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Abstract

This work presents a new method for enhancing the performance of a dual band Planer Inverted-F Antenna (PIFA) and its lumped
equivalent circuit formulation. The performance of a PIFA in terms of return loss, bandwidth, gain, and efficiency is improved with the
addition of the proposed open stub in the radiating element of the PIFA without disturbing the operating resonance frequencies of the
antenna. In specific cases, various simulated and fabricated PIFA models illustrate that the return loss, bandwidth, gain, and efficiency
values of antennas with longer optimum open stub lengths can be enhanced up to 4.6 dB, 17%, 1.8 dBi, and 12.4% respectively, when
compared with models that do not have open stubs. The proposed open stub is small and does not interfere with the surrounding active
modules; therefore, this method is extremely attractive from a practical implementation point of view. The second presented work is a
simple procedure for the development of a lumped equivalent circuit model of a dual band PIFA using the rational approximation of its
frequency domain response. In this method, the PIFA’s measured frequency response is approximated to a rational function using a vector
fitting technique and then electrical circuit parameters are extracted from it. The measured results show good agreement with the
electrical circuit results. A correlation study between circuit elements and physical open stub lengths in various antenna models is also
discussed in detail; this information could be useful for the enhancement of the performance of a PIFA as well as for its systematic design.
The computed radiated power obtained using the electrical model is in agreement with the radiated power results obtained through the
full wave electromagnetic simulations of the antenna models. The presented approach offers the advantage of saving computation time for
full wave EM simulations. In addition, the electrical circuit depicting almost perfect characteristics for return loss and radiated power can

be shared with antenna users without sharing the actual antenna structure in cases involving confidentiality limitations.

Key Words: Equivalent Circuit (EC), Equivalent/Electrical Circuit Model (ECM), Planer Inverted-F Antenna (PIFA), Rational App-
roximation (RA), Vector Fitting (VF).

I INTRODUCTION also require increased operational bandwidth for the installed

antennas, preferably in several bands [1, 2]. Previously, shaping

Multiband small-size Planer Inverted-F Antennas (PIFAs) are and tilting of the antenna structure was proposed to increase the
designed to compensate the reduction in size and space of operational characteristics of multiband antennas [3]. However,
modern era mobile phones. Modern portable cellular devices modern techniques for enhancement of an antenna’s perfor-
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mance (e.g., VSWR, return loss, etc.) include E-shaped [4] and
L-shaped [5] slitting in the antenna structure, using a pin
instead of a plate for shortening [6, 7], adjustment of the space
between the feed and short [7, 8], matching circuits [9],
meandering [10], optimum height of the radiating patch [7],
size of the ground plane [6, 7], broadband circular patches [6],
and ground plate slotting [11] . The increase in the bandwidth
of the antennas is proportional to the antenna volume. Antenna
volume is highly dependent upon the radiating element and
ground plane as these elements enclose the forming strong
electric field area. In [12], the author proposes that antenna
volume can be increased by shifting the radiating patch away
from the ground plane. The shifting of the radiating element
enhances the antenna bandwidth because of reduced ground
area [12].

PIFAs are usually installed at the bottom end of a mobile
phone to provide the maximum isolation to the data processing
module and to control the specific absorption rate (SAR)
magnitude. Most modern cell phones have a structure with a
bottom interface connector (IC) used for data exchange and
power purposes. The IC is located in close proximity to the
antenna and its metallic structure causes the degradation of
various antenna performance metrics. It particular, it degrades
the antenna’s radiation parameters (gain and efficiency), return
loss, and bandwidth in lower bands, such as GSM 850 and
GSM 900. In this study, a method is proposed for improving
dual band PIFA performance using an open stub in the vicinity
of the metallic IC. The addition of an open stub away from the
ground plane enhances the antenna volume, which results in
incremental improvements of various performance metrics. A
gradual increase in the length of the introduced open stub in the
PIFA radiating structure shows an enhancement of up to 4.6
dB in return loss, 17% in bandwidth, 1.8 dBi in gain, and 12.4%
in the efficiency of the antenna. The experimental results of the
proposed antenna structure are in good agreement with the
simulation results.

Equivalent circuit models (ECMs) of antennas are developed
for their time domain analysis [13], better understanding of
their resonance phenomena, and for systematic antenna designs
from the equivalent circuit. The equivalent circuit of simple
antenna structures with one resonance point can be derived in
the form of transmission line models [14-16], frequency inde-
pendent lumped element resonant structures [17, 18], and phy-
sics-based compact lumped structures using the partial element
equivalent circuit (PEEC) technique [19]. However, it is di-
fficult to formulate equivalent circuits for complex antenna st-
ructures with multiple resonances. The PEEC technique pro-
vides the SPICE equivalent lumped element circuit of antennas
but it results in a large number of lumped elements in the circuit
[19]. In [20], the author derives a dual band PIFA equivalent
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circuit using radiated and balanced mode analysis, [21] presents
a single band PIFA equivalent circuit based on equivalent
modes, and [22] shows that a single/dual band high Q_PIFA
equivalent circuit can be derived using an RLC resonator. To
the best knowledge of these authors, the literature only contains
PIFA electrical circuit modeling techniques [19-22] for simple
PIFA geometries having single/dual band operational charac-
teristics. Cabedo et al. [23] present the electrical modeling of a
pentaband PIFA (simple geometry) based on RLC resonators.
There is a paucity of literature on equivalent circuit modeling of
multiband PIFAs with complex geometries.

