based models, the defects on the ground plane are usually represented by 

ideal TLs with slot-line characteristics (Caloz et al., 2004; Challal et al., 2016; Park et al., 2005), 

hence, these ideal TLs exhibit repeating resonance frequencies, which are observed in the 

frequency response of real DGS-based circuits. In these models, usually, the transition between 

the microstrip line and the defect is represented by an ideal transformer.  

 

A TL model, based on a mode-conversion between the microstrip line and slot-line, was reported 

a while ago, even before the concept of DGS was not well-defined, for use in modeling signal 

integrity issues at the split ground planes (Haw-Jyh Liaw & Merkelo, 1996). In this mode-

conversion-based transmission line (MCTL) model, the signal transition between microstrip and 

slot-line transmission lines is represented by interdependent voltage and current sources rather 

than transformers, which provide more physical insight than modeling through inductive coupling 

via transformers.     

 

This paper revisits the mode conversion technique between transmission lines and proposes a wide 

band TL model for use in defected ground structures. Complete analytical expressions are derived 

as a function of the physical dimensions of DGS, making the model suitable to be readily utilized 

in a CAD software. The accuracy of the model is verified in various DGS shapes for wide 

frequency bands by comparing the model’s results with those from HFSS (Ansys, H. F. S. S. 

“Ansys Inc.,” 1998) simulations and measurements.  
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2. MODE CONVERSION-BASED TL MODEL FOR DGSs 

 

A typical DGS structure and the schematic of the mode conversion-based transmission line 

(MCTL) model are shown in Fig. 1 (a) and (b), respectively. TL models for the microstrip line and 

slot-line on the ground defect are shown in two different dashed boxes and the signal in these two 

transmission line modes are converted to one another through dependent voltage and current 

sources as shown in Fig. 1 (b). The return current of the microstrip line on the ground plane is split 

into two halves by the defect and converted into the slot-line current, which is represented by the 

dependent current source Isl in the model as shown in Fig. 1 (b). 

 

 
 

Figure 1. (a) A typical DGS structure and (b) schematic of the MCTL model for a typical 

DGS structure. 

 

Since the Isl is the return of the current passing through the microstrip line, Ims, it is dependent and 

equal to the Ims. The voltage seen across the slot-line, Vsl, is essentially the voltage seen on the 

dependent current source (Isl) as seen in Fig 1 (b), and is formed as follows: 

 

sl sl inV I Z                                                                                                                              (1) 

 

where Zin is the parallel of the impedances seen towards both halves of the slot-line (Zin=Zin1//Zin2). 

The Vsl rules the value of the dependent voltage source, Vms, placed between the two halves of the 

microstrip line (Fig. 1 (b)). This way, the effect of introduced impedance due to the slot-line on 

the ground plane (Zin) is simply reflected in the microstrip part of the model as shown in Fig. 1 (b). 

In the model, the Zms1, Zms2 and lms1, lms2 are characteristic impedances and lengths for the 

microstrip lines, respectively. Similarly, the Zsl1,…Zsln, and ls1,…lsn are characteristic impedances 

and lengths for the slot lines, respectively. The impedances Zin1 and Zin2 are the input impedances 

of the cascaded ideal slot-line transmission lines on both sides of the dependent current source as 

shown in Fig. 1 (b). The ends of each half of slot lines may be short or open, respectively. 

Analytical expressions for Zin1 and Zin2 depend on the configuration of the cascaded slot-line 

structure. To illustrate this, four different configurations of slot-line defects on the ground plane 

are considered as shown in Fig. 2 (a)-(d).  
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Figure 2. A top view of four different configurations of slot-line defects on the ground plane: 

(a), (b) a uniform slot line with constant width throughout the whole defect with short 

(configuration 1) and open (configuration 2) ends, respectively, (c) a uniform slot with 

asymmetric placement (configuration 3), and (d) a V-type branched slot line defect 

(configuration 4). 

