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ABSTRACT Fifth generation (5G) wireless communication systems demand compact and low-profile
high gain wideband antenna. Planar log-periodic array antenna (pLPA) has such potential qualities for 5G
base-station and user-devices. However, many important features and RF analysis are rarely elaborated for
pLPA which include equivalent circuit modeling. In this article, authors present the systematic RF analysis,
fabrication, and equivalent circuit modeling for sub-6GHz 5G application using theory of characteristic
modes (TCM). The fabricated pLPA is designed to cover the 5G bands with a high gain of > 5 dBi and
a fractional bandwidth of > 1. Using simulation tool based on method of moments, radiating and non-
radiating modes are tracked and studied with detailed physics. These modes are modeled using analytically
derived equivalent circuit and assembled in an RF/microwave circuit simulator. The characteristic mode
analysis and RF circuit modeling of pLPA help in the advancement of future 5G RF front-end modules.

INDEX TERMS Planar log-periodic array antenna, 5G wireless systems, characteristic modes, equivalent
circuit modeling.

I. INTRODUCTION

IN THE evolution of wireless communication systems,
5G/6G next generation technology standards targeted for

low latency and high channel capacity. Also, they demand
a large bandwidth and sub-3 dB noise figure [1]. Multiple
antenna (MIMO) based phased-array systems are emerging
to meet these demands which result high selectivity to
achieve high SNR with required channel capacity. The New
Radio (NR) technology of 5G suggest frequency bands of
sub-10 GHz (410 - 7125 MHz) and millimeter wave (24.25
- 52.6 GHz) [1], [2]. Other high performance technologies,
such as ultra-wideband (UWB), RF sensing and Internet-
of-Things are participating in development of 5G/6G long
term evaluation (LTE) platform [3], [4]. Therefore, the RF
front-end (RF-FE) integration of transceiver modules, such as
power amplifier, LNA, RF switches and MIMO antennas is

needed under single substrate [5], [6]. To design successful
RF-FE, a versatile electronic design and automation (EDA)
simulation tool is required.
Among all RF-FE modules, antenna is the one of the

sub-systems often designed using 3D EM simulation tool.
However, it is difficult to analyze the performance of the
RF-FE without an accurate antenna equivalent circuit model.
Despite the fact that numerical simulations reliably predict
antenna impedance and radiation patterns. But it is difficult
to predict physics behind resonance and radiation processes
in wideband antennas using numerical methods. However,
equivalent circuit modeling (ECM) has ability to provide
the physical insight of the resonance and useful in design
of integrated matching circuits. Yet, it shall not provide
detailed observations of radiation mechanism at various
excitation frequencies. There are numerous equivalent circuit
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schemes that were adopted to model impedance of antenna,
like analytical model [7], series RLC networks, parallel
RLC networks [8], [9], and singularity expansion method
(SEM) [10]. Most of the ECM methods have been made
to fit with reactive and radiating impedance of the antenna.
But, for larger bandwidth, this fitting becomes highly
inaccurate. Furthermore, the validity of these models for the
present works on pLPA is not studied. It may be due to
several reasons: 1) Unclear understanding of LPA’s multiple
resonances and anti-resonances, 2) large bandwidth, and
3) unclear radiation process from symmetric and asymmetric
currents of LPA arms.
The theory of characteristic modes (TCM) has been

employed to predict the behaviors of antennas. It features the
great potentials in the analysis and physical understanding
of the antennas with focus on radiation mechanism. Garbacz
and Turpin [11] and Harrington and Mautz [12] are the
pioneers of TCM for antenna design and optimization.
Accurate equivalent circuit modeling of antenna can be
developed with TCM. Interestingly, this approach was used
in early stages of CMA by Yee and Garbacz in 1973
[13]. They have modeled both self-admittance and mutual
admittance Yn(ω) of delta-gaps in the wire as RLC elements.
Along with CMA, EC modeling of center-fed dipole antennas
is reported by Fabres [14]. Series RLC resonant circuit was
proposed for each radiating modes of dipole. Alternatively,
a high-pass RLC equivalent circuit model was proposed
by Adams and Bernhard [15]. They have presented the
wideband EC modeling of thin dipole antenna along with
computed radiation patterns successfully. In our recent work,
we have demonstrated the detailed modal analysis and EC
modeling of wideband antennas using TCM [16]. The model
helps in studying the mode-coupling and the formation of
wideband. Also, the model extended to predict the radiation
pattern of an antenna for any signaling frequencies within
the desired spectrum.
Several wideband and ultra-wideband planar antennas,