The present work also presents a simple way to derive lumped
equivalent circuits for multiband PIFAs. The lumped equivalent
circuit of the designed dual band PIFA is derived from the
rational approximation of its frequency domain response [24].
The frequency response (scattering/admittance parameters) of
the antenna is obtained in tabular form through full wave
electromagnetic simulation as well as from measurements of the
fabricated antenna model. The tabular data is approximated to a
rational function using the vector (pole fitting) technique [24,
25]. Subsequently, the lumped elements of the proposed el-
ectrical circuit are extracted from the approximated rational
function [25, 26]. The derived equivalent circuit is simulated in
Advanced Design System (ADS) software. Measured and equi-
valent circuit model scattering parameters are perfectly matched.
Finally, based on the formulated ECM of PIFA geometries
with different stub lengths, the correlation between the equi-
valent circuit (EC) parameter values and the proposed open stub
length is discussed in detail. The radiated power is also com-
puted from the formed electric circuits of different PIFA geo-
metries, having good agreement with the radiated power results
obtained by full wave electromagnetic simulation in a High
Frequency Structural Simulator (HFSS).

The detailed design and analysis of the proposed modifi-
cation of PIFA structures with different open stub lengths,
formulation of their electrical circuits, and the correlation bet-
ween geometrical and EC parameters are discussed in the fol-
lowing sections.

II. DESIGN AND ANALYSIS OF DUAL BAND PIFA

FOR PERFORMANCE ENHANCEMENT

1. Modeling of the Proposed PIFA

The initial antenna model, which is used for modification to
improve performance, is shown in Fig. 1. The antenna is a dual
band PIFA (mostly used in modern cellular devices) having
resonance frequencies in GSM 900 (low) and GSM 1800 (high)
bands. The simulated model (Fig. 1) of the dual band PIFA
depicts that it has a metallic IC near the antenna’s radiating
element. The width and height of the printed circuit board
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Fig. 1. Initial PIFA model: (a) Complete schematic, (b) antenna radia-
ting structure with metallic interface connector.

(PCB) is 55 mm and 104 mm, respectively, which, in general, is
the size of a low-cost 3.5-inch smart phone.

The metallic structure (antenna radiating element, IC,
ground) is made of copper, and FR4 substrate is used as the
dielectric below the antenna body. The EM analysis of the
antenna model is performed in an HFSS. As illustrated in
Fig. 1(b), the initial basic antenna radiating element is in the
form of a closed loop at the top of a metallic IC. The pre-
sence of the metallic structure (IC) in close proximity to the
antenna radiating element degrades the radiation properties
of the PIFA. To reduce the effect of the IC on the radiation
characteristics of the antenna and to improve the other per-
formance metrics of the antenna, the addition of an open

stub is proposed at the closed loop end of the PIFA structure.

The modified antenna schematic is shown in Fig. 2. The

proposed open stub reduces the length of the closed loop part.

The addition of an open stub in the PIFA structure shifts its
radiating structure away from the metallic interface connector
and ground plane. This shifting enhances the capacitive cou-
pling with the reduction of the ground plane under the antenna
radiator, as depicted in Fig. 3. An increase in the strong electric
field region between the antenna radiator and the ground plane
boosts the electrical volume of the antenna. The product of gain
and bandwidth of an antenna has a direct relationship to the
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Fig. 2. The modified proposed PIFA structure with an added open
stub.
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Fig. 3. Effect of introducing an open stub in the PIFA structure: (a)
without stub, (b) with the proposed open stub.

antenna volume [27, 28]. The enhancement of the electrical
volume of the PIFA with the addition of the proposed stub in
its radiating structure increases its bandwidth and improves the
return loss, gain, and efficiency characteristics.

2. Analysis of the PIFA with an Open Stub

In order to avoid any major changes in the resonance fre-
quencies of the original PIFA, it is necessary to maintain the
same total electrical lengths in the antenna models with and
without the proposed open stub. The length of the open stub
can be adjusted while keeping a constant relationship between
the stub and the closed loop length. It has been observed
through iterative simulations that the same optimum resonance
performance of the old and modified PIFA can be obtained
using the following simple relationship between the open stub
and closed loop length:

I=y-2x (1)

In Eq. (1), lis the length of the proposed open stub, x is the
length of the closed loop part, and y is the optimum length of
the loop, which needs to be kept constant for the same re-
sonance characteristics. A decrease of x means an increase in
the stub length [. Fig. 2 illustrates Eq. (1). The lengths [ and
x can be varied, keeping y constant to obtain various PIFA
models having identical resonances.

3. Simulation Results

Four PIFA models are made to show the effect of the added
open stub length on various performance metrics. Simulated
PIFA structures with various open stub lengths are shown in
Fig. 4. Fig. 4(a), (b), (c), and (d) depict the PIFA geometries
with stub lengths (I) of 0 mm, 2.8 mm, 6.8 mm, and 10.8 mm,
respectively.

