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ABSTRACT In this paper, efficient optimal design approaches based on mosaic optimization concept are
developed for NRD guide devices to realize the high-performance compact millimeter-wave integrated
circuit. Binary representation-based genetic algorithm, differential evolution algorithm, harmony search
algorithm, firefly algorithm, and particle swarm optimization are developed to efficiently optimize the pixel
pattern in the design region of NRD guide devices. To demonstrate the usefulness of these population-based
optimizations, a comparative study based on the problem-solving success rate is conducted first. To carry
out this study, four NRD circuit components are designed which include low crosstalk waveguide crossing,
T-branch power splitter, bending waveguide, and frequency demultiplexer. The proposed optimal devices
achieve high transmission efficiencies greater than 99.9%, 49.9%:49.9%, 99.9% at 60 GHz and 96.4%,
98.5% at 59 GHz and 61 GHz. In addition, the same NRD guide components except frequency demultiplexer
are also designed at wideband operation and achieve broad bandwidth around 5 GHz, 4 GHz, and 3 GHz.
In order to improve the computational efficiency, the originally developed two-dimensional full vectorial
finite element method is employed for the numerical simulations. This paper demonstrates the detailed
implementation procedure of developed evolutionary approaches for the material distribution in the design
region of NRD guide devices, comparative study of developed optimization approaches, and proposed highly
attributed NRD circuit components for the realization of NRD based high-performance compact millimeter-
wave circuit.

INDEX TERMS Genetic algorithm, particle swarm optimization, differential evolution, harmony search,
firefly algorithm, full-vectorial finite element method, non-radiative dielectric waveguide (NRD guide).

I. INTRODUCTION
The use of millimeter- and terahertz-wave bands is being
actively explored to increase communication system capac-
ity and meet modern communication requirements. Non-
radiative dielectric (NRD) waveguide technology has
received a lot of attention in recent years due to non-radiative
and low loss nature. Several NRD guide components have
been reported so far for microwave and millimeter-wave
circuit system applications. At 50 GHz, the dispersion
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characteristics, transmission loss, coupling coefficient, and
measurement setup with several NRD-based circuit com-
ponents, including T-junction, right angle corner, 90◦ and
180◦ bends, and directional coupler, are reported [1].
An NRD-based T-junction with a dielectric stub and thin
metal patches with an output power of around −4 dB
at 35 GHz has been proposed [2]. The coupling theory was
used to analyze the losses in NRD bends (90◦ and 180◦)
at 50 GHz, with bending loss less than 0.3 dB has been pre-
sented [3]. Following a detailed examination of operational
principles, propagating modes, losses, behavior of trans-
mitting waves in bending structures, practical significance,
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and the confirmation of NRD as a low-loss guide in [1]–[3],
the authors proposed several NRD circuit elements at an oper-
ating frequency of 35 GHz, including a matched terminator,
directional coupler, circulator, beam lead diode, gun diode
oscillator, transmitter, and receiver. At 50GHz, anNRDguide
filter, a four-way power divider, and an NRD leaky-wave
antenna were fabricated [4].

In millimeter-wave and terahertz applications, a substrate
integrated non-radiative dielectric waveguide (SINRD) for
printed circuit boards has been developed [5]. The hybrid
planar non-radiative waveguide is presented and confirmed as
a building block for millimeter-wave circuits, with an exper-
imental prototype based on hybrid technology that includes
active and passive components. This novel technique will be
greatly useful in the development of future millimeter-wave
integrated circuit systems [6]. Using mode coupling theory,
a technique for designing circular and racetrack-shaped NRD
guiding ring resonators was successfully devised, and a low
loss, small-sized ring resonator with radii less than 3.5 mm
was built at 60 GHz with band rejection performance of
more than 30 dB [7]. At a frequency of 77 GHz, a new sort
of NRD-based directional coupler using two separate NRD
guides interconnected with a bridge is presented and fabri-
cated [8]. At 60 GHz, a first tunable liquid crystal filter based
on NRD technology is presented, with fractional bandwidth
and tunability of 1% and 2.5%, respectively [9]. Furthermore,
over the tuning range, the filter insertion loss ranges between
4.9 and 6.2 dB.