such as bowtie, spiral, log-periodic and Vivaldi antennas,
were demonstrated with high gain in the last few decades.
Amongst these, planar log-periodic antenna (pLPA) shows
relatively uniform radiation characteristics over the large
bandwidth. Also, pLPAs can operate more than 10:1 oper-
ational bandwidth with a gain > 5 dBi. Yet, it is not a
real frequency-independent antenna [17]. On the other hand,
it shows self-complementary nature that rewards constant
input impedance of approximately 188.5 Ohm (60π) which
ease the antenna matching over a large bandwidth. In recent
times, few reports on planar log-periodic antenna were
demonstrated for 5G communications [18], [19]. However,
no detailed reports on modern CMA or ECM of log-periodic
antenna are found as per authors’ knowledge. Here in this
article, we elaborated the characteristic mode analysis and
equivalent circuit model of wideband planar LPA antenna
(pLPA) to predict resonance and radiation mechanism.
Section II presents the CMA of pLPA in detail and
characterizes the modal resonance over the desired wideband.

From the understanding of modal analysis, the complete
EC model is constructed with the help of modal equivalent
circuit of radiating modes, presented in Section III. Finally,
this model is further used to calculate the radiation patterns
and gain over the large spectrum of pLPA.

II. CMA OF PLANAR LOG-PERIODIC DIPOLE ANTENNA
pLPA was proposed and developed long-back by DuHamel
and Isbell [20]. Analytical and numerical modeling of LPAs
were presented by many researchers. Wolter and Paul et al.
had established the theory of LPA by solving the Maxwell’s
wave equation for wire and planar geometry [21], [22]. The
theory yields the formulae for optimum high-directivity LPA
for the given value of growth rate τ . This agrees with Carrel’s
approach [23]. Alternatively, Kazemipour et al. [24] reported
the analytical modeling of the LPA antenna using shifted
branches dipole antenna which was proposed by Evans [25].
It was found that the impedance and radiation characteristics
of LPA are stable over the operating bandwidth. Although
these analysis and predictions are useful, they are complex
to accommodate the angular dipoles of pLPAs. Alternatively,
Scheuring et al. presented an analytical model to compute
the resonant frequencies of angular dipole LPA [17]. CMA
of log-periodic wire dipole antenna was first performed
by Hilbert and Balmain to understand the symmetric and
asymmetric resonances [26]. It was observed that the
structural asymmetry of LPA may cause side-lobe formation.
In this section, the design and CMA of pLPA are presented
in detail.
A planar self-complementary angular toothed pLPA was

designed to cover the wide spectrum of 1 to 3 GHz. This
frequency range covers the 5G NR bands [1]. From the
calculation, this pLPA takes an outer diameter of Dout =
2 × Rout = 2 × 72.4 mm and inner diameter of Din = 2 ×
16.1 mm. With the tooth and boom angles of α = β = 45◦
to achieve the self-complementary, a growth rate of τ =0.65
is adopted for the design. Fig. 1 (a) shows the layout of a
planar LPA antenna with geometric parameters. Excitation
and impedance matching of self-complementary pLPAs at
the port are challenging as these structures show impedance
of approximately 188.5 Ohm at the feeding apex point.
Wideband balanced feeding baluns were proposed in early
reports [27], [28], however they are complex in design and
implementation. Hanumantha Rao et al., reported a simple
planar tapered balun to feed self-complementary antennas
which matches the unbalanced 50 ohms feed to 188 Ohms
balanced line [29]. We adapted same planar tapered balun
(PTB) which is presented in Fig. 1 (b) with dimensions. To
feed the pLPA, this PTB was designed and optimized on
the FR4 substrate with εr = 4.4 and tanδ = 0.0023. The
bottom ground plane of the microstrip PTB, measuring LPTB
= 55 mm, has a width of WG = 7 mm. It tapers gradually
to a parallel line width of WP = 0.534 mm. The feed line,
measuring WF = 1.53 mm, is etched on top of the substrate
to match 50 Ohms and smoothly tapers to WP= 0.534 to
balance 180 ohms. This structure along with integrated pLPA
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FIGURE 1. (a) Layout of Self-complementary toothed angular pLPA (b) Planar
tapered balun.

