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Abstract. Novel closed form expressions to investigate 
CPW-fed miniaturized planar monopole antennas are 
presented. The analysis of a CPW-fed strip monopole 
structure is further extended to derive expressions for the 
input impedances of miniaturized strip-monopoles sup-
porting slow wave propagation. The concept includes the 
modification of the propagation constants of the structures 
and the modeling of them into their equivalent straight 
rectangular strip-monopoles on planar substrates. The 
meandered/miniaturized strip-monopole radiators are 
disintegrated to model them as the superposition of simpler 
structures and circuit theoretic analyses are performed. 
The correctness of the reported expressions is validated 
against the simulations as well as the experimental meas-
urements. Such closed-form analysis facilitates simpler 
design procedures against other available techniques such 
as conformal mapping and full wave analysis. The circuit 
theoretic approach reduces the computational require-
ments as against the available commercial EM solvers and 
provides a suitable interface platform for system analysis. 
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1. Introduction 
With the advent of the ubiquitous wireless communi-

cation technologies along with the cutting-edge precision 
of fabrication, antenna miniaturization has become the 
focal point of electromagnetic researches in the recent 
years. Particularly, in medical applications, home and of-
fice appliances like the internet dongles and mobile hand-
sets – the need for highly accurate and compact antennas, 
with greater reliability and lesser space requirements have 
become the primary topics of interests today. Implantable 

applications for medical requirements, [1], [2] facilitate the 
use of meandered antennas for miniaturization of the com-
ponents. A meandered monopole antenna with shorted 
parasitic strips to yield a triple-band response was reported 
in [3] for WLAN and UMTS applications. Compact strip-
monopole antennas for dongle and WLAN applications  
[4–6], Yagi-Uda radiator with CPW-fed strip monopole 
structures [7] and a CPW-fed strip monopole antenna for 
multiple system integration [8] are reported in recent 
works. These literatures highlight the importance of inves-
tigating strip-monopole structures and their mean-
dered/miniaturized counterparts to develop theoretical 
knowledge for accurate designs. 

Despite being so widely used for decades – the com-
plete impedance characteristics even for the thin wire di-
poles remain elusive till date [9] and further scopes of 
investigation are abundant. In [9], it is also reported that 
the different simulator and solver packages available for 
electromagnetic researches lead to different impedance 
values for dipole structures and the accuracy of the results 
depends on the numerical techniques used by the packages. 
These techniques [10–13] are complex and they offer ge-
ometry-dependent-convergence as described in [9] along 
with additional requirement of computational resources. 

In this article a simple yet novel technique is pro-
posed to analyze the CPW-fed structures by considering 
the feed as a 50Ω transmission line and by modeling the 
miniaturized structures into their equivalent strip monopole 
configurations. The two miniaturized structures reported in 
this work are a meandered zigzag-shaped antenna configu-
ration which is a planar counterpart of a normal mode helix 
and a planar corrugated monopole radiator inspired by the 
multiple meander-strip monopole structure as in [14]. It is 
also shown that they have similar radiation patterns like 
an ordinary monopole structure. The observation that both 
of them are supporting slow-wave propagation, leads to 
a modification of the propagation constants which in turn is 
used to model the input characteristics of the original 
structures. 
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For completeness the analysis of a CPW-fed strip 
monopole radiator is briefly presented in Sec. 2.1 [15]. The 
printed zigzag-shaped structure is then considered 
(Sec. 2.2) which is a planar counterpart of a normal-mode 
helical antenna [16]. Albeit there are available literature on 
the impedance characteristics of axial mode zigzag anten-
nas [17], studies on normal mode planar zigzag monopoles 
are unknown to the authors. Later, the planar corrugated 
monopole radiator is considered. This structure also sup-
ports slow-wave propagation and is modeled as a superpo-
sition of four normal-mode zigzag antennas. Circuit theo-
retic analyses are used to find closed-form expressions for 
the input characteristics of this configuration. Section 3 
presents the simulation results along with those obtained 
from the measurements and compares the same with the 
proposed theoretical formulations. The achieved miniaturi-
zations for the two structures are also depicted graphically 
as compared to single rectangular strip monopoles of the 
same radiating heights in this section. Radiation patterns of 
both the antennas are provided to support the claim of the 
authors that they are radiating in the normal-mode. 

