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ABSTRACT This work deals with the proposal of a novel type of microstrip antenna, called MCPA the
modified comb patch antenna. The proposed antennas is composed of n parallel conductors, fed by a common
microstrip. A dedicatedmathematical framework, based on themulticonductors transmission line formalism,
is proposed for antenna analysis and design. The analytical model is numerically validated with full-wave
simulations, resulting in a 5% error in the predicted resonant patch length. A numerical study of antenna
matching, size, radiation performance is carried out. The matching increases as the number of conductors
increases, whilst gain of comb antennasmade of n conductors are about half dB higher than the equivalent full
patch counterpart. Then, an eighty conductors was realized and measured to assess the frequency response of
the antenna, as well as its radiation performances. An error of 1% between the predicted and measured value
resonance frequency was observed. A difference of about 0.67 dB was found for the measured maximum
antenna gain, with respect to the simulated one. The proposed antenna design is appealing for printed
electronics and wearable, on-textile applications.

INDEX TERMS Comb antenna, multi-conductor, wireless body area network.

I. INTRODUCTION
The research interest in on-body wireless communication
systems in recent years, is increasing due to the ever-growing
relevance of personal electronic devices in everyday life
and activities, such as personal communication [1], health-
care [2], identification, tracking and monitoring [3] of
biometrics and biomedical parameters [4], [5]. In this frame-
work, the electromagnetic engineering community is facing
the challenge of designing and realizing innovative and low-
cost antennas, which can be easily integrated in body area
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networks (BAN), or worn and integrated into wearable sys-
tems [6]. For these applications, microstrip antennas (e.g.,
patch) are mostly used, thanks to advantages such as ease of
construction, low cost and a high adaptability. From an elec-
tromagnetic point of view, standard microstrip antennas have
the relevant drawbacks of exhibiting low gain, reduced power
capability and inherently narrowband [7]. To improve the per-
formances of microstrp antennas, a pivotal requirement is to
investigate new solutions, such as the use of multi-conductor
antennas [8] or antenna arrays [9]. In this work, we propose a
novel multi-conductor antenna. Therefore, when a new con-
figuration is proposed, a robust, reliable and fast methodology
for the study and optimization must be developed.
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FIGURE 1. Concept, possible manufacturing approach and potential
applications of the modified comb patch antenna MPCA.

This work proposes a modified comb patch antenna
(MCPA), i.e. a patch composed of n parallel conductors,
fed by a common microstrip line, as shown in Fig. 1. The
conductors branch out from the feeding line perpendicu-
larly in one direction, being symmetric with respect to the
feeding line. The configuration is proposed to ensure that
all the conductors are all placed along a given direction,
thus determining a uniform current density flowing along
with them. In addition, these requirements guarantee that the
antenna characteristic parameters could be derived easily and
efficiently, while providing a pure polarization of the antenna.

Fig. 2 shows the novel configuration proposed. The MCPA
is an antenna topology which strongly differs from previous
microstrip comb antennas. Indeed, the most commonly inves-
tigated, designed and characterized multi-conductor antenna
are comb antennas, having conductors branching out in to
opposite directions from a commonmicrostrip feeding line or
with a scope of 30◦ or 45◦ angle with respect to the feeding
line [10]–[12]. Recently, a comb-shaped microstrip patch
Antenna (CSMPA) was proposed [13]. Flexible broadband
monopoles in comb arrangement, working in the frequency
range 1.7-2.68GHz, were studied [14]. The size of the lateral
conductors leads to an increase in bandwidth (BW) (up to a
44.75% BW at−10 dB) and allows to slightly reduce the size
of the antenna. The comb geometry has also been used for the

FIGURE 2. Geometry of a multi-conductor patch antenna. The feed is a
50 � microstrip line and the conductors are parallel microstrip segments
having width wc , spaced of wg, with a length Lpatch, the current flows
uniformly along l in the z-direction.

design of arrays working at 2.45 GHz, reaching a maximum
gain of 12.85 dB [15]. Comb antennas are mainly design
in microstrip tecnology, or developed as a planar inverted F
antenna (PIFA) for the applications in the UHF band [10].
Furthermore, metasurface structures can be obtained with
linear multi-conductors [18]. Aslo, single and double side
comb antennas for radar applications were proposed [19].
In [20], an EBG comb structure was proposed for enhancing
the performance of antennas in WiMax band. A summary of
the main literature about comb antennas is provided in Tab. 1.

TABLE 1. Resume of the state of the art of comb antennas.