Many additional research for the development of NRD
waveguide theory and circuit components for millimeter
application were presented in the literature. Some of them
have already been addressed above, while the rest are listed in
Table 1 [10]–[33]. In this comprehensive evaluation, all NRD
circuit components are proposed without employing opti-
mization approaches for NRD guiding structures. It is well
understood that without optimization, a high-performance
compact millimeter-wave integrated circuit is not viable. For
this purpose, we developed several optimization approaches
to optimize the design region of NRD guide devices. In this
regard, our proposed research work is unique and distinct
from the existing literature on NRD waveguide technology.

Several optimization approaches and variants based on
size, shape, topology, andmosaic optimization concepts, such
as genetic algorithm, particle swarm optimization, inverse
design algorithm, and direct binary search algorithm, have
been proposed for the efficient design of optical, dielec-
tric, and photonic crystal guide devices [31]–[50]. However,
a study about the development of optimal design approaches
using the above-mentioned optimization concepts for NRD
guides is insufficient and still has great potential in this
domain. In the literature and to the authors best knowl-
edge the development of binary evolutionary approaches
based on mosaic optimization concepts, detailed implemen-
tation procedure, comparative study, and high performance
NRD circuit components at single frequency operation and

broadband operation, has not been proposed previously and
it is also verified from Table 1.

In this paper, in order to add the valuable contributions in
NRD platform, we develop several optimization approaches
for the efficient design of NRD guide components with
various functions to realize the high-performance compact
millimeter-wave circuit as depicted in Fig. 1. For this purpose,
digital material concept (mosaic-optimization) using binary
evolutionary approaches is very useful. Using mosaic-based
optimization a small number of variables are used to express
the design region of NRD guide and those variables are
optimized by five optimization approaches which include
binary-representation-based genetic algorithm (GA), differ-
ential evolution algorithm (DEA), harmony search algorithm
(HSA), firefly algorithm (FA), and particle swarm optimiza-
tion (PSO). To find the most efficient ones, a comparative
study based on problem-solving success rate (also known
as convergence rate) is carried out first, using four numer-
ical examples: low crosstalk waveguide crossing, T-branch
power splitter, and bending waveguide at 60 GHz, as well
as frequency demultiplexer at 59 GHz and 61 GHz. In addi-
tion, sameNRDguide components except frequency demulti-
plexer are also designed by modifying the objective function
for broadband operation. In modified objective function we
used several frequency intervals within desired frequency
band for each generation of optimization method. On other
hand, to improve the design efficiency originally devel-
oped two-dimensional full-vectorial finite element method
(2D-FVFEM) is used for the numerical simulation of NRD
guide devices [51]. Our 2D-FVFEM is verified by 3D-
FVFEM using several optimal and non-optimal NRD guide
structures [18]–[20].

The paper is organized as follow: The brief discus-
sion of NRD guide and structure representation using
mosaic-based optimization are presented in section II. The
evolutionary approaches for binary optimization and the
brief discussion of BGA, BDEA, BHSA, BFA, and BPSO
are described in section III. The simulation results of
numerical design examples of NRD guides are described
in section IV. Conclusion of this research work is in
section V.

FIGURE 1. Image of NRD based millimeter-wave circuit.
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TABLE 1. Comprehensive review of NRD guide devices and design
strategy.