 

The first two configurations (Fig. 2 (a) and (b)) employ slots that are symmetrically divided under 

the microstrip line, and the slots are short- and open-ended in these configurations, respectively. 

The third configuration (Fig. 2 (c)) employs an asymmetrically divided slot in which one edge is 

ended with an open and the other edge is ended with a short circuit. The last configuration (Fig. 2 

(d)) employs V-type branched slots, which are also symmetrically divided under the microstrip 

line. For the uniform slot structure with a constant width over the whole defect, as seen in Fig. 2 

(a)-(b), the Zin1 and Zin2 are simply as follows for the short-ended slot line (Fig. 2 (a)): 

 

1,2 tan( )in sl sl slZ jZ l                                                                                                                 (2) 

 

and for the open-ended slot-line (Fig. 2 (b)):  

 

1,2 cot( )in sl sl slZ jZ l                                                                                                                (3) 

 

respectively (Pozar, 2011). In (2) and (3), the Zsl, lsl and βs1 are the characteristic impedance, length, 

and wave-constant for the slot structure, respectively. The characteristic impedance of a slot-line 

(Zsl) as a function of its physical dimensions is as follows (Janaswamy & Schaubert, 1986) :      
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where εr, λ0, d, and g are the relative permittivity of the dielectric layer, the wavelength at free 

space, the thickness of the dielectric layer, and the width of the slot, respectively. The expression 

of Zsl in (4) is valid for 2.22 < εr < 3.8 and 0.0015 < g/λ0 < 0.075. The effective dielectric constant 

of the slot line (εeff) is as follows (Janaswamy & Schaubert, 1986):  

 

20( )eff
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                                                                                                                                  (5) 
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The Zin1 and Zin2 for the third configuration, shown in Fig. 2 (c), can be obtained using the 

transmission-line impedance equation as follows (Pozar, 2011):   

 

1 1 1 1tan( )in sl sl slZ jZ l                                                                                                              (7) 

 

and 

 

2 2 2 2cot( )in sl sl slZ jZ l                                                                                                              (8) 

 

Since the short-ended slot lines on the V-type branches in the last configuration (Fig 2 (d)) are 

electrically-connected in series, the Z1L and Z2L are as follows:   

 

1,2 2 2 22 tan( )L sl sl sZ jZ l                                                                                                            (9) 

 

Then the Zin1 and Zin2 for the fourth configuration, shown in Fig. 2 (d), can be obtained using the 

transmission-line impedance equation as follows (Pozar, 2011): 

 

1,2 1,2

1,2

1,2 1,2

tan( )

tan( )

L sl sl s

in sl

sl L sl s

Z jZ l
Z Z

Z jZ l









                                                                                          (10) 

 

Once the parallel impedances, Zin1 and Zin2, are calculated, then the total input impedance seen 

towards the defect, Zin, is as follows:   
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1 2/ /in in inZ Z Z                                                                                                                    (11) 

 

The characteristic impedances of slot lines used in the above equations, Zsl1 and Zsl2 (see Fig 2 (c) 

and (d)), can also be calculated using (4). It should be noted that the above-given configurations 

in Fig. 2 are just four examples of many different defect shapes presented in the literature. The 

MCTL model discussed in this work is not limited to those four configurations but can be readily 

utilized for all defect configurations by applying the basic transmission-line theory. Once the input 

impedances of the defect (Zin) is calculated for all four configurations using (2)-(10), then the two-

port network parameters of the MCTL model in Fig. 1 (b) can be extracted by first treating the 

microstrip part of the model as three separate cascaded networks as shown in Fig. 3.  

 

 
 

Figure 3. The three-cascaded sections of the microstrip part in the MCTL model.  

 

The total ABCD parameter of this two-port network is the matrix multiplication of the ABCD 

parameters of each network as follows:   
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where βms1 and βms2 are the wave constants for the microstrip transmission lines. The characteristic 

impedance of microstrip transmission-line sections, Zms1 and Zms2, are calculated using the 

expressions given in (Pozar, 2011).    

