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Abstract. This paper discusses a miniaturization technique 
of a compact omnidirectional antenna. A slot loading tech-
nique is applied to a well-known low-profile antenna 
structure whose radiation characteristics are similar to 
equivalent monopole ones. An equivalent circuit which 
models the antenna input impedance including the slot 
effect is also developed in order to illustrate the antenna 
working principle. The typical dimensions (width x height) 
of the obtained antenna are λ0/11 x λ0/75 (λ0 is the free 
space operating wavelength) which makes it a miniature 
antenna that can be integrated inside small wireless sensor 
nodes using narrow band communication systems. Its per-
formances are in accordance with classical fundamental 
limits, the operating bandwidth and efficiency are signifi-
cantly reduced with the antenna size reduction. 
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1. Introduction 
Antenna miniaturization is an old and well docu-

mented topic regularly completed by recent advances in the 
antenna literature [1], [2]. Telecommunication system 
developments have been a major motivator of small 
antenna research during the last decade, most particularly 
for mobile terminals. The study of new Wireless Sensor 
Networks is generating a need for new kinds of aerials 
whose radiating properties are critical from the network 
communicating strategy. In particular, for compact sensors 
devices operating at low UHF frequencies, a strong con-
straint is placed on the antenna miniaturization and inte-
gration inside node structure. 

This paper deals with a miniaturization technique 
applied to a compact antenna structure. The initial antenna 
structure, which is classically considered either as a top 
loaded folded monopole or as a shorted microstrip antenna 
[3], constitutes a compact low-profile antenna with typical 
larger length of λ0/6 (λ0 being the free space operating 
wavelength) and a height of λ0/20, depending on the 
wished operating bandwidth. Numerous developments 

have been carried out to improve and extend the antenna 
performances. Wide band [4], [5] and more recently Ultra 
Wide Band properties [6] have been demonstrated. Other 
important developments such as multiband behavior [7] or 
multi-function capabilities [8] have been obtained using 
this antenna concept. Since the antenna structure is electri-
cally small, few works dealing with its size reduction are 
available in the literature. However, as a classical down-
sizing technique, miniaturization attempts have been per-
formed using high permittivity material as antenna sub-
strate [9]. Another solution to reduce the size of such 
an antenna is proposed in this paper. Among the numerous 
miniaturization techniques available in the literature, slot 
loading technique is a classical solution used to size reduc-
tion, bandwidth enlargement and multi-band operation 
mode of microstrip patch antennas [10]. This technique is 
applied to the particular antenna structure whose operating 
mode significantly differs from classical patch antennas. It 
can be equally highlighted that the use of slot has already 
been studied with this antenna structure but with the objec-
tive of dual band behavior [11]. 

The studied antenna geometry is depicted in Sec-
tion 2. The next section presents the slot loading effect on 
antenna impedance and radiation properties using experi-
mental results and 3D electromagnetic simulation tools. In 
Section 4, the antenna behavior is firstly analyzed by 
proposing an equivalent circuit which simulates the 
antenna impedance at low frequencies. Then the antenna 
miniaturization is discussed using typical criteria of 
miniature antennas such as quality factor, frequency 
bandwidth, efficiency and antenna volume. The antenna 
properties functions of size reduction are compared to the 
classical well-known fundamental limits of electrically 
small antennas. 

2. Antenna Geometry 
The basic studied antenna structure is commonly 

known as a top loaded folded monopole or a shorted 
microstrip antenna [3]. The latter is very interesting for 
application in numerous wireless devices due to its 
compact size, low profile and omnidirectional radiation 
properties. Hence, it constitutes an attractive structure 
whose properties can evolve with the communication 
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system requirements. The studied antenna geometry is 
depicted in Fig. 1. It presents the simplest configuration of 
the Monopolar Wire Patch antenna. The metallic top hat is 
short circuited by a cylindrical conductor which introduces 
a low frequency parallel resonance where the new operat-
ing mode is obtained. The top hat is etched on a 0.8 mm 
thick FR4 substrate (εr = 4.4, tanδ= 0.018) acting as 
mechanical support. The antenna has typical larger dimen-
sion of λ0/6.5 (λ0 being the free space operating wave-
length). The dielectric substrate supporting the antenna hat 
is hanging up at a short distance (λ0/45.5) from the ground 
plane by four spacers. The ground plane of significant 
dimensions compared to the operating frequency is 
centered below the antenna to efficiently act as classical 
electrical mirror (electrical image theory for monopole). 
Moreover, its size is chosen to limit reduced ground plane 
effects during experiments. 