II. NRD GUIDE WITH MOSAIC-LIKE STRUCTURE
A. NRD GUIDE
NRD guide has been proposed as a millimeter waveguide
by T. Yoneyama [1]. As illustrated in Fig. 2(a), its structure
is made up of dielectric sandwiched between metal parallel
plates with spacing less than λ/2 to realize the non-radiative
nature. In NRD guide, propagation loss is relatively small
becausemost of the electromagnetic energy flows through the
dielectric and air and a very small amount of current flow in
the metal plates. Usually, NRD guide support two orthogonal
modes such as LSM01 and LSE01 mode. For LSM01, the elec-
tric field is parallel to the metal plate whereas in LSE01 mode,
the electric field is perpendicular to the plate as shown in
Fig. 2(b). Both modes are non-radiative in nature and cannot
propagate within air region sandwiched metal parallel plates
and can be used as a non-radiative waveguide. LSM01 mode

FIGURE 2. (a) an image of NRD guide, (b) propagation modes, and
(c) dispersion relation a = 2.25 mm, b = 2 mm, εr = 2.2.

whose polarization is parallel to the metal is usually used in
NRD guide, in contrasted to microstrip line which supports
polarization perpendicular to the metal. Furthermore, the dis-
persion relation of NRD guide is also calculated as shown
in Fig. 2(c).

B. STRUCTURE REPRESENTATION OF NRD GUIDE USING
MOSAIC-BASED OPTIMIZATION
Achieving the desired properties typically requires many
design variables to optimize material distribution in the target
area of the guide device. Several optimization approaches
have been proposed to optimize these variables, using various
optimization concepts such as shape, size, and topology opti-
mization. In which, size optimization deals with dimensional
parameters such as the length and width of the structure,
whereas shape optimization optimizes the outer shape of
the structure, and the topology optimization optimizes the
material distribution within area of interest. On other hand,
mosaic-based optimization is another way to efficiently opti-
mize the guide devices. Mosaic structures show the presence
of dielectric materials in the form of pixels at particular
positions within the area of interest.

In this work, mosaic-based optimization using evolution-
ary approaches is considered to optimize the material distri-
bution in the design region of NRD guide. Several design
variables are employed to express material distribution in
the design region. In order to create a mosaic-like structure,
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first discretize the design region into a grid pattern and then
allocate a dielectric or air to each pixel (also known as a
mosaic) in the form of 1 or 0, respectively as shown in Fig. 3.
This is called the concept of digital materials. The degree of
design freedom of our optimization approaches is determined
by the number of pixels. A large number of pixels maymake it
difficult to fabricate a designed device. The pixel size is deter-
mined not by the convenience of the optimization method,
but by the possibility of fabrication. A brief description of
implementing the optimization approaches is given below in
the next section.

FIGURE 3. Non radiative dielectric (NRD) waveguide (a) design setup
(b) representation of design region using mosaic-based optimization
concept (c) example of optimized design region.

III. EVOLUTIONARY APPROACHES FOR BINARY
OPTIMIZATION
In evolutionary approaches, three processes are involved in
the evolution of the population. The first step is initialization,
which involves randomly generating an initial population of
individuals based on a predetermined quantity. Determining
an appropriate population size and individual representation
technique that are more likely to offer feasible solutions
are important. Another important parameter is the number
of iterations. Both the population size and the number of
iterations may have a significant impact on solution quality
and time. After a few trials, an appropriate selection of these
parameters can be determined based on the design problem
resulting in a feasible solution. Individuals can be represented
using a variety of ways, including binary representation, real
value representation, and integer value representation.

The second step is to calculate the value of each individual
using a problem-dependent objective function after the pop-
ulation has been randomly generated. The calculated value
can be used to rank each individual for selection purposes.
Whether the breaking criteria has been satisfied is judged
after the evaluation of objective function. Different breaking
criteria, such as static, dynamic, and hybrid, are used to stop
the optimization process. When dynamic criteria is used, the
optimization is executed until the desired characteristics is
achieved, whereas the optimization is terminated at a fixed
number of iterations in the case of static criteria. A com-
bination of these two criteria is called a hybrid and is used
in some cases. If no individual satisfies the desired property,

the third stage of the evolutionary technique generates a new
population by perturbation of solutions in the existing popula-
tion. In evolutionary approaches, three processes are involved
in the evolution of the population. The generic optimization
procedure of our binary evolutionary approaches that we
considered in this paper is shown in Fig. 4.