FIGURE 2. (a) Fabricated pLPA with integrated tapered balun. (b) Radiation pattern
measurement setup in anechoic chamber.

was simulated using Ansys HFSS for full wave analysis to
study the matching and radiation properties.
Both pLPA and PTB were fabricated using PCB mechan-

ical etching tool with precision of 0.1 mm and integrated
using micro-soldering process. Fig. 2 (a) shows the fabri-
cated antenna with integrated PTB. The reflection-coefficient
was measured using Agilent Technologies N9918A Field
Fox microwave analyzer. Radiation patterns of fabricated
antenna are measured, as shown in Fig. 2 (b), using the
anechoic chamber with RF shielding of −110 dB. Fig. 3
(a) shows the simulated and measured reflection-coefficient
and frequency dependent gain characteristics of proposed
pLPA. It is evident that both simulation and measurement
show good impedance matching for the desired bandwidth
of 1 to 3 GHz. Yet, there are visible difference between the
resonant frequencies of simulation and measurement. This
shall be due the feeding PTB and integration tolerances.
Minor inaccuracies in the calibration are also contributing
factor for the variations in the measurement results. Further,
the soldering of SMA to the PCB panel has contributed to
additional losses which is not accounted in the simulation.
Realized gain of pLPA of the frequency from simulation
and measurement show that the antenna has uniform gain
of ∼ 5 dBi within the desired spectrum. Measured radiation

patterns at various frequencies within the desired spectrum
are presented in Fig. 3 (b-d) for principal planes φ = 0o

and φ = 90o. As expected, the dipole antenna radiation
pattern with peak-gain of 5 dBi was observed. While dipole
antennas show gain of ∼ 2.14 dBi at resonance, the pLPA
results 3 dBi higher which is explained with the help of
modal analysis in the following sections. One shall observe
that the pLPA has highly directional radiation pattern from
the results along φ = 0o and φ = 90o. The antenna exhibits
broadside radiation perpendicular array axis with no visible
sidelobes.
Later, the structure pLPA was simulated using Altair

FEKO for modal analysis. Dominant 9 modes of pLPA
are computed using MoM simulation with 128 RWG edge
elements. Other higher order modes are ignored which are
out of band and do not contribute for the resonance. Fig. 4
presents the computed eigenvalues of dominant 9 modes
for pLPA antenna. On close observation, odd modes show
the similar behavior of radiating modes of planar dipole
antenna [16]. An odd mode exhibits highly capacitive
(Λn < 0) at low frequencies and experiences resonance
at f0n (Λn = 0). After the resonance, the mode turns
to be slightly inductive (Λn > 0) and slowly decreasing
toward Λn = 0). However, at higher frequencies, next odd
mode becomes dominant. To keep the orthogonality within
the scope of computation, these odd modes exhibit the
eigenvalue crossing avoidance (ECA) between themselves at
|Λn| > 1 regions [30]. Yet, few odd modes (Mode-5 and
Mode-7) show eigenvalue crossing which shall be due to
numerical inconsistency in the modal tracking. Alternatively,
the eigenvalues of even modes are rapidly growing from
a high negative (capacitive) to a positive (inductive) value
and crossing the odd modes. Between even modes, we can
observe the ECA. These set of odd modes or even modes
do not cross among themselves as they are eigentraces of
same irreducible representation, thus they experience ECA.
Due to the close occurrence of many resonances in pLPA
and effect of ECAs, the coupling between modes is ignored.
Odd and even modes show dissimilar modal current pat-

