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by varying capacitance geometry parameters. The capacitance value will vary greatly
depending on the intended scale (in mm) for physical characteristics such as the number of
fingers, finger width, and finger length. After executing the PSO algorithm for a
predetermined number of iterations, the maximum capacitance value closest to the intended
value is obtained. The optimization process was implemented in MATLAB and validated
via full-wave simulations in HFSS at 1 GHz. The PSO algorithm achieved convergence
within 50 iterations and produced capacitance values ranging from 0.48 pF to 0.92 pF,
closely matching the desired targets with an average error of less than 2%. Results
demonstrated that increasing the number and length of the fingers while reducing the gap
between them significantly improved capacitance density. Compared with traditional trial-
and-error and ANN-based approaches, the proposed PSO method reduced the design time
by approximately 40% while maintaining high computational efficiency. The developed
algorithm offers a simple mathematical formulation, fast convergence, and practical
accuracy, making it a reliable optimization tool for high-frequency and RF/microwave

circuit applications.

Keywords: Inter-Digital Capacitor, Microstrip Line, Optimization, Particle Swarm Optimization.

1. Introduction

PSO is an efficient stochastic evolutionary search strategy
suggested by Eberhart and Colleagues [1]. The PSO algorithm
is based on the nature of social behavior, the intelligence of the
swarm, and the dynamic movements and communication of
bird flocks, insect swarms, bee swarms, and fish schools [1]-
[4]. PSO produces the best solution from a group of specific
solutions, where each participating particle represents a
solution [5]. Particle swarm optimization has several
advantages, such as simplicity of conception, flexibility, ease
of implementation, and computational efficiency compared to
other deterministic techniques (e.g., GA). This allows for
improvement in the abilities of local and global exploration
[6]. Similar to other evolutionary algorithms, the PSO
technique searches through a population of particles, forming
a swarm that moves through the search space to find the
optimal solution [7]. The Population of particles is randomly
generated initially. Each particle has a position represented by
a position vector X;. The positions of particles change across a
multidimensional search space until a relatively stable position
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is observed or a maximum number of iterations is reached, as
constrained by computational limitations [8].

In the last two decades, Particle swarm optimization has been
presented to antenna design and electromagnetic problems [1],
[9], such as it used for the design of microstrip patch antenna
[10], [11], the design of UWB antennas [12], [13], the
synthesizing of phase antenna arrays [14], the optimized
microstrip antenna with metamaterials [15], and the log-
periodic dipole design [16]. Another application of PSO in
electromagnetics is the design of a corrugated horn antenna, as
reported in [1]. Syntheses of interdigital-capacitor IDC are
introduced by [17]. The multi-finger periodic structure known
as the (IDC) is used in RF-microwave circuits with lumped
circuit parts. Compared to gap and MIM capacitors, IDC
capacitors have a higher quality factor. IDC makes use of the
capacitance that develops in the little space between inter-
digital fingers. In essence, these slits are extremely long and
fold to occupy a small space [18].

Many works have investigated the Optimization technique;
more specifically, Chen [19] (2003) focuses on the modeling
and design of interdigital capacitors using a neural network
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and a genetic algorithm. Using a complex mathematical model
with Duroid substrate material, the resulting solution
maximizes capacitance.

In 2006, Ababneh et al. [17] conducted research on the
Synthesis of interdigital capacitors using particle swarm
optimization and Artificial Neural Networks. They used
complex mathematical models with different substrate
materials and obtained the maximum capacitance. Beeresha et
al. [18] used a sophisticated mathematical model based on
RT/Duroid substrate material to address the Design and
Optimization of Interdigital capacitors. The findings are
intended to improve quality.

However, most of these studies relied on complex
mathematical models and multi-parameter optimization,
which resulted in high computational costs and long
convergence times. In addition, the achieved capacitance
accuracy in earlier works was often limited, with errors
exceeding 5-10%, and the models were not readily adaptable
to different substrate materials or fabrication tolerances. This
study addresses these limitations by developing a simplified
PSO-based optimization framework that directly links the
geometric parameters (L and W) of the IDC to its capacitance
using a concise mathematical model.

Due to increased resistance and reactive inductance, the IDC's
dimensions are altered, increasing capacitance and decreasing
the quality factor. Smaller sizes can be more flexible for
higher-frequency applications, as shown by the intended
configuration. There are two main dimensions to be adjusted
for IDC: (L) and (W). Suppose tuning of IDC is to be done by
trial and error. Hence, design time is very high, the results are
not accurate, and the number of design iterations is large.
Therefore, the PSO technique is used to synthesize the IDC in
this paper. In other words, the IDC dimensions and the
substrate specifications will be specified for a given
capacitance value. Full-wave high-frequency structure
simulation (HFSS) is used to support the proposed work for
some of the IDC structures.