The predicted Sy, results for all four cases are shown in Fig.
5. As indicated in Fig. 5, as the length of the proposed open
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Fig. 4. Modified PIFAs: (a) =0 mm (no stub), (b) [ =2.8 mm, (c)
=6.8 mm, and (d) [=10.8 mm.
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Fig. 5. Simulated S, results for different lengths of open stubs: 0 mm
(circle); 2.8 mm (shaded triangle); 6.8 mm (dotted line); and
10.8 mm (square).

stub (1) is gradually increased, the values of the scattering
parameter show improvement. The reference used (VSWR < 5)
is an acceptable range for a commercial phone in the cellular
industry. As shown in Table 1, 2.3 dB and 4.6 dB im-
provements in return loss are observed with a stub length of
10.8 mm in the lower and higher band PIFA models, and
with [=10.8 mm (Fig. 4(d)), maximum bandwidths of 130
MHz in the lower band (LB) and 440 MHz in the higher band

Table 1. Comparison of predicted S;; and bandwidths (for VSW
=5) in lower and higher bands with different stub lengths

Stub Lower band Higher band
length Max. S;; Bandwidth ~ Max. S;; Bandwidth
I (mm) (dB) (MHz) (dB) (MHz)

0 —9.85 100 —8.31 430
2.8 —9.01 100 —8.65 470
6.8 —10.98 120 —8.54 410
10.8 —12.10 130 —12.88 440
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(HB) are exhibited. The lower resonance band with a longer
stub length PIFA geometry predicts a greater improvement in
bandwidth as compared to the higher resonance band, and vice
versa, for S;; characteristics.

4. Comparison of the Predicted and Measured Results

This section elaborates on the details of the performance of
the fabricated PIFAs and its comparison with the simulated
results. Dual band PIFA structures with stub lengths of 0 mm
and 10.8 mm are fabricated and installed on actual cellular
phones (Fig. 6). The metallic structure of the fabricated an-
tennas is made of copper. The real PIFA geometries with stub
lengths of 0 mm and 10.8 mm are shown in Fig. 6(b) and (c),
respectively. Fig. 6 shows that the metallic IC is located in the
vicinity of the radiating element of the actual antenna geometry.

The experimental setup for the S;; measurements of the
fabricated antennas is illustrated in Fig. 7. Fig. 8 illustrates the
correspondence of the predicted and experimental PIFA return
losses with stub lengths of 0 mm and 10.8 mm, respectively.

Fig. 6. Fabricated PIFA models: (a) complete PIFA model (I = 10.8
mm) installed on a cellular phone, (b) PIFA geometry with a
stub length of 0 mm, and (c) PIFA geometry with a stub length
of 10.8 mm.

Fig. 7. Experimental setup for measurement of the scattering parame-

ters of the PIFA models.
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The simulated PIFA model includes only the PCB and the
metallic IC of the actual mobile phone. However, in the actual
measurements, the fabricated PIFA model is installed on a
complete mobile phone set with a PCB, shield can, and various
other modules. The possible reason the resonance frequency
shifts in the measured results is because of the integration of the
antenna on the complete mobile phone set. It is well known
that the presence of various other metallic and non-metallic
modules, such as a shield can, LCD of a mobile set, or camera,
around an antenna in the vicinity of the PIFA radiating
structure could change its resonance frequency in actual mea-
surements. Note that in the simulation, we considered the
antenna geometry only, not the materials around the antenna
that are typically installed on a real mobile phone. As the
methodology used for the development of the equivalent circuit
proposed in this paper can be applied to any S-parameter data,
we used the measured S-parameters instead of the simulated
ones.

As indicated in Fig. 8, performance of the S;; parameters
improved in the longer stub length structures. The maximum
value return loss variations for the PIFAs are depicted in Fig.
9(a). Noticeable enhancements of 2.3 dB and 4.6 dB in the
lower resonance band and 4.6 dB and 2 dB in the higher
resonance band are observed for both the simulated and fa-
bricated antennas, respectively. Fig. 9(b) shows the quantitative
relationship between the simulated and measured bandwidths
(for VSWR =5) of the PIFAs. The results show that 30% and
2.3% bandwidths of the PIFA (stub length =10.8 mm) is
enhanced in the simulation for the lower and higher bands,
respectively. The same fabricated model improves the band-
width performance by 16.7% in the lower resonance band and
by 9.5% in the higher resonance band.

The measured radiation patterns for each of the manufac-

VSWR (1:5)
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0.5 1 1.5 2 2.5 3

Frequency (GHz)
O Predicted Stub Omm © Measured Stub Omm

4 Predicted Stub 10.8mm ©Measured 10.8mm
Fig. 8. Comparison of predicted and measured S;; with different stub
lengths: predicted stub 0 mm (square), predicted stub 10.8 mm
(rectangle), measured stub 0 mm (shaded circle), and measured
stub 10.8 mm (circle).
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Fig. 9. Comparison of maximum return loss and bandwidth (for VS-
WR <5) with different stub lengths: (a) return loss, (b) band-
width.

tured antennas at lower and higher resonance frequencies (f;)
are shown in Fig. 10 and Fig. 11, respectively. Both figures
confirm that the antennas have almost omnidirectional ra-
diation patterns. It can be noted from Fig. 10 and Fig. 11 that
there is no major change in radiation pattern shape in either the
XZ or the XY plane with the addition of the proposed open
stub in the PIFA radiating structure.