To summarize, the MPCA differs from previous comb
antennas in the spatial arrangement of conductors. However,
the difference between the proposed MCPA and the designs
available in the literature is also the feeding strategy. Indeed,
the use of a coaxial probe is the most used approach [14],
[21]. The coaxial feed can present drawbacks from the design
point of view and increases the technological criticalities for
BAN applications (Fig. 1). The selection of the insertion
point must be performed to ensure a homogeneous current
flow in a single direction, thus raising difficulties in the
design and matching procedures, hence calling for effective
design strategies [10]–[14], [18]–[20]. Indeed, the traditional
methods used for the design of microstrip patch antennas
are not suitable for comb-shaped antennas. In this frame-
work, comb antennas have been analyzed by developingmod-
els based on variational methods [22], modal analysis [23],
or simple, but less accurate transmission line models (TLM)
[24]–[26] or computationally costly, high-fidelity full-wave
analysis (FW) [8], [27]–[33]. All these design strategies are
often complemented by numerical optimization, heuristic
or machine learning-based methods [34]–[38]. As a matter
of fact, when designing the aforementioned comb antennas
usually, the design strategy is mostly heuristic and driven
by extensive numerical simulations [21], reflecting a poor
theoretical effort [11], [13], thus highlighting the lack of a
complete, exhaustive and simple model for the analysis of
comb antennas. Therefore, there is a knowledge gap to be
filed with a thorough and robust electroagnetics and antenna
engineering analysis.

To the best of the authors’ knowledge, the potentialities
of this kind of MCPA, multi-conductor structure, have never
been investigated. Therefore, in this work, a specific, original
mathematical framework for designing theMCPA, of the type
shown in Fig. 2, is developed. The proposed MCPA has the
advantage of being cost-effective solution for communica-
tions and BAN applications. Furthermore, with the proposed
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structure and the developed mathematical framework, the
control on the intrinsic parasitic and matching capacitance
makes this structure very flexible to be tuned.

The MCPA, shown in Fig. 2, is analyzed with a dedicated
mathematical model aimed at the computation of the patch
dimensions, to be matched and tuned in a given frequency
range. The mutual coupling effects between the conductors,
and the influence of the gaps are included in the thus allowing
a realistic analytic model. The proposed model could be used
to analyze and design MCPA printed or textile-based anten-
nas (Fig. 1). The model is validated against numerical, full-
wave simulations and experimental measurements. In this
work, the selected frequency range is the GSM band (890-
915MHz). The proposed design and methodology is general
and can be extended to other bands.

The paper is organized as follows, in Sect. II the set
of equations for the design is presented. In Sect. III, both
numerical and experimental validation are provided; then,
in Sect. IV, the findings are presented and finally in Sect. V
conclusion and discussion are given.

II. THE MODEL
The novel MCPA, shown in Fig. 2, can be analyzed as an n
conductor transmission line system, supporting quasi-TEM
modes [39], since the current flows uniformly along the
l-direction. By applying the transmission line equations [Eq.
(22) in the Appendix], the spatial variation of the voltage
and current vectors (1 × n) can be calculated. The equations
must be manipulated to include the patch length (Lpatch) in
the expression for deriving the mathematical framework for
design and analysis. With straightforward algebraic deriva-
tion, the coupled telegraphers’ equations in the following
second-order equation [40]

−
d2I (l)
d2l

+ β20Ln CnI (l) = 0 (1)

for the k-th conductor, the solution to the second-order dif-
ferential equation is in the following form

I (l) = I ke
jβk l (2)

where βk are the eigenvalues of the matrix β20Ln Cn (with k =
1, . . . , n). L and C are, respectively, the static, normalized
inductance and capacitance matrices of the structure shown
in Fig. 2. In other words, Cn = 1

ε0
· C and Ln = 1

µ0
· L,

respectively, being C and L the capacitances and inductances
of the system, whilst ε0 is the vacuum permittivity, in (Fm−1)
and µ0 is the vacuum magnetic permeability, in (Hm−1).
In this case, it follows that, the propagation constant can be
written as

βk = β0
√
λk (3)

where λk are the eigenvalues of the matrix Ln and Cn, with
size n×x n. The term Ik indicates the eigenvector correspond-
ing to the eigenvalue λk .

Then by rewriting the current in the form of a steadywaves,
we can impose the known current value for l = Lpatch and find
that the voltage and current distribution as

I (l) =
n∑

k=1

{
cos (β0

√
λk (l − Lpatch)) · [IAk (Lpatch)]

+j sin (β0
√
λk (l − Lpatch)) · [Bk ]

}
I k

V (l) = j
1
ε0
C−1
n

n∑
k=1

{
cos (β0

√
λk (l − Lpatch))

·[IAk (Lpatch)]

+j sin (β0
√
λk (l − Lpatch)) · [Bk ]

}
I k

(4)

where I+k + I−k = IAk (Lpatch) and I
−

k − I+k = Bk , being I
+

k
and I−k unknown complex amplitudes.

Eqs. (4) are essential for deriving a procedure suitable for
sizing the modified comb patch antenna, i.e. to find the values
ofWpatch and Lpatch for the desired working frequency. To this
aim, it is necessary to know the system capacitance and to
further investigate the MCPA characteristic impedance.