terns which are presented in Fig. 5 (a) and (b) respectively.
Along with them, the modal far-field radiation patterns at
the resonant frequencies of both eigenvectors are presented.
The odd modes show modal currents maxima at center of
the each tooth. Also, odd mode eigenvectors show symmetry
between two respective teeth of opposite arms with respect
to center of the antenna. Due to the symmetry, the effective
modal current of odd modes is non-zero at feed position
of dipole. This is similar to the resonance characteristic of
planar dipole antenna which shows broadside radiation at
natural resonance, as shown in Fig. 3 (b). It is worth to
mention that there are two dipoles (arm A2 and A3) involved
in radiation for a single odd mode and yields ∼ 5 dBi. In
the next odd mode, the arms A3 and A4 will participate in
resonance and radiation. Due to this phenomenon, a uniform
gain is maintained over the desired wide spectrum. From
this understanding, one shall understand that the mode-1
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FIGURE 3. (a) Simulated and measured reflection coefficient and gain characteristics of proposed pLPA with integrated balun. (b-d) Simulated and measured radiation pattern
at various frequencies for φ = 0o and φ = 90o .

FIGURE 4. Computed eigenvalue of dominant odd and even modes within 0.5 to
3.5 GHz.

take dominant modal current at outer arm (A1) which is
longer and wider. On the other hand, the modal resonances
of mode-9 should be due to modal currents at inner short
arms (A6 and A7). This is evident in Fig. 5 (d).

Modal significance (MSn) presents the normalized ampli-
tude of the modal currents, computed as MSn = |1 +
jΛn|−1. Therefore, it is largely depending on the electrical
behavior of the current modes according to the shape of the
antenna. Fig. 6 (a) shows the MSn of all current modes. One
shall observe that the radiation bandwidth, corresponding
to MSn = 0.707, is increasing for higher radiating modes.
It may be due to the involvement of multiple arms/teeth
of pLPA for the higher current modes. In Fig. 5 (d), one
shall observe that the mode-9 which has dominant current
in three arms. Alternatively, the characteristic angle (δn =
180o − tan−1(Λn)) computes the phase angle between a
modal current (Jn) and modal far field (En). Therefore, one
shall expect δn = 180o around resonance and slope of δn
determines the radiation bandwidth. Fig. 6 (b) presents the
computed δn over the frequency. Unlike odd radiating modes,
the non-radiating modes show fast transition from 270o to
90o. This indicates that non-radiating modes stores E and

H near-fields over the desired bandwidth. However, these
stored energies should be significantly low as the net modal
currents, with respect to excitation point, is close to zero.
The modeling of multiple resonances in pLPA was

reported to understand the origin of radiation and resonance
mechanisms by few researchers. Often the resonant lengths
of arms were modeled as λg/2 or λg/4 for the guided
wavelength λg = λ0/√

εeff [20]. With detailed analytical
modeling, Scheuring et al. reported the resonance is orig-
inated in the anti-tooth of the pLPA, compared with λg/2

slot resonator [17]. It was observed from the full-wave
simulation that the current maxima appears on anti-tooth of
pLPA, flowing through bow-tie structure. In our observations
in modal current and full-wave simulations without the
substrate, the modal current are maxima at tooth and supports
the λg/4 resonator model. On the other hand, the even
modes exhibit currents traveling in opposite directions, can
be seen in 5 (b). These currents in opposite arms cancel
each other and results zero effective modal current for
asymmetric even modes. Therefore, the even modes cannot
be excited and do not contribute any radiation. However, the
asymmetry/opposite currents on shifted dipole arms from the
center radiate a weakly, perpendicular to main lobe of odd
modes. These weak radiations form the side-lobes of pLPA.
Similar observations on side-lobes of LPAs were reported in
earlier studies [26].