The directivity of the PIFA is calculated by approximating
the measured radiation pattern as a finite sum over a spherical
region [29]. The ratio of the measured gain and directivity
indicates the efficiency of the antenna [29]. The correspondence
between the measured peak gain (dBi) and the efficiencies of
both manufactured antenna geometries is shown in Fig. 12. The
modified antenna with a longer added stub length has a more
improved gain and efficiency throughout the whole band as
compared to the PIFA with no stub. In the modified antenna, a
comprehensive improvement of up to 1.8 dBi in gain and 12.4%
in efficiency is observed in the whole band.

XZ-plane XY-plane

LI
" a6
&)

Fig. 10. Measured radiation pattern of 0 mm stub geometry: (a) XZ-
plane at lower f;., (b) XY-plane at lower f,, (c) XZ-plane at
higher f;, and (d) XY-plane at higher f;.
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Fig. 11. Measured radiation pattern of 10.8 mm stub geometry: (a)
XZ-plane at lower f;, (b) XY-plane at lower f;, (c) XZ-
plane at higher f£,., and (d) XY-plane at higher f;.
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Fig. 12. Measured efficiency and gain of the fabricated antennas.

The simulated and measured S;;, measured radiation pattern,
gain, and efficiency results for the fabricated and simulated
antenna models confirm the noticeable enhancement in PIFA
performance with the addition of an open stub in the PIFA
structure. The used PIFA model geometry is extremely relevant
to the conventional PIFA geometries used in the cellular phone
industry. The proposed open stub is not in the way of the other
active modules of the antenna, which makes it an effective and
attractive solution from a practical implementation perspective.
The correlation study and radiated power comparison of the
formulation of the lumped equivalent circuits of the designed
dual band PIFAs are discussed in the next section.

III. LumPED EQUIVALENT CIRCUIT MODELING

OF A DUAL BAND PIFA
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An equivalent circuit model of the antenna is derived to
illustrate the correlation between the lumped element values of
the equivalent circuit and the proposed stub length in the PIFA
structure. Step-by-step details of the proposed formulation of
the lumped equivalent circuit of the dual band PIFA with a stub
length of 10.8 mm is described in this section.

1. Rational Approximation of Frequency Response

The first step in the formulation of an equivalent circuit is the
rational approximation of the predicted or measured frequen-
cy response data. Scattering/admittance parameters versus fre-
quency data of the antenna model can be obtained through
complete electromagnetic simulation using the Finite Element
Method (FEM), the Finite-Difference Time Domain method
(FDTD), the Transmission Line Model (TLM) method, or
through hardware measurements. The obtained admittance data
is approximated to rational functions using the widely applied
vector fitting (VF) or pole fitting method [24, 26]. Vector
fitting is a robust numerical technique that is used to convert
frequency response data to rational functions. This technique is
used for a wide range of microwave and electrical applications
[24, 25, 30, 31]; here, it is used to approximate the measured
admittance data of the dual band PIFA to Foster’s canonical
admittance rational form, Eq. (2). Foster’s canonical admittance
rational function [25, 30] Y(s) of approximation is shown
below:

.
Y(s)= —+d+e-
(o) =2 rdves %)

In Eq. (2), sis the single frequency point, 13, and a,, are
the residuals and poles, respectively, IV is the order of app-
roximation, and & and ¢ are higher order coefficients. The
coefficients 1;,, and a;;, can either be real or complex conjugate
pairs while 4 and e are real. The order of approximation is equal
to the number of poles. The aim is to find all 73, a;,, and 4 and
e in Eq. (2), so that the simulated/measured data can be
represented in a rational form.

Y(s) in Eq. (2) is the non-linear problem, as the poles are in
the denominator. To covert this non-linear problem to a linear
one so that it can be solved through linear square fitting and to
start the fitting process, a set of initial poles {a,} are defined
and Eq. (2) is multiplied by a(s).

G(S)Y(S)Zq(s) ©))

where

O'(s):1+ﬁ: i )

m=1 §— am
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ff +d+es (5)
s—a

m

q(S):il

These initial poles (starting poles) are defined only at the
starting point. The initial poles must have weak attenuation; the
procedure and criteria for stating these initial poles is elaborated
in [24]. It is shown that if Eq. (3) holds, then the poles of Y (s)
must be equal to the zeros of o(s) [24]. The new poles of
Y(s) are determined as the zeros of o(s), which are in fact
the poles of 1/5(s). The new poles are calculated as the
eigenvalues in the following equation [24, 26]:

New poles {a;n} = Zerosof o(s) = eig (A —bc’ ) (6)

In Eq. (6), 4 is a diagonal matrix with the initial poles {a,,},

b is a column vector of ones, and ¢ is a row vector containing

the residuals 7;,,. The new set of poles { am} replaces the initial
poles in Eq. (3) after one iteration and the process of pole
reallocation is repeated until convergence is achieved. The
number of iterations depends on the fitting function and its
convergence [24-30]. Once the poles are known, the co-
efficients 7;,, 4 and e are calculated by linearly solving the
equation Ax = B through singular value decomposition (SVD)
[24-30] and the rational approximation of the frequency
response is obtained. VI ensures the stability of the appro-
ximated rational function through pole-flipping to the left half
plane [24, 26] and it also enforces the passivity of the model
[32].