A. DERIVATION OF L AND C PARAMETERS
In order to solve system (4) have to be derived the charac-
teristic parameters L and C (see Fig. 2). The n conductors

are placed between air and a dielectric substrate. Firstly the
computation of the inductances in the MCPA is required.
Indeed, the evaluation of the inductance in the system is
straightforward once C is known [41]: L can be derived as
the inverse of C in air. Therefore, the capacitance matrix
is derived from the total electric energy (W ) stored in the
structure, by a FD computational method [42]

C =
∫ Lpatch

0

∫ Wpatch

0
ε|E|2 dS (5)

where ε is the dielectric permittivity of the medium and E is
the electric field (Vm−1).

To find the capacitance matrix of the system of n conduc-
tors, in this work, the calculation is performed for semplicity
moving from the analysis of a four-conductor structure. Only
explicit structures with equal strips, equal external gaps, and
internal gaps equal or different to external gaps were consid-
ered (with reference to Fig. 3(a)), while taking into account
the mutual-coupling between the MCPA elements.

Once the energy W is evaluated with the FD method,
as previously described, it is found that,

Wk =
1
2
[vk ]T [C] [vk ] (6)

with vk the chosen voltage vector andC is the capacity matrix
[ The Eq. (39) in the Appendix]. The Eq. (6) is a linear system
of equations. Since it has six unknowns capacities, it requires
six configurations. Therefore, we write a linear system of six
equations in the six unknown capacities

A · C = W (7)
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FIGURE 3. a) Circuital equivalent of the capacitive coupling between the
four-conductors. b) Circuital equivalent of the capacitive coupling
between the n-conductors.

where A is the matrix which has as columns the six indepen-
dent voltage (eigen-)vectors (vk , with k = 1, ..6). By using
the Symbolic Toolbox of Matlab 2019b (The MathWork Inc.,
MA, USA) it is possible to derive a set of eigen-vectors
which ensures that A is well conditioned and symmetric. It is
worth to point out that two of the eigenvectors terms are
known, whilst the other two are symmetrical. The values of
the four-line structure were then used as an approximation
to obtain the matrix C of a n-conductors system Fig. 3(b).
The internal capacitances were approximated by the value of
Ci of the 4-conductors, and all mutual internal capacitances
were approximated with Cmi, Cm2 and Cm3. Similarly, the
two external capacitances were approximated with Ce, and
the two mutual external capacitances were approximated by
Cme. Therefore, the final matrix, for the n-conductor system
is

B. MODEL FOR MCPA DESIGN
We have presented the computation of the transmission line
parameters for studying the modified comb patch antenna
in its fingers (Fig. 2). However, to study the system as an
antenna, the input impedance is fundamental to derive exactly
how to design the device for working under resonance con-
ditions and match the system to the feeding line. Therefore,
the input impedance can be found using the voltage and
current equations of the system (4), and then a suitable design
strategy can be derived. As a result, an objective of the
proposed model is the calculation of the radiation impedance
considering the couling effects for adjacent conductors, thus
introducing additional complexity.

As first step, at the transverse line from which the set
of parallel conductors branch out (see Fig. 2) all the k-th

tensions must be equal, i.e.

V (0) =


1
1
...

1


1n

· Vg (8)

where Vg is the supply voltage. For l = 0 Eqs. (4) can be
written as

1 · Vg =
1

jωε0
Cn−1

n∑
k=1

IAk (Lpatch)β0
√
λk

· sin (β0
√
λkLpatch)+ jB

√
λk cos (β0

√
λk )I k (9)

where B = Bkβ0.
The voltage in l = Lpatch is instead expressed as

V (Lpatch) = Z
irr
· I (Lpatch) (10)

where Z
irr

is the radiation impedance matrix and Lpatch is an
unknown.

If the coupling between the set of parallel conductors is
neglected, the matrix Z

irr
, or the admittance matrix, is diag-

onal, with real input resistances, related to the single con-
ductor [43]. In other words, in absence of coupling, Z

irr
is

equal to

Z
irr
= diag(Rn) (11)

where Rn is the resistance of the single n-th conductor
(assumed to be all equal), i.e. Rn = 90n( λ0wc )

2.

Cn =


C11 0 . . . 0
0 C22 . . . 0
... . . . C33 0
0 . . . 0 C44

 (12)

When the coupling between conductors is neglected, the
real-valued impedancematrix can be used to find the resonant
Lpatch value. However, the operation under this assumption
would lead to over/underestimated results. Therefore, in this
work, a more in-depth analysis is performed.

Under the approximation of neglecting the coupling
between the conductors, the results are limiting and less
accurate for the analysis and design of the MCPA. Therefore,
the proposed mathematical framework for the MCPA can be
complicated by accounting for the coupling between conduc-
tors in the evaluation of the irradiation admittance. It is worth
highlighting that, in this work, the radiation impedance is not
calculated using the classic formula described by Eq. (11),
but, instead, it is computed by comparing the total avaialable
power with the radiated field. Therefore, he radiation admit-
tance Yirr is a full, complex matrix which accounts for the
coupling between all conductors. Hence, the total power in
the system can be written as follows [44], [45]

Pc =
1
2
V T
n YV

∗
n =

n∑
p,m=1

Vn,pV ∗n,mY
∗
p,m (13)

where Vn is the voltage on the single conductor.
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FIGURE 4. Configuration and discretization of the electric field in the
multi-conductor system for computing the total power accounting for the
coupling. The coordinate system is different from Fig. 2. The red dot
indicates the starting point of xp and xm.