2. Theoretical Formulation 

2.1 Analysis of the Strip Monopole Structure 

Recently a theoretical investigation on the input char-
acteristics of a strip monopole using induced EMF method 
has been reported [15]. In the work, to find the expression 
for near zone electric field intensity radiated by the an-
tenna, the ground plane was considered to be extended to 
infinity and image theory was used to conceive a dipole 
structure. This is technically justified as the CPW-grounds 
are adequately large compared to the total length of the 
central line and the slots separating it from the grounds, 
and such assumptions are also used in numerical tech-
niques and full-wave analysis as cited in [11]. The configu-
ration along with the dipole and the necessary coordinate 
system are shown in Fig. 1. The total value of EZ on the  
Z-axis becomes [12], [13], 
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Substituting the value of EZ from (1) in (2) the resistive and 
reactive parts of the input impedance are expressed in 
terms of cosine and sine integrals as follows [18], [19]. 

 
                                        (a)                           (b) 

Fig. 1. (a) Top view of the printed strip monopole, (b) the 
corresponding dipole with the coordinate system. 
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Expressions for the input impedance of the configu-
ration shown in Fig. 1(a) are calculated by modeling the 
CPW line as an equivalent lossless transmission line hav-
ing characteristic impedance equal to R0. The input imped-
ance of this assembly is expressed as [20] 
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where ZA is the input impedance of the antenna, R0 is the 
characteristic impedance of the CPW line, and L is the 
length of the line. 

2.2 Analysis of the Normal Mode Zigzag 
Radiator 

A zigzag monopole antenna along with a CPW feed is 
printed on an A  B dielectric substrate as shown in Fig. 2(a). 
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Fig. 2.  (a) A zigzag monopole antenna, (b) the equivalent 

dipole model and (c) its circuit representation.
 

The width of the antenna is d and the pitch is h. The pitch 
angle of the structure is denoted by . Phase velocity along 
the zigzag conductor is considered to be equal to the ve-
locity of light in the substrate – calculated using its effec-
tive dielectric constant. This assumption is used to obtain 
the phase velocity along Z-axis [21], [22], and the propa-
gation constant βmod along the same as in (6) and (7) re-
spectively 
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where λg = vzp / f  and ω = f / (2π).  

As a first order approximation, the zigzag structure is 
considered as a rectangular strip monopole supporting 
a slow wave with the modified propagation constant mod. 
With the symbols having their usual meanings, expressions 
for the resistance and the reactance of the zigzag monopole 
structure are derived from (3), (4) as (8), (9), 
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Direct use of the expressions, however, is not desired 
because the width of the equivalent strip d is fairly large. 
A close look reveals that the Z-components of the current 
element that makes an acute angle with the horizontal line 
is located along the left side of the modeled rectangular 
strip. Other set of inclined current elements making 
an obtuse angle with the horizontal line will contribute to 
a set of Z directed current elements concentrated at the 
right side of the conceived rectangular strip. Each set of 
vertical current elements is approximated to a single line 
current which in turn is considered as an imaginary mono-
pole. This assumption permits a configuration consisting of 
a pair of parallel monopoles of height H (H being the 
physical height of the zigzag structure) separated by 
a distance d and fed by the same source, to model the origi-
nal structure. The model is shown in Fig. 2(b) and its cir-
cuit theoretic representation is shown in Fig. 2(c), where 
Z11 is the self-impedance of the constituent monopoles and 
Z12 is the mutual impedance between them. Expressions (8) 
and (9) can be simultaneously used by replacing d/2 with d, 
which is the gap between the equivalent constituent mono-
poles, to determine the values of the mutual impedances 
[23]. The width of the individual imaginary monopoles is 
considered to be very small and a value of d = .005 mm is 
used to calculate the corresponding self impedances. 

Since both the constituent monopoles are being ex-
cited using the same voltage source, the series impedances 
in Fig. 2(c) can be connected in parallel as shown in Fig. 3 
[24]. From Fig. 3 one can easily obtain the expression for 
the input impedance of the zigzag structure at the point P 
of Fig. 2(a), 
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Correspondingly, the input impedance at the CPW-feeding 
port of the structure is obtained by translating the imped-
ance along the length L of a 50Ω transmission line using (5).  