By cutting a slot in the metallic top hat, the low 
frequency resonating mode is modified and is most particu-
larly shifted towards low frequencies. Indeed, by using 
a particular configuration of the slot (Fig. 1), a significant 
reduction of the resonant frequency associated to the oper-
ating mode can be obtained. The frequency shift is strongly 
dependent on the slot length. This behavior is illustrated 
and analyzed in the following sections. 

 

 
(a) Top hat above ground plane 

 
(b) Photo of the prototype 

Fig. 1. Description of the antenna structure. 

3. Slot Loading Effect 
To study the slot effect, simulations and experiments 

were simultaneously carried out. In a first step, the imped-
ance matching to 50 Ohms was not considered and only the 
behavior of the antenna input impedance in the vicinity of 
low frequency resonance mode (associated to the shorting 
wire) was studied. Among the numerous configurations of 

simulated structures, three different prototypes were fabri-
cated for experimental validation of simulated results: one 
without a slot, one with a slot length of (Ls) 50.5 mm and 
another one of 89.5 mm length. Measurement results are 
compared to simulated ones in order to validate the antenna 
behavior and the associated performances. 

3.1 Input Impedance 
The evolution of the input impedance (real and 

imaginary parts) is presented for different slot lengths (Ls). 
Simulation and measurement results are compared in 
Fig. 2. The low frequency resonance for different slot 
lengths is very similar in simulation and measurement. The 
introduction of the slot shifts the parallel resonance 
towards low frequencies. It can be equally assumed that the 
low resonance frequency is decreasing as the slot length is 
increasing. 

 
Fig. 2.  Evolution of the low frequency resonance versus slot 

length (Ls in mm) in simulation and measurement. 

3.2 Intrinsic Gain Diagrams 
The radiation properties of the antenna including the 

slot in the top hat are studied using 3D electromagnetic 
simulation tool [12] and by measuring the radiation pattern 
plus the intrinsic gain of prototypes (impedance mis-
matching is not taken into account). Fig. 3 compares the 
simulated and measured gain diagrams for different slot 
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configurations in two orthogonal cut planes (see Fig. 3 for 
cut plane definition). The radiation properties are plotted at 
the parallel resonance frequency fr associated to each slot 
length. For the basic antenna structure, the curves are quite 
identical and the gain at horizon (P1 cut plane, Fig. 3 (a)) is 
around 0 dBi.  

 

x 

y 

z 
ϕ θ 

(P2) 
(P1) 

 
 

 
Fig. 3.  Gain diagrams in simulation and measurement for 

different slot configurations:  
(a) No slot, (b) Ls = 50.5 mm , (c) Ls = 89.5 mm. 

Some more obvious differences are observable between 
measurement and simulation results when slot is cut in the 
top hat. These discrepancies can be attributed to the diffi-
culties to measure with accuracy the radiation properties of 

the antenna when the frequency is lowered. As the fre-
quency decreases, the electric size of the ground plane is 
reduced and the measurement cable could introduce some 
uncertainties on the measured radiation properties. The 
maximum measured intrinsic gain is around -4 dBi for 
Ls = 50.5 mm and -8 dBi for Ls = 89.5 mm. The classical 
Monopolar Wire Patch antenna has a typical diagram shape 
identical to the equivalent monopole antenna located over 
the same ground plane (i.e. dipolar shape in our case of 
limited ground plane). The omnidirectional properties of 
the antenna radiation with vertical main polarization of the 
field are quite preserved in the presence of the slot in the 
top hat. 