      

 

3. ELECTROMAGNETIC SIMULATIONS AND MEASUREMENT RESULTS  
 

The MCTL model is verified by comparing its results with those from measurement and 

electromagnetic (EM) simulation results on four different circuit configurations, which are exactly 

the same as in Fig. 2. The physical dimensions of the realized circuits are detailed in Table I. A 

Rogers’ 4003C ceramic laminate with a dielectric thickness, conductor thickness and relative 

permittivity (εr) of 0.508 mm, 35 µm and 3.55, respectively, is utilized as a substrate. In all these 

four configurations, microstrip line width is chosen as 1.096 mm to achieve a 50 Ω characteristic 

impedance for the aforementioned substrate properties.  The EM simulations are performed in 
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high-frequency structure simulator (HFSS) and its’ full two-port scattering parameters (S-

parameters), for 50 Ω port impedance,  are obtained within a frequency range of 100 MHz – 6 

GHz. The two-port scattering parameters (S-parameters) of the fabricated circuits are measured 

using an Agilent PNA series E8362B network analyser with a 50-Ω system impedance.  

 

Table 1. Physical Dimensions of the Circuits Used in Verification of the Model 

 

Conf. 
Slot 

width (g) 

Slot Length 

(lsl)* 

Microstrip line 

Width (W) 

Microstrip line 

length (lms) 

1 0.5 mm 50 mm 1.096 mm 95.7 mm 

2 0.5 mm 75 mm 1.096 mm 95.7 mm 

3 0.5 mm 
lsl1=35.5 mm, 

lsl2=37.5 mm 
1.096 mm 47.6 mm 

4 
g1=0.5 mm 

g2=0.5 mm 

lsl1=10.5 mm, 

lsl2=10.5 mm 
1.096 mm 47.6 mm 

* The defect length is twice the length of the slot length (lsl) given in the Table. That is, the lsl is defined as half of the total defect length (see Fig. 
2).  

 

Fig. 4 (a)-(d) shows a comparison of the MCTL model’s results with those from EM simulations 

and measurement results for configurations 1-4, respectively. As seen in Fig. 4 (a) and (b), a very 

good agreement is achieved between these three results in frequency range of 100 MHz to 6 GHz. 

Since configuration 2 has a longer slot length, it creates larger number of resonance dips in 

measured frequency range (Fig. 4 (b)). Having a short-ended load for the slot line in configuration 

1 causes a low-pass filter response at low frequencies (Fig. 4 (a)). On the other hand, having an 

open-ended load for the slot line in configuration 2 causes a transmission zero at DC (Fig. 4 (b)). 

Fig. 4 (c) shows comparison of the MCTL model’s results with those from EM simulations and 

measurement results for configuration 3. As seen in Fig. 4 (c), the asymmetric placement and 

different ending of the slots on each side causes slight deviation between MCTL model, HFSS and 

simulation results. Finally, Fig. 4 (d) shows the same comparison for the fourth configuration. A 

good agreement is achieved between MCTL model, HFSS and simulation results.  
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Figure 4. Comparison of the MCTL model’s results with those from EM simulation and 

measurement for (a) configuration 1, (b) configuration 2, (c) configuration 3 and (d) 

configuration 4. 

 

It should be noted that the MCTL model here is limited only to typical slot structures as in four 

configurations shown in Figure 2. In case of employing complex defects such as meandered slots 

exhibiting slow-wave effect, and sharp discontinuities, the MCTL model should be modified to 

include those effects.  

 

 

4. CONCLUSION 

 

In this paper, a wide-band MCTL model, originally utilized for modeling the discontinuities on 

the split ground planes is applied to defected ground structures successfully. The model’s accuracy 

is verified through the HFSS simulations and measurement results of four circuits with different 

defect configurations. Complete analytical expressions for the two-port model presented in this 

work can be readily incorporated into an RF circuit simulator. Since the model is a distributed 

element model built on transmission line theory, any structural modifications on both the slot and 

the microstrip line can simply be incorporated into the modeling of the corresponding transmission 

line.   
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