2. Synthesis of an Equivalent Circuit

The procedure used to extract the equivalent circuit com-
ponent values from the approximated rational function is de-
tailed in this section. The fitted Y (s) in Eq. (2) shows that the
network has branches between all nodes and grounds and
between all nodes. It can be predicted from Eq. (2) that co-
efficients 4 and e are equal to the conductance and capacitor
branch between node and ground, respectively, and their values
can be calculated as

G =—=d ; C =e @

The poles {a,,} of Y(s) can either be real or a complex
conjugate. Real poles correspond to real residuals {r;,} and
they represent a series RL branch, as depicted in Fig. 13. The
component values of the series 7” RL branch can be calculated
using the following expressions:

aTYL S + m
®)

L =Y R =—ar = n )
,r.m ,r.m

For complex conjugate poles pair {a,, az,}, there is a
relating complex conjugate residual coefficient {r;,, 7}, de-
picting a series RLCG network (Fig. 13). For this scenario,
Y (s) can be written as

r r a+ jb a—gb
Y(s)= + = + (10)
(s> s—(c+jd) s—(c—jd)
2as — Q(ac + bd)
s —205—1—(02 +d2)

(11)

For a generalized »” complex pole conjugate pair (CPP) and
residual branch, Eq. (11) can be written as

B 25}%{7’n }s — 23?{77,1,%/1’

Y(s
s* —2R{a, }s +

(12)

n 2

an

Using the circuit network theory, the admittance of the 7”
series RLCG branch can be expressed as

s(1/L,)+G, /LC

Y(S’) — C n-n
" (R L+ G ) C)s + (RG, ) LG, + 1/ LC,)

(13)

Comparing Eq. (12) and Eq. (13), the following generalized
formulas are obtained for each component of the »” RLCG
branch.

= ; R, =1L, (- ' (14
L, TIENS R, = L, (—2R{a, } + 2L, R{r,a, }) )
O = 1 ; (15)
L, (QRnS?{rnafl } + |O‘n| )
G, == = -2R{ral}L,C, (16)

n

The element values of each branch of the series RLCG net-
work can be computed using Eqs. (14)—(16). All branch ele-
ments are connected in parallel and the complete schematic of
the synthesized equivalent circuit of Eq. (2) is shown in Fig. 13.

RL branch (real pole) RLCG branch (CPP)
~ ~

Rm §

R, G Ly

I8 —

Fig. 13. Basic single port synthesized equivalent circuit schematic.

R

n

r‘i?
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3. Rational Fitting of the Dual Band PIFA Frequency Response

The measured PIFA admittance data (I=10.8 mm) has
resonance frequencies of 0.955 GHz and 1.17 GHz and is fitted
to a 12% order approximation (N=12) using the following
starting poles: —0.8¢7 £ j0.8¢9, —1¢7 % 7169, —1.3¢7 = 71.3¢9,
—1.4¢7 T j1.469, —1.9¢7 = j1.9¢9, and —2.0¢7 = ;2.0¢9. The
location of the starting poles depends upon the resonance
frequencies of the measured/simulated input admittance/$-
parameter data.

Lower orders of approximation of admittance data produce
inaccurate results as at least two CPP are necessary for one
resonance frequency for accurate fitting of data using VF.
However, higher orders of approximation are unnecessary. The
fitting process is carried out with three iterations and results in a
root mean square (RMS) error of 3.46e-4. The approximated
fitting rational function and the original measured admittance
data magnitude and phase angle versus frequency results are
depicted in Fig. 14(a) and (b), respectively. The magnitude and
phase angle results of the approximated admittance rational
function (Yf;) and the original measured data (Y: input data)
are in good agreement, as illustrated in Fig. 14(a) and (b).

4. Electrical Circuit of Dual Band PIFA

The 12% order approximation of the frequency domain
response produces six CPPs that correspond to six series RLCG
branches, as well as one resistor (R, = 2.48 kQ) and one
capacitor (C, = 0.36 pF) branch. The parameter values for
each RLCG branch are calculated using Eqs. (14)-(16) and are
depicted in Table 2. Fig. 15 shows the circuit model simulated
in the ADS. The comparison of measured, fitted rational
function, and equivalent circuit model S;; results is depicted in
Fig. 16.