 
Fig. 3.  Simplified circuit model to evaluate the input 

impedance. 
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2.3 Analysis of the Corrugated Monopole 
Antenna 

This analysis is motivated by the concept depicted in 
[20], [25], [26] where a single turn of a helix was consid-
ered as a combination of a vertical conductor and a loop 
connected in series. In this paper a reverse concept is used, 
that is, a vertical and horizontal current element forming an 
inverted L are combined to get an inclined current carrying 
conductor as shown in Fig. 4(b). The corrugated planer 
monopole antenna is shown in Fig. 4(a). For simplicity it is 
considered that the corrugated strips of the configuration 
are made of very thin lines, that is, w  0. The simplified 
corrugated part is shown in Fig. 4(c). 

It is to be noted that, according to the simulations, the 
antenna was designed to resonate around 5 GHz. Before 
proceeding any further, the current directions on the origi-
nal structure are investigated using the simulations on 
ANSYS HFSS [27]. Figure 5 shows the simulated current 
directions on the proposed corrugated structure. 

For the purpose of theoretical analysis it is assumed 
that w  0. From the current distribution shown in Fig. 5 it 
is observed that the horizontal arms support current ele-
ments in two different directions, viz., towards and away 
from the vertical arm. These two sets of current elements 
suggest two different corrugated structures as shown in 
Fig. 6(a). Each such component may be bifurcated as 
shown in Fig. 6(b). 

 
Fig. 4.  (a) Planer corrugated monopole antenna configuration; 

(b) an inverted L shaped current element and its 
equivalent inclined counterpart; and (c) the thin 
corrugated structure. 

 
Fig. 5.  Simulated current distribution on the proposed 

structure at 5.15 GHz and the highlighted currents in 
the proposed schematic. 

 
Fig. 6.  Two components of the original structure and their 

possible bifurcation. 

 
Fig. 7.  Equivalent zigzag representations of the first 

corrugated component. 

Considering first the left corrugated component of 
Fig. 6(a) and using the equivalence described in Fig. 4(a), 
each bifurcated part may be represented by a zigzag for-
mation as shown in Fig. 7(a) and (b). Figure 7(c) shows the 
equivalent model of the corrugated antenna using two zig-
zag patterns. 

Similar arguments will derive the equivalent repre-
sentation of the other corrugated component as shown in 
Fig. 8. From the above discussion it may be noted that if 
the original antenna is bisected into its left and right coun-
terparts then each part can be represented by a pair of 
equivalent zigzag structure and by the argument presented 
in Sec. 2.2 each such zigzag structure can be represented 
by a strip monopole antenna. The axis of this pair being 
identical they may be represented by a single strip mono-
pole structure. This leads to the equivalent representation 
of the original corrugated monopole into a pair of strip 
monopole antenna fed from a single source. 

Assuming the pitch angle of the constituent zigzag 
structures to be θ; and the phase velocity along the zigzag 
conductor equal to the velocity of light in the substrate  
– calculated using its effective dielectric constant – one 
may utilize equations (6), (7) to calculate the phase ve-
locity along the Z-axis as vzp and the modified propagation 

 
Fig. 8.  Equivalent zigzag representation of the second 

corrugated component. 



952 A. BANERJEE, K. PATRA, S. CHATTERJEE, ET AL., THEORETICAL INVESTIGATIONS ON THE RESONANCE … 

 

 
                                          (a)                                        (b) 

Fig. 9.  (a) Equivalent strip monopole representation for the 
corrugated structure. (b) Equivalent thin corrugated 
structure. 

constant βmod, required for the formulations. Equivalent 
representation for the present structure, therefore, should 
contain four such thin strip monopoles of height H = 4h as 
shown in Fig. 9(a). 