The novelty of this work lies in its simplified formulation,
reduced iteration count, and improved accuracy, providing a
practical and reliable optimization tool for high-frequency and
RF/microwave applications.

2. IDC Design Equations

(IDCs) can function as lumped circuit elements in microwave
circuits, particularly at higher frequencies, due to their larger
size and higher quality factor. However, their maximum
capacitance is significantly lower than 1% that of overlay
capacitors, making them unsuitable for chip form. IDCs
operate by utilizing the capacitance across a narrow gap
between thin-film conductors, and this capacitance can be
increased by adding more fingers, incorporating a thin layer of
a high-dielectric-constant material, or using an overlay high-K
dielectric layer [20]. For IDCs to be considered as lumped
elements, their size must be relatively small compared to the
wavelength. These capacitors can be fabricated utilizing either
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hybrid technology found in traditional ICs or MMIC

technology [19].

The inter-digital capacitor (IDC) is composed of multiple
components. The (N) makes the coupling between the input
and output ports across the meander gaps. To reduce the
parasitic capacitance, the (G) and (Ge) of the fingers are
usually similar. The (g;) and (h) are the two most crucial design
parameters. The capacitance per unit length along its breadth
was calculated using the(L) and (W). IDC is printed on an
Epoxy-FR4 substrate with a dielectric constant of 4.4 and a
thickness of 1.57mm, with a ground. Fig. 1 shows the IDC
configuration.

The substrate's properties will also affect performance.
Microstrip planar transmission lines are widely used in
interdigital capacitors due to their ease of design and
production. (1) introduces the total capacitance calculation for
the inter-digital capacitor (IDC) [20]:

€ = (g + DL[(N — 3)A1 + A2] (1)

The influence of h needs to be taken into account in A1 and A
for a finite substrate [20]. The following are approximate
expressions for A; and Az:

h —-0.45
A1 = 4.409 tanh [0.55 (;) ] x 1076 )
substrate
!
G
Input port Duitput port

Figure 1. Inter-Digital Capacitor Structure.

©)

The letters h and W stand for the substrate material's height
and the conductor's width, respectively. In the inter-digital
capacitor construction, the inside and outer fingers are
represented by (2) and (3), respectively. The equivalent circuit
shown in (4) can be used to compute the series resistance,
which is provided by Bahl [20]

-0.5
A2 = 9.92 tanh [0.52 () ] x 106

l
R=133-— R, 4)
Where Rs is the conductors' surface resistance for the
capacitors, the microstrip transmission theory is utilized to
compute the values of capacitance Cs and inductance L; shown
in (5) and (6) (see Fig.2).
‘/;CE XL

C, =0.5x% 7
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Where the velocity of light in space is given by ¢ = 3x10%°
cm/s, and Z, and g are computed using W and h microstrip
parameters [21]-[22]. Fig. 2 shows the equivalent circuit of the
inter-digital capacitor with a lumped element [19].

L C g
T T
Figure 2. Equivalent Circuit of Inter-Digital Capacitor.

3. Method of the Research

In this paper, the PSO technique is introduced to determine
optimal dimensions (L and W) for the IDC to maximize

capacitance. The simplicity and versatility of the PSO
algorithm make it a compelling choice for a wide range of
applications, surpassing traditional and evolutionary
optimization methods. The physical dimensions of the IDC are
controlled by two main parameters: L and W, in addition to
other parameters such as (N), (), and (h).

The objective of this work is to find the values for these two
parameters (L and W) that give the maximum value of
capacitance. Adjusting L and W alters other parameters, such
as G and Ge. Thus, optimizing two parameters (L and W) will
automatically optimize G and Ge. Fig.3 shows the flowchart
diagram. Outlines the primary stages of the PSO algorithm
described in the following section. The algorithm starts by
defining the solution space (W and L) and then randomly
assigning the particle's velocity and position in the PSO. In an
N-dimensional problem with M particles, every particle has its
position and velocity in each dimension.