Although the produced equivalent circuit has some negative
resistance elements, the overall response of the system is stable
and converged as the VF ensures the passivity and stability of
the approximated rational function with the shifting of unstable
poles to the left-half plane [31, 32]. With the guaranteed stable
poles and enforced passivity of the VF technique, the electrical
simulation of the circuit will remain stable as the circuit on the

Magnitude
m
&
=

0.5 1 15 2 25 3 0.5 1 15 2 25 3
Frequency (GHz) Frequency (GHz)
s ¥input data © Yy, = ¥ input data © Y,
(a) (b)

Fig. 14. Fitted rational function (¥;,) and measured (Y: input data)
admittance results: (a) magnitude, (b) phase.
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whole will always consume power [32]. The number and values
of the generated unphysical elements are dependent upon the
order of approximation used for fitting and the frequency range
of the approximated function. Lower orders of approximation
will produce less negative components but it may increase the
fitting RMS error. The negative resistance values can be con-
verted to absolute values by using the procedure for resistance
inversion described in [30] with the limitation of lower orders of
fitting approximation.

The complete process for obtaining simulated/measured ad-
mittance data versus frequency, rational approximation of the
input frequency response data, extraction of the lumped element
parameter values of the equivalent circuit from the approxi-
mated rational function, and simulation of the formed equi-
valent circuit in a circuit simulator for the illustration of its
scattering parameters are summarized in the form of a flowchart

Table 2. ECM RLCG parameters values for a dual band PIFA

RLCG RLCG RLCG RLCG RLCG RLCG
Br. 1 Br.2 Br. 3 Br. 4 Br.5 Br. 6

R,(Q) 1.63 3754 20.04 —16,431 30.88 3.11
L, (mH) 1358 10759 1648 —355.40 22.83 4.97
C, (pF) 1,000477 0262 063 —0001 027 049
Rr;(kﬂ) 0.003 —100.13 —1.913 17.68 —63.92 —71.24
RLCG RLCG RLCG RLCG RLCG RLCG
branch | branch2  branch3  branch4 branch 5  branch 6
R,
L+
et T

.lI (5-|- RS‘ t.!’|-|' Rn‘».
Fig. 15. ADS model of the developed electrical circuit for a dual band
PIFA.

Sy (dB)
3

15 4

O Fitted rational function

== == Measured A ECM

-20 T T T T
0.5 1 1.5 2 25 3

Frequency (GHz)

Fig. 16. Comparison of S, results of the fabricated antenna, fitted
rational function, and lumped equivalent circuit model.
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Input simulated / measured admittance data (Y ) n
complex form (real, imag.) !

|

Define position and number of initial poles ( V') for
rational approximation

l

Rational approximation of input Y“ using VF

Matching between fitted
rational function and input

No

() sajod [enur jo 1aquinu
ay aseaiour 10 uonisod ay) afuey)

Extraction of RLCG parameters of electrical circuit from
fitted rational function

Circuit simulation of derived equivalent circuit model
for YI ,and 5”

Fig. 17. Flowchart for equivalent circuit formulation.

in Fig. 17.

The proposed method for equivalent circuit formulation is
quite simple and good agreement between the electrical circuit
and simulated/measured results is obtained. An electrical model
for single/multiband antennas can be predicted using the pro-
posed methodology. This described method is used to illustrate
the correlation between a PIFA’s geometrical parameters and its
respective equivalent circuit element values.

IV. CORRELATION BETWEEN THE EQUIVALENT CIRCUIT
PARAMETERS AND THE PHYSICAL OPEN STUB

LENGTH OF DUAL BAND PIFAS

The effect of the proposed open stub length on the per-
formance of dual band PIFAs and the formation of an equi-
valent circuit from the frequency response has been described in
previous sections. Here, we present the study on the correlation
between the formed equivalent circuit models of various PIFA
geometries (with different stub lengths) and a comparison of the
radiation power results.

1. EC Formulation of PIFAs with Different Stub Lengths

Rational approximation of the simulated frequency response
of dual band PIFA geometries with stub lengths (I) of 0 mm,
2.8 mm, 6.8 mm, and 10.8 mm is performed using the pro-
cedure described in Fig. 17. The lumped equivalent circuits for
each PIFA structure are extracted from their formed rational
functions.

The simulated admittance data of PIFA geometry with {=

@
oA
.
Sim. (Omm) Sim. (2.8mm)
==«ECM (0mm) ==sECM (2.8mm}
=20 - - T - 15
0.5 1 1.5 2 25 3 0.5 1 15 2 25 3
Frequency (GHz) Frequency (GHz)
(a) (b)
0 E— I o “—
P & . 5 |
5 ] vy R, & 5 i :’ i
&= Ho <Pe. = et o
o i - @ T "
.0 l‘ N=12 ¢ Z.0 o on=s W4
w : 3 g e
=15 =15
:‘;L'Z-zm"‘l Sim. (10.8mm)
. {6.8mm} 20 ===ECM (10.8mm
0.5 1 15 2 25 3 0.5 1 1.5 2 25 3

Frequency (GHz) Frequency (GHz)

(e) (d)
Fig. 18. Comparison of simulated and equivalent circuit return loss: (a)
[=0 mm, (b) [=2.8 mm, (c) [=6.8 mm, and (d) [=10.8

mm.