The current voltage relations in the conceived anten-
nas in Fig. 9(a) is represented by the same technique as 
described during the analyses in Sec. 2.2 as 
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Since two zigzag antennas represent the bifurcated 
portions of the corrugated monopole, the gap  between the 
second and the third antenna should be very small and in 
the limit it should tend to zero. With this assumption one 
gets, 
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i.e. Z1 is the self-impedance of a thin strip monopole of 
height H, Z2 is the mutual impedance between two thin 
strip monopoles of height H and separation d/2, Z3 is 
mutual impedance between two thin strip monopoles of 
height H and separation d. Solving (11) one gets, 
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From the parameters explained in Fig. 4 the equiva-
lent thin corrugated structure is shown in Fig. 9(b) and the 
modified propagation constant for the structure is given by 
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Equations (11), (13), (14) along with (5), (8–10) can 
be utilized to find the input characteristics of the corru-
gated monopole radiator. The following section will dis-
cuss and compare the simulated and measured results with 
the theoretical predictions. 

3. Results and Analyses 
In the last section theoretical analysis for three differ-

ent monopole structures, viz., strip monopole shown in 
Fig. 1, zigzag monopole shown in Fig. 2 and corrugated 
monopole shown in Fig. 4 has been made. In this section 
these formulations will be used to estimate the possible 
miniaturizations achievable from these structures. Arlon 
AD430 with dielectric constant 4.3 and thickness of 
0.762 mm is used as substrate for all subsequent applica-
tions. In Fig. 10(a) input impedance of a zigzag antenna is 
compared with that of a strip dipole antenna with the same 
height and width. Similar comparison for corrugated mon-
opole is made in Fig. 10(b). It is to be noted that for the 
zigzag-shaped normal-mode structure the degree of minia-
turization is more compared to that for the corrugated con-
figuration. 

A prototype of the zigzag-shaped normal-mode radi-
ator (as shown in Fig. 2) is fabricated with the dimensions 
A = B = 35 mm, h = 4 mm, d = 3 mm, g = 0.3 mm, 
f = 4.46 mm, L = 10 mm, H = 7 mm as in Fig. 11 and the 
width of the zigzag strip is taken as 0.3 mm respectively. 
The feed-width of the CPW-excitation, to maintain 50Ω 
characteristic impedance, is calculated using the IE3D Line 
Gauge Calculator [28]. 

Figure 12(a) includes the plots of experimental and 
the theoretical input impedances of the fabricated structure. 
The figure shows that the resonating frequencies for both 
the theoretical and the experimental plots are almost the 
same. Figure 12(b) describes the comparison between the 
theoretical and the measured results of S11. Considering the 

 
Fig. 10.  (a) Impedance plots of the zigzag shaped structure and 

a corresponding strip monopole radiator (both of total 
height H = 7 mm and width = 3 mm). (b) Impedance 
plots of the corrugated monopole structure and a corre-
sponding strip monopole radiator (both of total height 
H = 8 mm and width = 3 mm). 

 
Fig. 11.  The fabricated prototype of the normal-mode zigzag 

structure. 
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Fig. 12.  (a) The comparison of the theoretical and the experi-

mental values of the input impedance. (b) The com-
parison of the theoretical, simulated and the experi-
mental values of S11 for the zigzag-shaped normal-
mode radiator. 

 
Fig. 13.  Measured (a) E-plane and (b) H-plane radiation 

patterns for the normal-mode zigzag-shaped radiator at 
4.53 GHz. 

size of the structure, which is electrically comparable to the 
size of the available connectors, one has to cater for the 
probe inaccuracies by taking into account their reactances 
[29]. Therefore a small inductance of 0.48 nH is assumed 
to be connected in series to the antenna configuration and 
the theoretical results are compared with the final meas-
urements accordingly. 

The measured frequency of resonance for the zigzag-
shaped structure is 4.53 GHz whereas; the predicted fre-
quency of resonance is obtained at 4.42 GHz with that of 
the simulations at 4.51 GHz. Further theoretical experi-
mentation suggests that the discrepancies in amplitudes 
may have existed due to some error in fabrication that may 

generate a higher characteristic impedance of the CPW 
feed. Moreover the difference might also be possible due to 
the heuristics used in the theoretical modeling procedure. 
The claim of the work lies in the fact that not only it has 
succeeded to predict the resonant frequency with a high 
accuracy, but also the nature of the predicted curves shows 
a good match with the measured ones. It can also be men-
tioned here that the measured radiation patterns of the 
structure, as shown in Fig. 13(a, b), support the claim that 
it radiates in the normal mode. The measured maximum 
realized gain of the zigzag structure was found to be 
0.672 dB at 4.53 GHz. 