The results obtained by measurements validate the 
ones obtained by simulations. The maximum gain is 
roughly of the same order and decreases as the frequency 
reduces. 

4. Antenna Miniaturization 

4.1 Miniaturization Factor 
From the canonical compact antenna structure, the in-

fluence of the slot is thoroughly analyzed using 3D elec-
tromagnetism simulation tools [12]. Fig. 4 shows how the 
low frequency parallel resonance is modified by the slot 
length. 

 
Fig. 4.  Change of the low frequency antenna resonance versus 

slot length (Ls in mm) – simulated results. 

The evolution of the resonance frequency fr versus 
the slot length is displayed in Fig. 5. For comparison, the 
fundamental half wavelength mode of the slot, printed on 
the dielectric substrate, is equally plotted in Fig. 5. Being 
situated at higher frequencies, this resonating mode does 
not interfere with the low frequency resonance of the 
antenna. It confirms the non alteration of the slot on the 
radiation properties of the antenna. 

Consequently, the frequency shift introduced by the 
slot loading can be interpreted as an increase of the 
equivalent capacitance of the antenna hat. This phenome-
non is illustrated in the following subsection. In matching 
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the input impedance to 50 ohms in the vicinity of the 
shifted resonance, the antenna structure including the slot 
is hence miniaturized. The initial antenna structure has 
typical larger dimension of λ0/6.5 and a height of λ0/45.5. 
For Ls = 90 mm, the larger dimension is λ0/11 and the 
height is λ0/75. A frequency downshift of up to 40% of the 
low resonance frequency is noticed thanks to the presence 
of the slot. 
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Fig. 5.  Low resonance frequency (fr) versus the slot length. 

4.2 Slot Effect Modeling 
To confirm the physical interpretation of the studied 

miniaturization technique, some developments of an equi-
valent circuit of the shorted microstrip antenna have been 
carried out. This equivalent circuit, already developed in 
[13], simulates the antenna impedance below the funda-
mental mode of the patch antenna. This electrical model is 
valid for antenna having low permittivity substrate above 
infinite ground plane. A simple model of slot has been 
introduced in the equivalent circuit to study the slot loading 
effect. 

 
Fig. 6. Low frequency circuit model of antenna impedance 

with slot effect. 

The antenna impedance below the fundamental mode 
of the antenna is determined by different constitutive ele-
ments of the antenna, as illustrated in Fig. 6. 

For classical probe fed patch antenna, the impedance 
is given by the capacitance of the antenna Cpatch (consti-
tuted by the upper plate above the ground plane) in series 
with the feed probe inductance Lfeed. 

The capacitance value due to this kind of rectangular 
microstrip capacitor is defined as [14]: 
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where Ce1 and Ce2 are respectively the edge capacitance 
along width W and length L of the resonator (i.e. top hat); 
h is the substrate thickness and εr being the relative per-
mittivity of the substrate. 
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vϕ1 (vϕ2) represents the phase velocity of the quasi TEM 
mode propagating along the microstrip line of width W (L) 
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Z(x,h,εr) is the characteristic impedance of the microstrip 
line of width x [15]: 
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For a square form patch, the inductance of the coaxial 
probe is expressed as follow [16] : 

 )2ln(
2

0
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r
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where r is the radius of the probe, c the light velocity, γ is 
Euler constant (1.781), h is the probe length.  

Then, the ground wire, that connects the patch to the 
ground plane, acts as a short circuit to the antenna capaci-
tance. This element is set in parallel to the antenna capaci-
tance and introduces the low frequency resonance [13]. 
The ground wire inductance is derived using the coaxial 
probe inductance formula (8), r is the ground wire radius. 

Besides, a mutual inductance M is introduced to take 
into account the coupling between the inductances. The 
expression is set in [13] as follow: 

 )ln(
2

0

fεdπ
c

π
hμM
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= .  (9) 

d is the distance between the wires axis. 