The electric field can be written as a piecewise constant
function, as shown in Fig. 4, in the MCPA system, for n
lines, having width T = W

n and with xp = pT , xm = mT .
Therefore, to ease the analytical derivation, we can perform
the Fourier transform of the electric field and get

Ẽ = îyT
n∑

p=1

Vn,psinc
(T
2
kx
)
sinc

(1l
2
ky
)
eikxxp

Ẽ∗ = îyT
n∑

p=1

V ∗n,msinc
(T
2
kx
)
sinc

(1l
2
ky
)
e−ikxxm (14)

where îy is the unit vector along the y-direction, as shown in
Fig. 4, and kx and ky are the componetns of the propagation
vectors along îx and îy. Hence, by using Eq. (14), we can
rewrite Eq. (13) as

PC =
1

8π2kη

∫∫
+∞

−∞

{
k2z |Ẽ|

2
+ |kyẼ|2

}dkxdky
k∗z

(15)

Where η is the free-space intrinsic impedance. To derive |Ẽ|2,
we multiply Eq. (14) together

|Ẽ|2 = T 2sinc
(T
2
kx
)
sinc

(
1l2ky

) n∑
p=1

Vn,pV ∗n,me
ikxxd

= M (kx , ky)
n∑

p=1

Vn,pV ∗n,me
ikxxd (16)

where xd = xp − xm; WheresM (kx , ky) is defined as

M (kx , ky) = sinc
(T
2
kx
)
sinc

(
1l2ky

)
(17)

That is the spectrum of a 2D constant truncared spatial func-
tion (Fig. 4).

Finally, by substituting (16) into (15), we find

PC =
1

8π2kη

∫∫
+∞

−∞

{
k2z + |ky|

2
}{

cos kx(xd )+

−j sin kx(xp − xm)
}dkxdky

k∗z
(18)

Finally, by comparing (13) and (18), we can find the complex
admittance of the MCPA antennas as

Y ∗p,m =
1

4π2kη

∫∫
+∞

−∞

{
k2z + |ky|

2
}
M (kx , ky)

×

{
cos kx(xd )− j sin kx(xp − xm)

}dkxdky
k∗z

(19)

As detailed in the Appendix, by manipulating Eq. (19), the
radiation admittance can be divided into real and imaginary
part to get the closed form expression for both the real part,
so that

Re{Y ∗p,m} =
T 2

π2kη

∫ k

0
(k2 − k2y )M (kx , ky) ·

π

(k2 − k2x )1l2

+∞∑
0

(−1)n1l(k2 − k2x )
2n+1

(2n+ 2)(2n+ 1)22n(n!)2

· cos kx(xd )dkx (20)

The imaginary part of the admittance is also found
in closed-form by using the Rhodes’ relationships (see
Appendix for details) [46]

Im{Y ∗p,m} =
T 2

π2kη

∫ k

0
(k2 − k2y )sinc

(T
2
kx
)

× cos kx(xd )
{∫

−∞

√
k2−k2x

sinc2
(1l
2
ky
)

×
dkxdky√

k2 − k2x − k2y

}
dkx +

T 2

π2kη

×

∫
+∞

k
(k2 − k2y )sinc

(T
2
kx
)
cos kx(xd )

×

{∫
+∞

0
sinc2

(1l
2
ky
) dkxdky√

k2 − k2x − k2y

}
dkx

(21)

The analytical expressions for both real and imaginary
parts of the total power is manipulated and solved by Math-
ematica v. 10.0 (Wolfram, GE). After having derived the
closed-form expressions, the computation was carried out
with Matlab Symbolic Toolbox and the impedance value of
the single conductor element is found to fill the admittance
matrix.

In order to design the MCPA antenna we need to find the
set of length (Lpatch) and width (Wpatch) of the patch to work
at the desired frequency range, under resonance conditions.
To this aim, by imposing the imaginary part of the admittance
to be zero and by using the bisection iterative method [47] the
effective length of the patch which satisfies this condition can
be found numerically.

III. VALIDATION
A. NUMERICAL VALIDATION
In order to validate if the proposed model is suitable for
designing a MCPA antenna, we compare our Matlab code
with numerical, full-wave simulations performed in CST
(Simulia, 3DS, GE). As shown in Fig. 5, we considered two
multi-conductor comb patch antennas with n= 20 and n= 80
conductors. The substrate is a RT/Duroid 5880 with thickness
hsub = 1.5mm and nominal εr = 2.2. The proposed design
is also compared to the standard rectangular patch antenna,
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FIGURE 5. a) Rendered geometry of the reference patch. b) Rendered
geometry of the 20 conductors comb patch antenna. c) Rendered
geometry of the 80 conductors comb patch antenna.

as control and reference case, as shown in Fig. 5. The anten-
nas are fed by a microstrip line connected to a 223-CON-
SMA-EDGE-S. The sizes of the patches for the validation are
reported in Tab. 2.