In this paper, the size of population (Np = 64) is same
for all evolutionary approaches. The starting search point is
varies from one another due to the random generation of pop-
ulations, resulting in differing optimal structures. The number
of iterations required may be determined by the device func-
tion, whether it is designed for single-frequency operation
or wideband operation. For single and broadband operation,
we evaluated a maximum of 100 and 300 iterations for all
devices, respectively. Binary representation is considered to
represent an individuals structure because the digital material
concept is employed to generate a mosaic-like structure. The
optimization process is terminated by using static breaking
criteria.

FIGURE 4. Generic work procedure of binary evolutionary methods.

A. BINARY GENETIC ALGORITHM (BGA)
John Holland proposed GA, a metaheuristic global search-
optimization method, in 1975 [52]. Conventional GA and its
variants are used to solve a wide range of complex optimiza-
tion problems. The basic goal of GA is to simulate natural
selection and survival of the fittest individuals. In GA, the
procedure starts with a randomly generated initial population.
Each individual in population is a solution set or chromo-
some, which is encoded using digital material techniques.
After the population is randomly generated, each individual
is evaluated using a problem-dependent objective function
and ordered from best to worst based on the calculated value.
GA is a method for generating new populations that mimics
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natural selection of individuals, and it employs three biolog-
ically inspired operators: selection, crossover, and mutation.
The developed optimization method considers two different
selection techniques. To save the best individual from the
entire population, first elite selection is used. On the other
hand, rank selection, is used to select the best individuals
for a new generation. Once the parent individuals x(n)p1 and

x(n)p2 are selected, the crossover operator perturbs the selected
individuals to produce new offspring as follows:

x(n+1)c,k =

{
x(n)p1,k U (0, 1) ≤ 0.5

x(n)p2,k otherwise
(1)

where U (0, 1) is a random number between 0 and 1
and x(n)i,k denotes k-th component of the design variable
vector x(n)i . After crossover, the newly generated offspring
have a tendency to become highly similar to previously
selected individuals, reducing population diversity and per-
haps leading to population stagnation. The bit flip mutation
operator is employed to inject diversity into the population
to avoid stagnation. With this optimization approach, the
mutation rate is 1%. The evolution of a randomly generated
population is now complete. This search process is repeated
until the number of iterations is reached. Finally, the best
individual at the final iteration will be the optimal mosaic-like
structure of the NRD guide.

B. BINARY DIFFERENTIAL EVOLUTION ALGORITHM
(BDEA)
DEA is a metaheuristic optimization approach, and first pro-
posed by Storn and Price in 1995 for global optimization [53].
Usually, DEA performs better than GA because it explores
the given search spacemore efficiently, whenmulti objectives
are need to be optimized. The key reasons for differential
evolution application in electromagnetic optimization are its
reliability in dealing with multi-minima functional and its
improved rate of convergence as compared to GA when
applied to small scale real valued problem. It is critical to
improve the candidate solution with each iteration, and it
doesn’t require explicit cost function gradients in the candi-
date solution search space. As a result, DEA can be applied to
problems that are not even continuous or non-differentiable.
The most important feature of DEA is its unique mutation
operation. The scaling parameter S and the population size
NP are two critical control parameters in DEA. The key steps
in the implementation of DEA are mutation, crossover, and
selection. First, in binary strategy, a mutant individual is
generated as follows:

x(n)m,k =

{
x(n)p1,k + (x(n)p2,k − x

(n)
p3,k ) U (0, 1) < S

x(n)p1,k otherwise
(2)

where x(n)m,k is a mutant individual and may possible to take
the value of other than binary number -1 or 2 if the values of
randomly selected individuals are (x(n)p1,k , x

(n)
p2,k , and x

(n)
p3,k ) =

(0, 0, 1) or (1, 1, 0) respectively. In order to binarize the

mutant individual the value of x(n)m,k is set to be (0, 1) as follow.