To analyze the corrugated monopole structure as in 
Fig. 4, a design to resonate around 5 GHz band is simu-
lated and optimized using ANSYS HFSS. The optimization 
was carried out to fix the width d and the pitch p of the 
corrugated strips as in Fig. 4. Figures 14(a, b) give the 
optimization results and compare them with their corre-
sponding theoretical predictions – which show a near-per-
fect match of the resonance frequencies as well as the na-
ture of the plots. A prototype of the corrugated monopole 
antenna is fabricated on the same substrate material having 
a relative dielectric constant of 4.3 and a thickness of 
0.762 mm having the dimensions as A = 20 mm, 
B = 20 mm, p = 1.5 mm, d = 3 mm and w = 0.5 mm re-
spectively. 

The fabricated structure is shown in Fig. 15. Fig-
ure 16 depicts the comparison of the simulated, measured 
and theoretically predicted results for S11 of the structure. 
The results show an excellent match for the frequency of 
resonance, thus establishing the strength of the proposed 
theory in this work – to accurately predict the resonant 
frequencies of slow-wave supporting planar monopole 
antennas on dielectrics. Impedance bandwidth of the 
structure as measured – it also matches well with the theo-
retical predictions as seen. Figures 17(a, b) give the meas-
ured radiation patterns of the corrugated monopole antenna 
for the E and the H planes respectively. Measured radiation 
patterns for both the antennas show expected behavior with 
minor anomalies, probably due to the limitations of the 
measurement setup. The maximum realized gain of the 
corrugated structure is measured to be 0.973 dB at 5.15 GHz. 

  
Fig. 14.  Optimized results for S11 and their comparisons with 

their corresponding theoretical predictions for (a) pitch 
p and (b) width d of the corrugated monopole 
structure. 
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Fig. 15.  The fabricated prototype of the corrugated monopole 

antenna. 

 
Fig. 16.  The comparison of the proposed resonant frequency 

with the simulation and the measured results. 

 
Fig. 17.  Measured (a) E-plane and (b) H-plane radiation 

patterns for the corrugated monopole radiator at 
5.15 GHz. 

Both the antennas are found to be low-gain radiators. This 
is so because both of them support slow-wave propagation 
and thereby resonate at small physical dimensions with 
near-omnidirectional radiation patterns. It may be noted 
that even for a CPW-fed rectangular strip monopole, it 
exhibits similar radiation characteristics [30]. 

4. Conclusions 
The paper presents some novel theoretical approaches 

to establish closed-form expressions of the input-imped-
ance of CPW-Fed planar strip monopole antennas. Effec-
tive miniaturization techniques, such as meandering and 
using corrugated strips on the monopole to support slow 
waves, are used to design a zigzag-shaped normal-mode 
radiator and a corrugated monopole antenna. Appropriate 
theories are proposed to predict the corresponding resonant 

frequencies. The simulations, as well as the measured da-
tasets are compared with the theoretical predictions so as to 
validate the effectiveness of the circuit model under practi-
cal circumstances. It may be noted that the theoretical 
value of S11 gives better result in case of the corrugated 
structure than the zigzag monopole. In this paper a zigzag 
antenna is represented by a rectangular strip monopole 
supporting slow wave propagation. The accuracy of such 
model is better for zigzag structure with small width. The 
corrugated antenna could be modeled by a pair of zigzag 
configuration with half of the width of the original struc-
ture. In case of the single zigzag monopole, however, such 
reduction could not be obtained. This may be the reason for 
the above discrepancy observed in the resonant frequencies 
obtained from the theory and the measurements for the 
concerned radiator. Advantage of this model over full wave 
numerical techniques and conformal mapping procedures 
lies in its simplicity and reduced computational require-
ments. The work proposed here presents closed-form ex-
pressions utilizing a circuit approach requiring minimum 
computing resources as against the available commercial 
EM solvers, and they do suggest accurate predictions veri-
fied by the simulations and practical experiments. 
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