2.8 mm and 10.8 mm produce the best fitting of rational
function with four starting poles; consequently, the formulated
ECM has four RLCG branches. The initial poles used for these
geometries are —0.9¢7 = j0.9¢9, —1.3¢7 = j1.3¢9, —2.1¢7 =
72.169, and —2.3¢7 = ;2.369. However, repeated simulations
show that the more accurate equivalent circuits (less difference
between the simulated [HFSS] and equivalent circuits S;;) of
PIFAs with smaller stub lengths ({=0 mm and 6.8 mm) are
obtained with six starting CPPs (12” order approximation).
Starting poles —1.1¢7 £ j1.169, —1.2¢7 £ 71.269, —1.4¢7 £
71.469, —1.6¢7 £ 71.6¢9, —2.2¢7 % j2.2¢9, and —2.5¢7 £ ;2.5¢9
are used for the admittance data fitting of both PIFAs (1=0
mm and 6.8 mm). Six RLCG branches along with R, and C,
are obtained for the equivalent circuits of each PIFA with stub
lengths of 0 mm and 6.8 mm, respectively. Rational app-
roximation of all PIFA models is done using three iterations.
PIFA geometries with stub lengths of 2.8 mm and 10.8 mm
have smoother frequency responses than other PIFA structures
(=0 mm and 6.8 mm). That is why the best rational function
fitting is obtained with a lower order of approximation (V).

Fig. 18 illustrates that the return loss of the simulated and
produced equivalent circuits for each PIFA are in good ag-
reement. The difference between the amplitude of the simu-
lated frequency response and the approximated rational function
in terms of RMS error is depicted in Fig. 19. All PIFA
geometry fitted rational functions have RMS error values in
the order of le-4. These values can be further reduced with
higher orders of approximation; however, this is unnecessary
as the RMS error is of a lower order and good frequency
response fitting of the respective PIFA is obtained with the
used order of approximation. An increase in order will
consequently increase the number of RLCG branches, which

s€ems unneccessary.
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1.E-03
8.E-04
N=12 RMS Error
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Fig. 19. Comparison of root mean square error of fitting for various
PIFA structures.

2. Correlation between the EC Parameters of PIFAs with Different

Stub Lengths

The details of the correlation between the computed EC
parameters of PIFAs with different stub lengths is explained in
this section. Fig. 20 illustrates the relationship between the
parallel lumped element (R, and C,) branches of equivalent
circuits for various PIFA geometries. As indicated in Fig. 20,
PIFAs with smaller stub lengths have higher C, branch values.
The value of the parallel capacitor branch (Fig. 13) decreases
with an increase in length of the open stub, and vice versa for
parallel resistor R,, values.

Fig. 21 depicts the correlation between the element values of
series RLCG branches of equivalent circuits for different PIFA
geometries. The correspondence between the absolute values of
the R, and G, of equivalent circuits for each respective PIFA
is shown in Fig. 21(a), while Fig. 21(b) illustrates the
relationship between the absolute value of L, and C, values.
The ratios of G, /R, and C, /L, for all four formed equi-
valent circuits for each PIFA is almost constant, except for the
first RLCG branch of each circuit. PIFAs with longer stub
lengths (1) have higher G, /R,, ratio values for the first RLCG
branch formed by the first CPP; these values gradually decrease
with increasing stub length. All higher order branches exhibit
almost constant values for both G, /R, and C, /L, ratios,

80 0.3
60 mRo #Co
0.2
G [y
x40 e
=] =]
(4 o
0.1
20
0 | | 0
Stub0 Stub2.8 Stub6.8 Stub10.8
mm mm mm mm

Fig. 20. Correlation between R, C, for various PIFA structures.
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o4 —Stub 10.8 mm o 0.07 —Stub 10.8 mm
5 o ::u: g; mm = 00 O Stub 6.8 mm
i mm
I = 0.05 Stub 2.8 mm
4 3 == Stub 0 mm N aod = =Stub 0 mm
&g 2o
= 2 Tz 003
L=
¢ " ~ 0.02
J; 0.01
0 o0 —=0 o - . S
1 2 3 4 6 ) ®
RLCG Branch RLCG Branch

(a) (b)
Fig. 21. Correlation between series RLCG values of EC for different
PIFA structures.

with ratio values of the order 1e-5. Although the C, /L, ratio
for the 2.8 mm stub structure increases for the first RLCG
branch, the difference between the ratio values for the various
equivalent circuits is very low.

As elaborated in Fig. 5, significant differences are not ob-
served between the resonance frequencies of all four PIFA
models. That is why the above stated ratios for the four equi-
valent circuits show similar behaviors. The presented correlation
study suggests that for wider bandwidth and dipper return loss
values for the designed PIFA, the R, must be increased and the
C, component value must be decreased, with an almost con-
stant relationship between theG, /R, and C,, /L, ratios for the
different RLCG branches (except for the first relating RLCG

branch) of the equivalent circuit.