x(n)m,k =

{
0 (x(n)m,k < 0.5)
1 (else)

(3)

The scaling parameter S is used to control the differential
variations and it is set to be 0.75. The operation described
above is called the mutation of DEA. The second step of
DEA is crossover. In DEA, x′t is the candidate of next gener-
ation by crossover between mutant individual x(n)m and target
individual x(n)t .

x ′t,k =

{
x(n)t,k (U (0, 1) < 0.5)

x(n)m,k otherwise
(4)

Then x′t is used as x(n+1)t if x′t is better than x
(n)
t , otherwise

x(n)t is restored. The third step of DEA is to select the best
individual between target individual and candidate individual
for next round until the completion of iteration.

C. BINARY HARMONY SEARCH ALGORITHM (BHSA)
HSA is a population-based metaheuristic optimization
approach proposed by Geem et al. in 2001 [54]. HSA is
inspired by the improvisation process of experienced musi-
cians. The key benefits of HSA are its clarity of execution,
record of success, and ability to solve a variety of complex
problems. Pitch adjustment rate, bandwidth, and harmony
memory considering rate are the three main parameters that
control exploitation and exploration in HSA. Through the
selecting and tuning process, a new harmony is created
in HSA. Each design variable is chosen from the harmony
memory, which contains previous good harmonies. A random
number, with a specified probability, tunes or replaces the
selected harmony. The new harmony xnewh is generated as
follows:

xm,k = xp1,k + xp2,k + xp3,k

xnewh,k =


(U (0, 1) < 0.5)? 0 : 1 (Ch < (1− Rhmcr)
(xm,k = 0 or 2)? 0 : 1 (Ch < (1− Rhmcr)

(1+ Rpar)
(xm,k ≤ 1)? 0 : 1 otherwise

(5)

where Ch = U (0, 1) and xm,k is k-th sound generated in
considering harmony memory. Rhmcr is the harmony mem-
ory considering rate (HMCR), and it is utilized to make
the harmony memory more effective. If the HMCR value is
very low, close to 0, only a few harmonies are used, and
therefore the convergence rate is slow, whereas large rates
exploit the harmonies, and the solution space is not fully
explored, thus leading to an insufficient solution. The value of
HMCR should be in the range of 0.7-0.95. In this optimization
approach theRhmcr = 0.85 has been set. The pitch adjustment
rate Rpar, is used to control the degree of adjustment. Because
of the limitation in exploring only a small subspace of the
entire subspace, a small Rpar with narrow bandwidth can slow
down HSA convergence, whereas a large Rpar with a wide
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bandwidth can lead to optimization deviation in some optimal
solutions. In this optimization approach, the pitch adjustment
rate is set to be Rpar = 0.2.

D. BINARY PARTICLE SWARM OPTIMIZATION (BPSO)
PSO is an iterative optimization approach that takes its
inspiration from the animal kingdom, specifically a group
of animals moving in search space for common objective.
Dr. Eberhart and Dr. Kennedy were the first to suggest
PSO [55]. In PSO, a swarm of particles is the first to be ran-
domly initialized. Each particle has its own unique position
and velocity. Each particle changes its position continuously
inside a specified search space with velocity to find the
optimal location. The particles movement is determined by
its memory path and iteration with other particles. The best
position of each particle and the best position of the swarm
are updated once all particles have reached the new place.
PSO finds the best solution by collaborating and sharing
information among swarm particles. The following are the
steps in the PSO procedure:

1. Generate an initial swarm with initial position and
velocity.

2. Evaluate objective function of each particle.
3. Update both the individual and global best positions.
4. Update each particle velocity and position.