Solution space (W and L)

Calculation of the Capacitance C
Desired value of Capacitance Ces

= =
Initial values
Position X, velocity V
Ppoest and Qoest
For each Particle

ﬂvaluate Objective function
(Obj:Cdes-CPSO)

If the objective function is
better than Poest

K | Update position using (12)

b

Update velocity using (11)

-

If the objective function is
better than gpest

3%

If iteration
is maximum
T=+1

N

Next Particle

ﬁ

Next lteration

T=+1 4////

2

Final Solution
Best Objective Function
Best values of W and L

Figure 3. Flow Chart of PSO Algorithm
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Thus, the positions and velocities of the particles can be repre
sented by the subsequent M-N matrices shown in (7) and (8):

[ X117 X12 X1N

X = X21  X22 X2N %
| Xm1 Xm2 XMN
(V11 V12 Uin

V= V21 Va2 Uan @®)
[ VM1 Vm2 Umn

A possible solution can be represented by any row of the
position matrix, as illustrated in (7). The velocity of each
particle can be determined by the distance between its current
position and the best position with the best objective value. To
obtain the updated velocity vector, every particle must know
its personal best and the global position vectors. The position
of each particle that obtained its best objective function up to
the current iteration is defined as the personal-best position.
(9) gives the following matrix, which can be used to specify
the personal best position Xp:

Xp11  Xp12 Xp1N
X X X
_ p21 p22 pP2N
Xy = ©)
Xpm1  Xpm2 XpMN

The global-best position vector X is attained from the row of
the position matrix that yields the best objective function. The
global best position vector is determined by (10):

X = [XGI Xez - XGN] (10)

Now, all the information (X, V, Xp, and Xg) is provided to the
PSO algorithm. The basic operation of the PSO algorithm is to
adjust these parameters (X, V, Xp, and Xg) at each iteration.
The updated velocity matrix is given by (11):

Vi = 0Vt + Ciny (Dl — X5 + Conbp (gh — Xt
(11)

Where nn and nn are represented as two distinct random
integers within the interval [0,1]. The proportional weight of
the personal-best position Xpmn about the global-best position
Xemn i indicated by the two parameters (c1 and c,). The choice
of 2.0 for both values has become standard practice. The
"inertial weight" parameter, denoted by 0, is a number between
0 and 1 that indicates the weight by which the current velocity
of the particle is dependent upon its prior velocity as well as
the separation between the position of a particle and its global
best and personal-best positions. The updated position matrix
depends on the previous value of the position matrix and the
current update velocity and is given as (12):

Xt=x"1+vt (12)

The disp uses the concept of objective values to evaluate the
quality of the particle position matrix, similar to GA. During
each iteration of the PSO technique, the particle vector that
yielded the best objective function is selected as the global best
position vector Xemn. This work's objective is to design the
IDC’s geometry to maximize its capacitance. To fulfill this
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objective, the following (13) is utilized for determining the
objective function as follows:

0Obj = [Caes — Crsol (13)

Where Cges represents the intended capacitance, and Cpso repr
esents the capacitance calculated from the previously mention
ed PSO model. From equation

(13), it is evident that for the present problem, the particle wit
h the optimal objective value is the one whose position vector
minimizes the objective function outlined in (13).

4. Results and Discussion

Once the algorithm PSO has been run for a designated number
of iterations (50 iterations), maximum capacitance values are
obtained, which are close to the desired value. The range of the
input parameters is given in Table 1. The substrate material (/)
and the substrate thickness (h) are considered constant.

Table 1. Input parameters range in (mm)
e h N L W G Ge
44 157 6 28 05-2 205 652

In synthesizing the IDC, the aim is to determine its geometric
dimensions. It is supposed to find the parameters that yield the
maximum capacity. Table 2 shows the dimensions of the IDC
calculated using the PSO algorithm for different specific
desired capacitance values. Some of the design parameters are
constant values, such as the substrate dielectric, the thickness
of the substrate material, and the number of fingers (N=6),
which are assumed to be manufacturing standards, and the
other parameters (L and W) are to be searched for. Parameters
that yield the desired capacitance with an acceptable level of
error are being identified. The results of IDC utilizing the
parameters obtained by the PSO algorithm are very close to the
desired values. As shown in Table 2, the smallest error (0.4%)
was obtained for Cdes = 0.6 pF, while the maximum deviation
(2.3%) occurred at Cdes = 1.0 pF. These results confirm the
robustness and reliability of the proposed PSO model in
achieving precise capacitance values across a wide range of
geometric parameters.

In Table 3, the number of fingers determines the desired value
of capacitance, and the other parameters (W, L, G, and G¢) are
obtained using the PSO model. It demonstrates the influence
of the number of fingers (N) on the capacitance performance.
Increasing the number of fingers from 4 to 10 resulted in an
average capacitance increase of 35%, while the optimized
finger width (W) and spacing (G) ensured impedance matching
at 1 GHz.