III. EC MODELING OF PLANAR LOG-PERIODIC DIPOLE
ARRAY ANTENNA
The equivalent circuit model of pLPA can be achieved by
expressing the eigenvalue as function of circuit elements.
Modal impedance of nth characteristic mode is,

Zn(ω) = 1

J2
n(ω)

(1 + jΛn(ω)) (1)

Here, Λn and Jn are the eigenvalue and modal current of
nth characteristic mode. We have adopted 3rd order equivalent
circuit (3EC) of a series capacitor (Cn) with parallel RL
section (Rn and Ln), shown in Fig. 7 (a), similar to our earlier
work [16]. From the detailed analytical modeling of modal
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FIGURE 5. Modal current and far-field patterns of few odd and even modes (a) Mode-1, (b) Mode-2, (c) Mode-3, and (d) Mode-9.
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FIGURE 6. (a) Modal significance (MSn) and (b) Characteristic angle (δn) of all
dominant odd and even modes.

impedance [16], the equations of �n and J2
n are obtained for

high pass 3EC model as follows:

�n = ω2(b1 − a1) − a0b1

ω3
; J2

n = ω2 + b2
1

ω2
(2)

where, a1 = 1/RnCn, a0 = 1/LnCn, b1 = Rn/Ln . The Rn, Ln and
Cn can be computed using,

Rn = R0n.Rrn;Ln = R√
Qn.ω0n

;Cn = 1

L.ω0n
(3)

where, ω0n = 2π f0n and Qn are angular frequency and
modal quality factor at resonant frequency (f0n) of nth mode.
The resistance, defined with normalized modal resistance
R0n and radiation resistance Rrn, can be computed using
Rn = Rrn

J2
n (f0n)

. For dipole antenna, the typical value to Rrn =
72 
. From Eq. (2), we get J2

n(f0n) = ω2
0n+b2

1
ω2

0n
, where b1 =

R
L = Qn.ω0n. The overall equivalent circuit model may be
generated by parallelly cascading the 3EC models of the first
two odd modes, mode-1 and mode-3. The anti-resonance in
this case is created by the interaction of mode-1 and mode-3
modal reactances. Thus, a parallel resonant element, such as
capacitor or inductor as shown in Fig. 7 (a), can be used to

restore the imaginary part of admittance to zero. This shunt
element reactance can be calculated by:

− Xmn
(
ω′) = Im(Ym) + Im(Yn) (4)

The information about anti-resonance frequency ω′ is
acquired from results of measurement or full-wave simula-
tion. Alternatively, one can add few higher order modes to
achieve accurate wideband circuit of antenna which do not
require parallel resonant element.
Considering severe ECA effects for pLPA, the develop-

ment of equivalent circuit is a complicated work. Also,
the computation of modal quality factor and modal current
densities may not be reliable due to the same. To achieve
the single solution of equivalent circuit for 9 modes over a
large bandwidth, few compromises are taken. For simplicity,
the 3EC model is accounted for all dipole modes of pLPA,
similar to earlier cases. For each dipole mode, the values
of R, L, C elements of 3EC model are calculated based
on the best fitting with eigenvalues of MoM analysis by
assuming optimum quality factor. Out of many possible
combinations, two cases are presented here. Case-1 is the
3EC model for all dipole modes with high quality factor.
On contrary, the case-2 accounts low quality factors for
all modal 3ECs. Table 1 lists the resonant frequencies, Q
factors and radiation resistance of 5 dipole modes for the
case-1 and case-2. Compatibility between the eigenvalues of
MoM simulation and equivalent 3EC models is presented
for case-1 and case-2 in Fig. 7 (c) and (d) respectively.
In both cases, a good fitting is observed, at least near the
resonant frequencies. As expected, the variation between the
eigenvalue of numerical simulation (MOM) and proposed
model is visible at higher order modes. Unlike simple
antennas, UWB log-periodic antenna has multiple modes,
including non-radiating modes. This results severe ECA and
visible difference between numerical simulation (MOM) and
proposed model. However the eigenvalues of EC models
are crossing, as the EC model of each mode is similar to
auxiliary modes presented in [30]. Difference between case-1
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FIGURE 7. (a) Equivalence circuit (EC) model of pLPA with modal EC and parallel resonant elements, Eigenvalues of 3EC models with MoM data for (b) Case-1 and (c) Case-2.