TABLE 2. Properties and geometries of the size of the reference patch
and two MCPA. All dimensions are in millimeters.

The frequency range used in the simulation is
800-1000MHz. We used as figures of merits the MCPA
antenna size (Lpatch × Wpatch), the characteristic impedance
and the return loss (|S11|). With this further comparison, the
pros and cons of the MCPA antenna performance are criti-
cally analyzed to gain further insight into the full exploita-
tion of its potential for telecommunications or on-body
applications.

B. PROTOYPE FABRICATION AND EXPERIMENTAL
CHARACTERIZATION
After having analyzed the proposed antenna topology,
we selected a case study to manufacture and characterize.
The LPKF ProtoMat E44 (LPKF Laser & Electronics AG,
GE) milling machine was used for manufacturing the n= 80
conductors MCPA.

The return loss of the MCPA was measured with Haelwtt-
Packard 8720C vector network analyzer (VNA), as shown in
Fig. 6. The antenna gain was measured with the three antenna
method, by using the n= 80 conductors MCPA as antenna
under test, together with the LP0410 PCB log-periodic direc-
tional antenna (National Instruments, with 5-6 dB of gain,
working frequencies 400-1000MHz) and the log-periodic
USLP9142 (D-69250, Schwarzbeck, Schonau GE) antenna
working between 800-1000MHz, presenting a 3.7-6.8 dB
gain [48]. The antennas were placed at a distance dA of 3.3m,
being dA � 2 · W 2

patch/λ. The same VNA is used. The
radiation patterns for φ = 0◦ and φ = 90◦ were acquired
at 0◦, 45◦, 90◦, 180◦ angles.

FIGURE 6. a) Experimental setup for the return loss (|S11|) measurement.
b) Magnified image of the milled multi-conductor patch antenna.

IV. RESULTS
A. MODEL VALIDATION & ANALYSIS
The parameters used in the numerical simulations of the
reference patch and the MCPA with a variable number of
conductors are reported in Tab. 2. We have compared the
resonance length computed by the proposed mathematical
framework and that obtained by empirical refinement onCST.
The results are shown in Fig. 3. The values of the relative
percentage error calculated assuming as reference the CST
simulations are reported in Tab. 3. It can be noticed that the
error increase as the number of conductors increases. Given
that the width of the patch is constant, from the geometry
shown in Fig. 2, the size of conductors decreases. Therefore,
the width of each comb line and the size of the gap halves
when the number of conductors is doubled. In this frame-
work, the accuracy in the evaluation of the model parameters
presents a reduction, which results in a fourfold error on
the patch length. However, it must be noticed that the error,
with respect to the ground through of the full-wave simula-
tion, is below 5%, which can be considered as a valuable
result.

TABLE 3. Comparison of the calculated lengths for the three different
patches.

Given the promising results, we have numerically investi-
gated how the variation of the conductor numbers influences
the antenna performances, in terms of matching, gain and
directivity. The simulation results are reported in Tab. 4. The
increase in n results in a non-linear variation of the patch
length, up to the asymptotic limit of a classic, full patch,
as shown in Fig. 7. On the other hand, the matching of the
MCPA decreases in a hyperbolic way (see Tab. 4). We have
compared this figure of merit by observing the |S11| vs.
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TABLE 4. Comparison of antenna parameters for different number of conductors.

FIGURE 7. Simulated patch lengths (mm) as a function of conductor
numbers (n).

FIGURE 8. Comparison of simulated S11 parameter for the two MCPA and
ther reference patch. Dimensions are shown in Tab. 2.

frequency, as shown in Fig. 8. It can be noticed that the
bandwidth of the MCPA increases by decreasing the number
of conductors, as reported in Tab. 4. However, it must be
noticed that, for a large n, the performances tends to that
of a standard patch. From Tab. 4, it is possible to observe
that the gain has a narrow variation with the n (i.e., about
0.42 dB). Remarkably, that the MCPA structure presents
a simulated gain slightly higher than the reference patch
antenna, as shown in Fig. 9. The same consideration holds
for the directivity of the MCPA (Tab. 4). On the other hand,
the antenna efficiency (in %), reported in Tab. 4 presents a
larger variations (up to 2-7%) with n. This last finding is very
relevant and show the promising character of the MCPA for
future use.

FIGURE 9. Simulation radiation pattern in yz-plane and xz-plane for the
three antennas considered, where the dimensions are shown in Tab. 2.