The optimization process is repeated until the termination
criterion is met. The following equations are used in PSO to
update the position and velocity of the particles.

y(n+1)i = y(n)i + v
(n+1)
i (6)

v(n+1)i = W v(n)i + C1r1(y(n)p − y
(n)
i )+ C2r2(y(n)g − y

(n)
i )

(7)

x(n+1)i = binarize(y(n+1)i ) (8)

where y(n)i and v(n)i are the position and velocity of i-th particle
respectively, while y(n)p and y(n)g are the individual and global
best positions of n-th iteration respectively. W is the inertial
weight parameter with a value 0.8 that adjusts the ability to
search locally and globally. The initial cognitive and social
cognitive coefficients, C1 and C2 can adjust the balance
between individual and global optimum positions. r1 and r2
are two random values between 0 and 1which are used to sim-
ulate the random components of swarm behavior. To obtain
x(n+1)i , the following binarization scheme is employed:

x(n+1)i,k =

 1

(
1

1+ exp(−y(n+1)i,k )
+1U (−1, 1) > 0.5

)
0 otherwise

(9)

where1 is a coefficient introduced to avoid being trapped in
a local solution and is set to be 1 = 0.125.

E. BINARY FIREFLY ALGORITHM (BFA)
FA is a swarm-based metaheuristic optimization algorithm
first proposed by Xin She Yang in 2008 [56]. FA is inspired
by the movement of fireflies as they interact based on their

flashing light. Regardless of their gender, particles are
attracted to others because of their attractiveness. Attrac-
tiveness is determined by brightness and distance between
them. The optimization process of FA consists of three steps.
First, a particles called fireflies are randomly generated. Each
firefly has a brightness level. The brightness is used to cal-
culate the value of each firefly by using objective function.
For minimization problem, the fireflies with small value are
more brighter than higher ones. Once brightness of fireflies
is evaluated, then fireflies follow those ones who are rich in
brightness. The brightest firefly conducts a local search by
moving randomly in its surroundings. The position of firefly
y(n)i is updated by equation as follow:

y(n+1)i = y(n)i +
∑
j

u(β(0,j) − β(0,i))β(0,j)e
−γ r2ij

× (ynj − y
n
i )+ αδ

nε (10)

x(n+1)i = binarize(y(n+1)i ) (11)

The attraction to the brighter neighbor is calculated using the
second term of the above equation where, β(0,j) is attractive
force of the j-th particle and rij is a distance between i-th
and j-th particles. u(ξ ) is the unit step function. y(n)i and y(n)j
are the positions of fireflies at n-time. The light absorption
coefficient of medium is γ = 1/

√
L and L is used to adjust

the search range of particles. The third term in the above
equation is for randomization, where α is the scaling factor
used to adjust the random step length, δ is the damping factor
and ε is a random vector. The values of δ and α are 0.99 and
0.25, respectively. Using the above equation, the firefly’s
position is updated before the end of iterations.

IV. DESIGN EXAMPLES OF NRD GUIDE
In this paper, we proposed the concept of realizing a high-
performance millimeter-wave integrated circuit using basic
NRD guide components as shown in Fig. 1. Evolution-
ary approaches have been developed to obtain the optimal
design of the NRD guides. To demonstrate the usefulness of
these optimization approaches, we considered four numerical
examples of NRD guide devices. Except symmetrical con-
ditions in design region, size of design region, position and
number of output ports, the other basic geometrical param-
eters are the same in all devices. In our design examples,
we assume the spacing between metal plates is a = 2.2 mm,
length and width of the dielectric strip are l = 10 mm and
b = 2 mm, respectively. The relative permittivity of dielectric
and air is εr = 2.2 and εair = 1.0 respectively. The size of
design region in waveguide crossing, T-branch power splitter
and bending waveguide is Wx = Wy = 6 mm and it is dis-
cretized into 144 pixels. In case of frequency demultiplexer
Wx = 6 mm and Wy = 16 mm with total 384 pixels in the
design region. The size of each pixel is 0.5 mm × 0.5 mm
that is quarter of the dielectric strip. In order to make the
fabrication feasible, pixel size is determined by consider-
ing the operating wavelength, guide width and fabrication
sensitivity. The computational domain is surrounded by
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a perfectly matched layer (PML) with a thickness of
dPML = 5 mm. LSM01 mode at 60 GHz is incident at
input port 1 in first three examples. In case of frequency
demultiplexer wave at two frequencies 59 GHz and 61 GHz
are incident, and it is selectively output to port 2 and 3 respec-
tively. In order to achieve the desired properties, the design
region of sizeWx ×Wy is optimized.