Losses are introduced by the radiation resistances Rfeed 
and Rwire of wires. The radiation resistances are defined by 
the expression given in [18]: 
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The described equivalent electrical circuit with the as-
sociated analytical formulation of its components consti-
tutes the reference circuit to introduce the slot effect. The 
antenna geometry is simplified for this analysis due to 
electrical circuit limitations (large ground plane and air as 
dielectric substrate). By cutting a slot in the antenna patch, 
the antenna capacitance is mainly modified. This effect can 
be modeled by introducing the slot complex impedance in 
parallel to the antenna capacitance (Fig. 6). To highlight 
the slot effect, a simple slot impedance model is introduced 
in the equivalent circuit. Hypothesis on the calculation of 
this model limit the geometry of the slot, as shown in the 
Fig. 7. Further modeling works are required to improve the 
slot impedance model (position of the slot, proximity of the 
ground plane, bent slot shape). However, the basic ap-
proach provides interesting results, most especially con-
cerning the evolution of resonant frequency versus slot 
length. 

 

 
Fig. 7.  Structure of the slot in the antenna hat for the electrical 

circuit modeling. 

The impedance of a slot has been calculated using 
[17]. For a simple straight slot (Fig. 8.) in a ground plane, 
the Babinet principle defining the equivalent dipole an-
tenna has been used to obtain the electrical and magnetic 
fields of the slot. The calculation of the electromagnetic 
fields allows the calculation of the input admittance of the 
slot. 

The slot admittance is given by : 

 sss BjGY +=  (13) 

where Gs is the conductance of the slot and Bs is the 
susceptance. First, the radiated power is evaluated along 
the y>0, in the YZ plane at (rc, θ) point, which is given in 
[17] (rc and θ are the cylindrical coordinates): 
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Fig. 8. Slot excited by an electric field. 

By developing this expression, we obtain: 
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Knowing that the radiating power is function of Gs: 
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V0 is the potential between slot sides. 

By combining (15) and (16), we can deduce the expression 
of Gs . Assuming that 1w

0
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λ

, the simplified formula is: 
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Finally, the susceptance is determined knowing the input 
impedance of a short-circuited microstrip line equivalent to 
a capacitive stub with a length of Δl [17]: 
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The effective permittivity is given by (7). 

Hence the slot impedance (admittance) can be calcu-
lated and introduced in the antenna equivalent circuit. 
Fig. 9 compares the evolution of the low antenna resonance 
frequency obtained with 3D electromagnetic software [12] 
and the equivalent circuit. Similar evolutions of the reso-
nant frequency are observed with both tools. The higher 
the length is, the lower the resonance frequency is. The 
simulation results are in a good agreement with the mod-
eling, in spite of the crude slot model. These results con-
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firm the physical interpretation of the slot loading 
technique of this kind of compact antenna. 
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Fig. 9. Evolution of the low resonance frequency (fr) versus 

slot length. 

4.3 Quality Factor and Bandwidth 
Different expressions of the quality factor of electri-

cally small antennas can be found in the literature. The 
antenna behavior is studied using the quality factor Q de-
fined in [19]. It is derived from the antenna impedance: 

 )(ωZ
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00

00

0

2
= . (21) 

where R0 is the real part of the complex impedance, Z0’ is 
the derivative of the complex impedance and ω0 , is the 
radian frequency. This expression was applied to the 
antenna impedance having different slot lengths. In Tab. 1, 
we present the values obtained at the low frequency 
antenna resonance fr. The associated maximum frequency 
bandwidth (FBW) defined for a VSWR (s) of 2 is equally 
reported in last columns. This parameter is derived using 
the following formula [19]. 

 
Q
β

FBW
s

2
2
=

=
 where 1

2
1
≤

−
=

s
sβ . (22) 

A correct agreement is obtained between simulation 
and measurement results. 

The published reference works dealing with 
fundamental limits of electrically small antenna propose a 
well-known law which links together antenna dimensions, 
minimum Q factor and efficiency [20], [21]. 
 

fr (GHz) Q FBW (%) Slot 
length 
(mm) Sim. Meas Sim. Meas. Sim. Meas. 