and case-2 can be found in higher modes where eigenvalue
maxima �max show distinct difference due to difference in
quality factors.
To achieve the over-all equivalent circuit, the shunt

inductances/capacitances (Lmn/Cmn) are calculated using
equ. 4 from the reactance of dipole modes at anti-resonance
frequencies. This part is challenging as the reactance of 5
odd modes should be canceled with LC networks. So, we
implemented in two phases as shown in Fig. 8, namely:
1) primary LC element and 2) secondary LC element, with
following procedure. In the phase-1, at first, the reactance
of mode-1 (Im(Y1)) and mode-3 (Im(Y1)) are calculated and
computed −X13 at anti-resonance of f ′13=1.43 GHz using
Eq. (4). By placing a parallel L01 element, the effective
reactance is canceled, which is shown as ‘stage-1’. Then,
the second anti-resonance at f ′35 achieved by placing by L02
which is calculated with total reactance due to effective
reactance X13,eff = Im(Ystage−1) of stage-1 and reactance of
mode-5 (Im(Y5)). Similarly, third and fourth anti-resonances
at 2.04 GHz and 2.51 GHz were achieved using L03 and
L04, respectively. Again, the over-all reactance is canceled at
all anti-resonances with secondary LC elements (phase-2),
L11, L22, L33 and L44. The L0n or Lmn can be inductor
or capacitor based on the reactance to be canceled. This
procedure successfully yields the over-all equivalent circuit
for both case-1 and case-2. All R, L, C elements are listed
in Table 1.

RLC RLC RLC RLC RLC

L

L

L L L L

Stage-1

Stage-3 L

Phase-1

Phase-2

FIGURE 8. Implementation flow diagram of over-all equivalent circuit of UWB pLPA
for case-1 and case-2.

The reflection coefficients calculated from full wave
simulation is compared with circuit simulation of EC for
case-1 and case-2 in Fig. 9 (a). In both cases, the bandwidth
coverage is properly achieved. As the case-1 took higher Q
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TABLE 1. Calculated EC model parameters for dipole modes of pLPA antenna for case-1 and case-2.
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FIGURE 9. (a) Compatibility of S11 of ECs for case-1 and case-2 with full wave simulation. Computed (b) real-imaginary admittance and (c) maximum linear gain from EC
models and FW simulation. (inset) Modal fields of five dipole modes at f0n for φ = 0o and φ = 90o .

values, it exhibits a multi-resonance response which shows
excellent match with full wave simulation. On the other hand,
case-2 shows a moderate fit in the lower band of spectrum
while the fitting is not proper in higher band. Due to the large
bandwidth of each mode for lower Q influences the other
mode which may result a poor fitting. To quantify the fitting,
the imaginary part of admittances from full wave and circuit
simulations are compared, the compatibility is presented in
Fig. 9 (b). Due to high quality factor, the case-1 EC exhibits
multiple zero crossing clearly at anti-resonance frequencies.
However, the EC of case-2 shows similar oscillation and
rarely crosses zero. This is due to the overlapping of modal
reactance of multiple modes.
Computation of far-field radiation patterns at any

frequency within the desired spectrum can be performed
using EC circuit. This was first demonstrated by Adams
and Bernhard [15]. For an antenna, the total far-field is
calculated by superposition of modes associated excited
characteristic fields, that is:

ET(θ, φ) =
∑ Jn(m)

(1 + j�n)
En(θ, φ) (5)

where Eigenvalue �n and eigenvector Jn are obtained from
eqns. (2). The En is calculated from MoM simulation at
natural resonances, corresponding to �n = 0 of nth mode.
Inset of Fig. 9 (c) shows the modal radiation patterns of
all dipole modes at their frequency of resonance. The
characteristic modal fields associated with the dipole modes
exhibit similar radiation patterns. However, the major lobe
becomes narrow for modes at high frequencies. Along with
these modal fields En, �n and Jn of EC model of each
dipole modes are used to calculate the total characteristic
far field at the entire frequencies of the spectrum. Fig. 9
(c) presents the calculated linear gain from EC models of
both cases and FW simulation. Both case-1 and case-2 EC
models predict the antenna gain with acceptable accuracy.
As case-1 takes high Q for EC modeling, the weights of
modal fields change drastically over the bandwidth. This
results high gain and high ripple magnitude (∼ 1.2) within
the desired bandwidth. In case-2, the low Q factor for modes
increases the modal bandwidth and results slow variation
in modal weights. This yields low gain over the spectrum
compared to FW simulation result. Optimum choice of Q
and accurate modeling of characteristic modes shall predict
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TABLE 2. A comparison of RF circuit models for the wideband antennas.