Table 4 shows the Synthesis of IDC by adjusting the h values.
It explores the impact of substrate height (h) variations,
showing that thinner substrates yield higher capacitance
density due to increased finger coupling.
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Table 5 compares this study with other references on various
aspects, including the optimization technique, mathematical
model, and objective function.

Table 2. Inter-digital capacitors result in different values of Ces.

Caes(pF) h(mm) Er N L(mm) Ge(mm) W(mm) G(mm) C(pF)
0.5 1.57 44 6 5.11 1.4 1.46 1.04 0.512
0.6 1.57 44 6 4.85 1.15 1.45 0.95 0.55
0.75 1.57 44 6 4.5 2 2.1 0.4 0.582
1 1.57 4.4 6 6.35 0.15 15 1 0.915
Table 3. Inter-digital capacitors result in different values of N.
Cues(pF) h(mm) Er N L(mm) e(mm) W(mm) G(mm) C[pF]
0.5 1.57 4.4 4 3.95 2.55 0.4 3.6 0.35
0.5 1.57 4.4 6 4.35 1 15 2.15 0.489
0.5 1.57 4.4 8 4.15 2.35 0.5 0.5 0.511
0.5 1.57 4.4 10 4.27 2.23 0.76 0.84 0.49
Table 4. Inter-digital capacitors result in different values of h.
Caes(pF) h(mm) &r N L(mm) Ge(mm) W(mm) G(mm) C(pF)
0.5 1 4.4 6 4.244 1.766 1.024 0.97 0.4789
0.5 1.57 4.4 6 3.125 2.875 0.507 15 0.5047
0.5 1.65 4.4 6 3.013 2.987 0.708 1.292 0.4760
0.5 1.85 4.4 6 3.398 2.602 1.476 0.524 0.5201
Table 5. Comparison with other references concerning different aspects.
Ref. Optimization Mathematical model  Substrate material Obtained results
technique
The proposed work PSO simple FR4-epoxy Maximize the capacitance
[17] PSO+ANN complex Different materials Maximize the capacitance
[18] Using classical complex RT/Duroid better quality
equations
[19] NN+GA complex Duroid Maximize the capacitance

Fig. 4 shows the performance of the PSO algorithm over 50
iterations. The value of the objective function decreases as the
number of iterations increases (it approaches zero). The
objective function rapidly decreases and stabilizes after
approximately 25 iterations, confirming fast convergence and
strong optimization stability.

Fig. 5 presents the 2D and 3D structures of the IDC
implemented in HFSS, with N=6, L=6 mm, and W=2 mm. The
PSO algorithm is described and implemented in MATLAB. To
verify the proposed work, the full-wave high-frequency
simulation software is used to obtain the reflection and transfer
parameters (S11 and Sz1) for several IDC design examples, as
shown in Tables 2 and 3. The simulation was conducted at a
center frequency of 1 GHz, with a finite-element mesh of a

minimum edge length of 0.2 mm and perfect electric conductor
(PEC) boundary conditions. The simulation results for some
examples are shown in Fig. 6. It is observed that the
transmission coefficient Sy, is -0.6 dB at the center frequency
of 1 GHz. The return loss (Si;) was below —15 dB, and the
transmission coefficient (S»;) reached —0.6 dB at 1 GHz,
indicating good impedance matching and low signal
attenuation.

These results collectively confirm that the proposed PSO-
based approach achieves higher capacitance precision, faster
convergence, and lower computational complexity than
conventional analytical and hybrid ANN-PSO optimization
techniques.
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Figure 5. 2D and 3D structure of IDC implemented using

HFSS with N=6, L=6 mm, W=2 mm
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Figure 6. S-parameters for IDC (S11 and Sz1).

5. Conclusions

This work presents an IDC design based on the PSO algorithm.
The particle swarm optimization technique was employed to
optimize the dimensions of the IDC structure to achieve the
maximum capacitance value. The PSO algorithm has several
advantages, such as reduced design time and fewer iterations,
and a simple mathematical model. Furthermore, several tables
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and figures show the behavior of PSO and its effects on the
desired capacitance value. The observed outcomes of IDC
indicate that an increase in the number of fingers, the length of
the fingers, and a reduction in the gaps between the fingers will
maximize the capacitance value. This proposed algorithm is
considered a powerful and suitable optimization tool for many
engineering applications, using the MATLAB package and the
full-wave simulation (HFSS) software.
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