0 1.614 1.625 55 46.7 2.16 1.83 

50.5 1.209 1.191 107.4 95.9 1.11 1.2 

89.5 1.016 0.997 112.2 107.7 1.06 1.1 

96 0.925 - 112.6 - 1.05 - 

Tab. 1. Evaluation of Q and FBW for different values of the 
low frequency antenna resonance fr. 

The minimum quality factor for a single lowest TE 
(TM) mode of a compact lossless radiating structure in-
cluded inside a sphere of radius a is given by : 

 
kaak

Q 11
33min += . (23) 

k is the wave vector. 

The dependence of Q [19] versus antenna dimension 
is illustrated in Fig. 10. The considered sphere radius to 
define the antenna dimension is the half diagonal of the 
antenna hat. This choice can be discussed due to the 
equivalent monopole antenna behavior. Indeed, we make 
the hypothesis that the ground plane is large enough not to 
alter the antenna behavior when frequency is decreased. 
For comparison, the minimum Q [20] (η =100%) is plotted 
in Fig. 10. As classically observed, the antenna Q is much 
higher than the theoretical limit. Q values increase as the 
antenna size decreases. Simulated and measured results 
show similar behaviors. 

Assuming the bandwidth proportional to the inverse 
of Q factor, the bandwidth is consequently narrowing with 
the antenna miniaturization. This behavior is in accordance 
with the fundamental limits of electrically small antennas. 
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Fig.10. Quality factor and fractional frequency bandwidth 

versus antenna dimension (ka). 

4.4 Efficiency 
The efficiency is a critical parameter of electrically 

small antennas. The antenna radiation efficiency was cal-
culated with a 3D electromagnetism simulation tool [12] 
and was measured using the Wheeler Cap method [22].  

The obtained results are compared in Tab. 2. A good 
agreement is obtained between simulation and measure-
ment results. 
 

Efficiency (%) Slot length 
(mm) Simulation Measurement 

0 78 77 
40 43 - 

50.5 35.6 36 
60 30 - 

89.5 29.2 27.8 

Tab.2. Efficiency calculated by simulation and measured with 
the Wheeler Cap method. 
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Efficiency is plotted versus antenna size in Fig. 12. 
Efficiency is clearly reduced with the antenna size in both 
simulation and measurement. The antenna performances 
are hence in accordance with the fundamental limits. 
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Fig. 12.  Efficiency versus antenna dimension (ka). 

4.5 Bandwidth, Efficiency and Antenna 
Volume 
For very compact antennas having a<<λ0/2π, the 

fundamental limits can be reduced as follow: 

 31 (ka)
Q

η. ≈ . (24) 

η being the antenna radiation efficiency. 

This formula indicates that Quality factor (band-
width), efficiency and antenna volume are linked together. 
More precisely, the product of antenna bandwidth with 
efficiency is proportional to the antenna volume. To esti-
mate the validity of this relation, Tab. 3 proposes the cal-
culation of η/Q(ka)3 for different slot lengths. The ratio 
does not seem to be constant. Actually, the hypothesis on 
the antenna size is not fully verified. However, as the 
antenna size is reducing, the calculated values tend to be 
more stable. Additional simulated and measured results 
will be helpful to validate any conclusion. 
 

3)(kaQ
η

 
Slot length 

(mm) 
ak  

Simulation Measurement 
0 0.67 0.047 0.054 

50.5 0.5 0.027 0.032 
89.5 0.41 0.034 0.036 

Tab.3. Link between bandwidth, efficiency and the volume 
occupied by the antenna. 

5. Conclusion 
A slot loading technique has been successfully ap-

plied to reduce the size of a compact omnidirectional 
antenna. The slot effect has been carefully analyzed using 

3D electromagnetic simulation tool and modeled using 
a simple equivalent circuit. The presented miniaturization 
technique leads to a low cost miniature antenna with 
performances in accordance with classical fundamental 
antenna limits. Operating bandwidth and antenna effi-
ciency significantly reduce with the antenna dimensions. 
Such antenna structure has been developed to be integrated 
inside small wireless sensor node demonstrator. This de-
vice uses narrow band communication systems (low data 
rate, low power system) for prevention and detection of 
forest fire and landslide. 
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