B. EXPERIMENTAL CHARACTERIZATION
Among the designed MCPA, we selected the 80-conductors
antenna as the best candidate for performing the experimental
characterization. The tested prototype is shown in Fig. 6.b.
The comparison of the measurements and the simulation
results are reported in Fig. 10. From Fig. 10, we found a
difference of 0.7% between the simulations and the mea-
sured performances, guaranteeing for the prototype a -10 dB
BW of 1%. The resonance of the realized MCPA occurs at
910.25MHz, instead of 901.3MHz, with a 1.1% difference
from the simulated value. To demonstrate that the frequency
shift is not due to an error in the proposed mathematical
model for the MCPA design, we performed an additional
numerical simulation to elucidate the fact that the substrate
batch used threin presented a large variability from the nomi-
nal value of the dielectric permittivity (εr = 2.2). Therefore,
in Fig. 10, the simulated |S11| for theMCPAwith 80 conduc-
tors varying εr from 2.08 to 2.34, according to the variability
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FIGURE 10. Comparison between the simulated curves and measured
|S11| data of a modified comb patch antenna with 80 conductors by
varying the dielectric permittivity of the Rogers substrates.

FIGURE 11. a) Optical image of the manufactured MPCA nearby the
feeding line, at the conductor branches. b) Magnification of the
multiconductor structure. c) Detail of the termination of the MPCA.

FIGURE 12. Measured vs. simulated radiation pattern of the modified
comb patch antenna for n = 80 conductors.

reported in the datasheet. By comparing the measured return
loss shown in Fig. 10 and the curves in Fig. 10, we can
noticed that the actual relative dielectric permittivity of the
substrate is 2.12. These findings are supported by the analy-
sis of the manufactured antenna geometry, whose geometric
features are respected well within the mechanical tolerances
admissible in the GSM band, as shown in Fig. 11. Finally,

the radiation performances of the manufactured MPCA were
measured and the findings, for comparison with the sim-
ulations, are reported in Fig. 12. The measured maximum
antenna gain is 5.75 dB, which differs by ∼0.63 dB from
the simulated one. For angles higher than 0◦, the maximum
difference between the measured value and the simulated one
is about 1.75 dB.

These findings indicate that our model can effectively be
used to design a modified comb patch antenna with satisfac-
tory performances in terms of tuning, matching and radiation.

V. CONCLUSION AND DISCUSSIONS
This work dealt with the design, realization and
characterization of modified comb patch antennas. We devel-
oped and provided design equations in closed-form for sizing
a patch composed of n parallel conductors fed by a common
microstrip line. By comparison with full-wave numerical
simulations, we found that our model can predict the reso-
nance length of the patch with a maximum error of 4.4%.
The proposed topology is a novel arrangement and present
the advantage of adding degrees of freedom for tuning the
antenna performances.We investigated numerically the effect
of increasing the number of conductors on antenna behavior.
We realized a prototype of a MCPA with 80 conductors and
experimentally characterized its performances. Concerning
predicted curves, a 1.1% shift in the resonance frequency was
found. This effect can be ascribed to a 3.7% variation in the
relative dielectric permittivity of the substrate.

Given that, compared to a standard patch antenna, the
MPCA is low-cost, easy to manufacture, while presenting
a reduced conductor area, it also demonstrated increased
gain, slighlty larger bandwidth, enhanced radiation efficiency
and larger directivity, it is appealing and of potential inter-
est for innovative applications. In particular, the possibility
of obtaining matching, tuning and radiation performances
comparable (or even higher) than a standard patch while
using a lower amount of conductor material could be rele-
vant for realizing communication systems in a sustainable,
cost-effective way through printed electronics manufacturing
techniques [49]. Furthermore, the MCPA configuration is
interesting for designing textile-based antennas. Indeed, the
antenna design shown in Fig. 2 is very appealing for BAN
since the MCPA can be an electronic device easily integrable
in garments. Indeed, we forecast that the proposedMCPA can
be implemented by usign conductive fibers in the arrangment
shown in Fig. 1, ensuring good radiation performances in
an on-body scenario. In fact, by using conductive textiles
the MPCPA geometry could be easily weaved. To date,
several examples of textile, wearable antennas were pro-
posed, such as the woven textiles antennas from [50], the
electro-textile antennas made up of a mix of metallic and fab-
ric filaments [51], the RFID tag manufactured with a sewing
machine directly on clothes [52] or antennas synthesized
with hydrophobicmaterials were studied [53], [54]. However,
the complexity of the embroidery thread of the aforemen-
tioned antennas does not allow to perform a rigorous analysis
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(e.g., with TLM or FW approach) or an effective, easy and
accurate design. The MCPA could be a cost-effective solu-
tion with a reasonable trade-off between performances and
design complexity. Therefore, future works may deal with
the design, realization and characterization of textile-based
MCPA.