3. Electrical Circuit Radiated Power Estimation

The radiated power of an electrical circuit is dependent upon
the power radiated by its resistive elements. The formed elec-
trical circuit for dual band PIFAs in Section IV constitutes
different numbers of resistive components (R,, Ry, Ry, ) based
on their order of approximation (V). The total number of
resistive elements (Nrg) of an electrical circuit formulated using
rational approximation can be computed using the following
equation:

Ny =N +1 17)

In Eq. (17), N is the order of approximation of the vector
fitting used for formation of the lumped equivalent circuit. For
example, the number of resistive elements for an electrical
circuit with V=8 will be 9. The radiated power for each
resistor is computed by dividing the square of the voltage drop
across each resistive element by the resistance value. The com-
puted radiated power for each resistive element is added to
obtain the total radiated power of the lumped equivalent circuit.
The total radiated power (RPr) calculation formula for the
electrical circuit is shown in Eq. (18).

Nrg 1 Nrg 172
2

RP, =% RP, = EZE (18)

i=1 i=1
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RP; defines the computed radiated power of the # resistive
element (R;) of the electrical circuit having a voltage drop of V;.

4. Comparison of Radiated Power Results

All the electrical models developed for the different PIFA
geometries are simulated in an ADS circuit simulator for the
calculations of radiated power from each electrical model using
Eq. (18). In addition, the radiated power from the physical
geometries of the PIFAs is calculated in an HFSS. A com-
parison of the radiated power from electrical circuits and the
simulated HFSS models is shown in Fig. 22(a), (b), (¢), and (d),
which depict the results of normalized radiated power for PIFA
structures with stub lengths of 0 mm, 2.8 mm, 6.8 mm, and
10.8 mm, respectively. It can be seen that the normalized
radiated power results of the simulated PIFA geometries and
the developed equivalent circuit models are in good agreement.

The presented results show that electrical circuits formed
using the proposed methodology of rational fitting can be used
to depict the various radiation characteristics of the antenna,
which are closely related to the computed radiation properties,
using a full wave electromagnetic simulation in much less time
than the computation time required to complete simulation in

EM software.
V. ADVANTAGES OF THE PROPOSED METHODOLOGY

The advantages of the proposed equivalent circuit modeling,
correlation analysis, and radiated power computation are su-
mmarized as follows:

* The proposed method for ECM is easy and relatively

simple. The techniques for ECM in the form of transmission

line, RLC resonators, or using the (PEEC) method has certain
limitations either in the form of antenna geometry or in that the
number of lumped elements of the produced equivalent circuit
are quite large (as in the produced SPICE equivalent circuit
modeled by the PEEC technique) [19]. The agreement bet-
ween the simulated/measured antenna and ECM return loss
results is not good for the transmission line and RLC resonators
techniques [14, 15]. The electric circuit produced using the
proposed method has almost perfectly matched agreement
between the electrical model and the fabricated/simulated PIFA
geometry results.

* The ECM of the antenna is done for ease in systematically
designing the PIFA model for bandwidth, gain, and efficiency
enhancement using the equivalent lumped elements of the
circuit. The good agreement between the radiated powers cal-
culated from the electrical models and the actual PIFA geo-
metries shows that the ECM can be used to analyze the various
radiation characteristics of the actual antenna geometry. The
presented approach offers the advantage of saving computation
time in full wave EM simulation.

* The designed ECM can also be used for time domain ana-
lyses (such as transient behavior simulation) of circuits including
PIFAs. If a circuit including a PIFA needs to be analyzed, the
proposed electrical circuit would be the best model for pre-
dicting the overall circuit behavior. The presented correlation
analysis between the PIFA geometry and electrical models
would be useful for antenna designers who wish to enhance the
performance of the PIFA and it contributes to its systematic
design. The proposed method of electric circuit formulation has
potential uses in advancing the understanding of various elec-
tromagnetic and microwave structures by analyzing the electrical
performances of their equivalent circuits.

VI. CONCLUSION

This work presented a design, analysis, and simple method
for the formulation of lumped equivalent circuit models for dual
band PIFAs. The presence of a metallic interface connector
around the PIFA radiating structure degrades its radiating
power, return loss, and bandwidth performance. It has been
shown that the addition of the proposed open stub to the PIFA
geometry improves the various performance metrics of a PIFA.
PIFA models with various open stub lengths were created to
illustrate the effect of the length on PIFA performance, and it
was found that the enhancement of PIFA characteristics was
proportional to the stub length. The predicted and measured
PIFA results confirm up to 4.6 dB, 17%, 2 dBi, and 12.4%
improvements in return loss, bandwidth, gain, and efficiency
values, respectively. The second presented work illustrates a
simple procedure for the modeling of a lumped equivalent cir-
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cuit for the designed dual band PIFAs. The measured/si-
mulated admittance data for each PIFA geometry with different
stub lengths were approximated to a rational function using a
pole fitting method. Subsequently, a lumped equivalent circuit
was formed and its element values were derived from the fitted
rational functions of each geometry. The predicted/measured
and formed equivalent circuit scattering parameters agreed ex-
tremely well. Finally, the correspondence between the physical
stub length of various PIFA structures and their derived equi-
valent circuits was discussed in detail, which will be useful in the
examination of the relationship between actual designed PIFA
structures and their equivalent circuits.

This research was supported by the Basic Science Research
Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Science, ICT and
Future Planning (No. NRF-2013R1A1A2009489).
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