A. LOW CROSSTALK WAVEGUIDE CROSSING
First, we consider low crosstalk NRD waveguide crossing as
shown in Fig. 5. The geometrical parameters and incident
conditions are explained above. In order to make the opti-
mization process easy and faster, a unique one-two structural
symmetric conditions are applied in the design region indi-
cated by red line, to optimize the half design region except
whole as shown in Fig. 5. The following objective function
is used at 60 GHz to achieve the maximum transmission
efficiency at output port 3 when LSM01 mode is incident at
input port 1.

Minimize F = 1− |S31(f )|2 (at 60 GHz) (12)

The pixel pattern is optimized by using five different
optimization that are described in section III. The conver-
gence behavior of these optimization approaches at 60 GHz
is shown in Fig. 6(a). We can see that all optimization
approaches show good convergence in the range of 60 to
80 number of iterations. The performance of BHSA and
BDEA is slightly better, but other optimizations also achieved
sufficient device performances. Figure 7 shows the optimized
structure, propagation field, and frequency characteristics of
BHSA which is the best one in case of waveguide cross-
ing at 60 GHz operation. The frequency characteristics of
waveguide crossing using other optimizations are shown in
Fig. 8. Due to random generation of initial population in
each optimization the optimal structures are different to each
other. Although, optimized structures are different but overall
device performance is almost same for each design as shown
in Fig. 8. All optimized waveguide crossings achieve high
transmission power more than 0.95. In Fig. 7, frequency
analysis by BHSA relatively show broad bandwidth charac-
teristics. By considering this clue, we modified our objective
function to realize the broadband operation possible.

In order to achieve the broader bandwidth we used the
following modified objective function.

Minimize F =
1
3

3∑
i=1

(1− |S31(fi)|2)

(f1,2,3 = 58, 60, 62 GHz) (13)

The updated objective function analyzes the waveguide struc-
ture using three different frequencies at a time for each gen-
eration of optimization approaches. Usually, a large number
of iterations are required to optimize the structure for broad-
band operation because multiple frequencies involve in the
objective function. In Fig. 6(b) we can see that how efficient
our developed optimization approaches that converge the

FIGURE 5. Initial structure of NRD waveguide crossing (a) top view
(b) front view.

FIGURE 6. Convergence behavior of NRD waveguide crossing at
(a) 60 GHz (b) broadband operation.

FIGURE 7. Optimal results of waveguide crossing at 60 GHz using BHSA
(a) frequency characteristics, (b) optimized structure and (c) propagation
field.

solution at broadband operation with almost same number of
iterations used for single frequency operation. The optimized
structure at broadband operation, propagation fields at con-
sidered frequencies in the objective function and frequency
characteristic by BDEA are shown in Fig. 9. Furthermore, the
performance detail of proposed NRD waveguide crossing is
summarized in Table 2. By usingmodified objective function,
all optimization approaches achieve high broadband property
around 5 GHz in the frequency range of 58 GHz-63 GHz.

B. T-BRANCH POWER SPLITTER
Next, we considered second numerical example NRD
T-branch power splitter as shown in Fig. 10. The geometric
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FIGURE 8. Frequency characteristics analysis of waveguide crossing
at 60 GHz operation (a) BDEA (b) BFA (c) BGA (d) BPSO.