APPENDIX
A. DERIVATION OF MAIN EQUATIONS
The analysis and design equations of the MCPA are derived
from the transmission lines equations:

−
dV (l)
dl
= jωµ0LnI (l)

−
dI (l)
dl
= jωε0CnV (l) (22)

where the L and C are, respectively, the static, normalized
inductance and capacitance matrix of the structure shown in
Fig. 2. In other words, Cn = 1

ε0
· C and Ln = 1

µ0
· L,

respectively, being C and L the capacitances and inductances
of the system, whilst ε0 the vacuum permittivity, in Fm−1

and µ0 the vacuum magnetic permeability, in Hm−1. In the
MCPA, the dielectric is not homogeneous, thus implying that
quasi-TEM modes are supported [39]. Therefore, moving
from the system (22), by taking the first derivative, with
respect to the local space variable l, of the second equation
of the system (22), we obtain,

−
d2I (l)
d2l

= jωε0Cn
dV (l)
dl

(23)

By substituting Eq. (22) in Eq. (23), we get:

−
d2I (l)
d2l

+ jωε0Cn LnI (l) = 0 (24)

Then, Eq. (24) can be written as follows:

−
d2I (l)
d2l

+ β2I (l) = 0 (25)

By introducing the following relationships, where f is the
working frequency and c0 is the speed of light in vacuum,

√
ε0µ0 =

1
c0

ω = 2π f

β0 =
2π f
c0

(26)

then Eq. (22) turns into,
V (l) = −

1
ωε0

Cn
dI (l)
dl

−
d2I (l)
d2l

+ β20Ln CnI (l) = 0
(27)

The solution to the second-order differential equation is in
the following form:

I (l) = I ke
jβk l (28)

where βk are the eigenvalues of the matrix β20Ln Cn (with
k = 1, . . . , n). In this case, it follows that,

βk = β0
√
λk (29)

where λk (with k ranging from 1 to n) are the eigenvalues
of the matrix Ln and Cn, with size n× n, and the term I k
indicates the eigenvector corresponding to the eigenvalue λk .

Therefore, the current in the MCPA antenna can be written
in the following form,

I (l) =
n∑

k=1

(I+k e
−jβk l + I−k e

jβk l)I k (30)

where I+k and I−k are scalar with suitable values. Now,
by expanding the exponential terms of the current, it follows,

I (l) =
n∑

k=1

[
I+k cos (βk l)− jI

+

k sin (βk l)

+ jI−k cos (βk l)+ jI
−

k sin (βk l)
]
I k

V (l) = jCn−1
N∑
k=1

[
I+k cos (βk l)− jI

+

k sin (βk l)

+ jI−k cos (βk l)+ jI
−

k sin (βk l)
]
I k

(31)

If we group the sine and cosine terms, we get,

I (l) =
n∑

k=1

[cos (βk l)(I
+

k + I
−

k )+ j sin (βk l)(I
−

k − I
+

k )]I k

(32)

By knowing the voltage and current in l = Lpatch, shown in
Fig. 2, we can write:

I (l) =
n∑

k=1

{
cos(β0

√
λk (l − Lpatch)) · [IAk (Lpatch)]

+j sin (β0
√
λk (l − Lpatch)) · [βk ])

}
I k (33)

where,

I+k + I
−

k = IAk (Lpatch) (34)

I−k − I
+

k = Bk (35)

Eq. (31) can be re-written in the steady form (for the k-th
eigenvalue and the n-th conductor, i.e.,



I (l) =
n∑

k=1

{
cos (β0

√
λk (l − Lpatch)) · [IAk (Lpatch)]

+ j sin (β0
√
λk (l − Lpatch)) · [Bk ]

}
I k

V (l) = j
1
ε0
C−1n

n∑
k=1

{
cos (β0

√
λk (l − Lpatch))

·[IAk (Lpatch)]

+ j sin (β0
√
λk (l − Lpatch)) · [Bk ]

}
I k

(36)

36228 VOLUME 10, 2022



E. Marongiu et al.: Design and Characterization of Modified Comb Patch Antennas

B. CAPACITANCE CALCULATION
1) CAPACITY MATRIX REPRESENTATION
The basic structure considered for the calculation of the
capacities consists of four conductors. The matrix of the
capacities found for four conductors consists of six ele-
ments, these six elements or describe the external, internal
and mutual capacities between the conductors. The capacity
matrix can be constructed as a blockmatrix, composed of four
blocks defined as follows:

C1 =

[
Ce + Cme + Cm2 + Cm3 −Cme

−Cme Ci + Cme + Cmi + Cm2

]
(37)

C2 =

[
−Cm2 −Cmi
−Cm3 −Cm2

]
,C3 =

[
−Cm2 −Cm3
−Cmi −Cm2

]
(38)

Being a diagonal matrix, the blocks C4 a are equivalent to
the block C1 with the elements of the diagonal reversed.