the radiated fields and gain accurately. The EC modeling
of pLPA reveals that the uniform gain over such a large
bandwidth is mainly due to dipole or symmetric modes
whose resonant frequencies are close to each other. This
supports the theory of resonance phenomena proposed by
Hilbert and Balmain [26].
A comprehensive summary of various RF circuit modeling

approaches of wideband antennas is presented in Table 2. A
detailed circuit analysis using Foster canonical forms (FCF)
for UWB electrically small antenna (ESA) was reported
by Wang et al. [31]. Althrough, the hybrid RLC elements
show good compatibility for UWB pulses analysis, the
multiple RLC elements of the model make the computational
complexity. Jari Holopainen et al., reported the EC topology
with coupled capacitive element (CCE) to model the EM
coupled chassis antenna in mobile handset [32]. The work
results good matching and ease of integration with large
antenna, yet the theory is not tested in other compatible
antennas. Using odd and even mode (OEM) analysis, EC
model was developed for two-segmented capped monopole
antenna by Stuart [33]. Although this model exhibits
moderate compatibility with the antenna impedance, the
circuit model is complex and not tested beyond ESAs. TCM
inspired EC modeling for dipole antenna was successfully
reported by Fabres [14] and Adams and Bernhard [15].
The series RLC modeling approach is straightforward and
covers a narrow bandwidth of 0.2 GHz with simple and
easy computation. Alternatively, the model developed by
Adams et al., showed an excellent accuracy on modeling
the eigenvalues or impedance function of dipole antennas.
However, the modeling is not a direct and easy method.
Khaled Obeidat et al., presented the parallel RLC circuit
for center-fed dipole and patch antennas [34]. The proposed
model can give moderate compatibility with the impedance
function of MOM data of these antennas. In comparison to
these important reports, the proposed modeling approach for
wideband and UWB antennas stands with excellent com-
patibility with moderately complex implementation. With
cascading approach, the impedance and antenna gain of
pLPA with large bandwidth were predicted by TCM inspired
3EC model. Considering the forementioned facts, one shall
work on equivalent circuit modeling for MIMO, fractal,
ultra-wideband, multi-mode and array antennas. Low-profile
slot antennas are often considered for several consumer
electronic applications [35], yet equivalent circuit model

of such antennas are rarely reported. Using electric and
magnetic CMs, one shall model the multiple resonances
in slot or chassis antennas for better impedance matching.
The calculation of radiated fields shall account frequency
dependent and polarization dependent factors in the equation
of the total modal radiated fields. This approach may yield
accurate calculations for gain of wideband ultra-wideband
antennas. The Equivalent circuit modeling can also be
used to handle link budget, power budget analysis and
antenna placement issues in various wireless applications, in
particular 5G RF-FEs.

IV. CONCLUSION
We provided a comprehensive characteristic mode analysis
and equivalent circuit modeling of planar angular LPA
antenna in this work. The modal analysis of pLPA reveals the
origin of resonance mechanism by decomposing the several
characteristic modes. It is observed that two dipole arms are
simultaneously excited at modal resonance and responsible
for the radiation mechanism of LPA. Using analytical
modeling, pLPA is modeled using 3rd order equivalent
RLC circuit which shows excellent compatibility with FW
simulation. Although the eigenvalue crossing avoidances
between odd modes are severe, the modeling procedure
gives optimum equivalent circuit. The prediction of far field
radiation patterns over a large spectrum was demonstrated
with EC models. It was observed that the multiple modes are
participating in the formation uniform antenna gain over the
bandwidth. The proposed EC model is accurate enough that
it may be utilized in the SPICE simulator to examine the
link budget and power budget of the transmitter and receiver
RF front-ends without the need for three-dimensional EM
solvers.
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