C =
[
C1 C2
C3 C4

]
(39)

The structure with four conductors can be generalized to a
structure with n conductors. In this case the matrix C can be
written as:

Cn =


C11 0 . . . 0
0 C22 . . . 0
... . . . C33 0
0 . . . 0 C44

 (40)

2) COMPLETE DERIVATION OF REAL AND COMPLEX
IMPEDANCES OF THE MCPA ANTENNA
When the coupling between conductors is taken into account,
the system admittance is a complex, dense matrix. To design
the MCPA antenna, the length (L) and width (W) of the patch
can be found numerically by imposing the imaginary part of
the Eq. (19) to be equal to zero.Moving fromEq. (19), the two
exponential contribution of the integrals can be highlighted,

Y ∗p,m =
1

4π2kη

∫∫
+∞

−∞

{
k2z + |ky|

2
}
M (kx , ky)

×

{
cos kx(xp − xm)

}dkxdky
k∗z

−j
1

4π2kη

∫∫
+∞

−∞

{
k2z + |ky|

2
}
M (kx , ky)

×

{
sin kx(xp − xm)

}dkxdky
k∗z

(41)

The second integral is zero in all the integration domain, given
that it is an odd sin() function. Therefore, we get

Y ∗p,m =
1

4π2kη

∫∫
+∞

−∞

{
k2z + |ky|

2
}
M (kx , ky)

×

{
cos kx(xp − xm)

}dkxdky
k∗z

(42)

Given this simplification, we can focus on the first quadrant
and solve the following integral

Y ∗p,m =
1

4π2kη

∫∫
+∞

0

{
k2z + |ky|

2
}
M (kx , ky)

×

{
cos kx(xp − xm)

}dkxdky
k∗z

(43)

The integral can be further decomposed in three terms

Y ∗p,m =
1

4π2kη

∫ k

0

∫ √k2−k2x
0

(k2 − k2y )M (kx , ky)

×

{
cos kx(xp − xm)

} dkxdky√
k2 − k2x − k2y

+

j
∫ k

−∞

∫
−∞

√
k2−k2x

(k2 − k2x )M (kx , ky)

×

{
cos kx(xp − xm)

} dkxdky√
k2 − k2x − k2y

+

∫
+∞

k

∫
+∞

0
(k2 − k2x )M (kx , ky)

×

{
cos kx(xp − xm)

} dkxdky√
k2 − k2x − k2y

(44)

Now, it is possible to easily separate the expression in its real
part

Re{Y ∗p,m} =
1

π2kη

∫ k

0

∫ √k2−k2x
0

(k2 − k2y )M (kx , ky)

×

{
cos kx(xp − xm)

} dkxdky√
k2 − k2x − k2y

and imaginary part,

Im{Y ∗p,m} =
∫ k

−∞

∫
−∞

√
k2−k2x

(k2 − k2x )M (kx , ky)

×

{
cos kx(xp − xm)

} dkxdky√
k2 − k2x − k2y

+

∫
+∞

k

∫
+∞

0
(k2 − k2x )M (kx , ky)

×

{
cos kx(xp − xm)

} dkxdky√
k2 − k2x − k2y

(45)

The real part of the irradiation admittance can be solved in
closed form by writing,

Re{Y ∗p,m} =
T 2

π2kη

∫ k

0
(k2 − k2y )sinc

2
{T
2
kx
}

× cos kx(xd )
{∫ √k2−k2x

0
sinc2

×

(1l
2
ky
) dkxdky√

k2 − k2x − k2y

}
dkx
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The integral in curly braces can be expanded as∫ √k2−k2x
0

sinc2
(1l
2
ky
) dkxdky√

k2 − k2x − k2y

=
π

(k2 − k2x )1l2

+∞∑
0

(−1)n(1l(k2 − k2x )
2n+1)

(2n+ 2)(2n+ 1)22n(n!)2
(46)

to get

Re{Y ∗p,m} =
T 2

π2kη

∫ k

0
(k2 − k2y )sinc

2
(T
2
kx
)

×
π

(k2 − k2x )1l2

+∞∑
0

(−1)n(1l(k2 − k2x )
2n+1)

(2n+ 2)(2n+ 1)22n(n!)2

× cos kx(xd )dkx (47)

This is the analytical expression which allows computing the
real part of the admittance, which can be bound to be equal
to the value of the feeding line.

As regards the imaginary part, Eq. 45 is made of three
integrals, one of which is an improper integral, which nulls
thanks to the odd sin() function. The integral can be simplified
by using the relationships from Rhodes [46],

Im{Y ∗p,m} =
T 2

π2kη

∫ k

0
(k2 − k2y )sinc

2
(T
2
kx
)

× cos kx(xd )
{∫

−∞

√
k2−k2x

sinc2
(1l
2
ky
)

×
dkxdky√

k2 − k2x − k2y

}
dkx +

T 2

π2kη

×

∫
+∞

k
(k2 − k2y )sinc

2
(T
2
kx
)
cos kx(xd )

×

{∫
+∞

0
sinc2

(1l
2
ky
) dkxdky√

k2 − k2x − k2y

}
dkx

(48)

To speed up the computation of the imaginary part, the prod-
ucts in Eq. 21 are decomposed and solved separately.
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