FIGURE 9. Optimal results of waveguide crossing at broadband operation
using BDEA (a) frequency characteristics, (b) optimized structure and
(c-e) propagation field.

parameters are the same as in the previous example, except
for the number of output ports and the condition for structural
symmetry. In order to split the transmission power equally at
output ports, one-two symmetric condition in rectangle form
is applied indicated by red line as shown in Fig. 10. Due to
considered symmetry, pixels in the upper half of the design
region are optimized. The following objective function is
used to achieve the maximum transmission power at 60 GHz.

Minimize F = 1− |S21(f )|2 − |S41(f )|2 (at 60 GHz)
(14)

where |S21|2 and |S41|2 are transmission powers from port 1 to
port 2 and port 1 to port 4 respectively. Figure 11(a) shows
the convergence behavior of optimization approaches for

TABLE 2. Detail performance analysis of NRD waveguide crossing at
60 GHz and broadband operation.

FIGURE 10. Initial structure of NRD T-branch power splitter (a) top view
(b) front view.

T-branch guide at 60 GHz in which BDEA, BHSA, and
BFA converge the solution very efficiently between 40 to
60 number of iterations. However, BGA requires more num-
ber of iterations for better convergence in comparison to
BDEA, BHSA and BFA but it also achieves a desired
device performance. The optimal structure, propagating field
at 60GHz and frequency characteristics of BHSAobtained by
2D-FVFEM are shown in Fig. 12, and it depicts that optimal
structure can efficiently split the power equally into two
output ports. The frequency characteristics of T-branch guide
using other optimizations are shown in Fig. 13. The optimized
structures by BDEA, BHSA, BGA, BPSO and BFA achieved
high splitting power ratio at 60 GHz |S21|2 = |S41|2 =
0.499, 0.496, 0.493, 0.491, and 0.488 respectively. Based
on the convergence analysis at 60 GHz we considered all
optimization approaches for broadband operation by using
objective function as follow:

Minimize F =
1
5

5∑
i=1

(1− |S21(fi)|2 − |S41(fi)|2)

(f1,2,3,4,5 = 58, 59, 60, 61, 62 GHz) (15)

In order to ensure the broad bandwidth, more close intervals
within interested frequency band are considered in the objec-
tive function. Figure 11(b) show the convergence behavior at
broadband operation and it shows almost same behavior and
convergence order as in 60 GHz operation. In this design,
BDEA, BHSA, and BGA achieved desired property around
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FIGURE 11. Convergence behavior of NRD T-branch at (a) 60 GHz
(b) broadband operation.

FIGURE 12. Optimal results of NRD T-branch at 60 GHz using BHSA
(a) frequency characteristics, (b) optimized structure and (c) propagation
field.

TABLE 3. Detail performance analysis of NRD T-branch power splitter at
60 GHz and broadband operation.

25, 60 and 250 number of iterations. Due to structural lim-
itations of T-branch guide, it is quite challenging for each
optimization approach to achieve a desired property. There-
fore, the performance of BPSO and BFA is not satisfactory.
Successful optimizations achieved same device performance
with broad bandwidth around 4 GHz in the frequency range
of 58 GHz-62 GHz, but BHSA and BDEA are more effi-
cient than BGA. The best optimal results obtained by BDEA
are shown in Fig. 14. Furthermore, the performance detail
of proposed NRD T-branch power splitter is summarized
in Table 3.

FIGURE 13. Frequency characteristics analysis of NRD T-branch at 60 GHz
operation (a) BDEA (b) BFA (c) BGA (d) BPSO.

FIGURE 14. The frequency characteristics, optimized structure and
propagation field of NRD T-branch power splitter at broadband operation
using BDEA.

C. BENDING WAVEGUIDE
Next, we considered the third numerical example of an NRD
bending waveguide as shown in Fig. 15. Except number of
output ports, geometrical parameters and structural symmet-
rical conditions are the same as in the example of waveguide
crossing. For maximum transmission, the following objective
function is used at a single operating frequency.

Minimize F = 1− |S21(f )|2 (at 60 GHz) (16)

where |S21|2 is the transmission power at port 2.
Figure 16 (a) shows the convergence analysis of optimiza-
tion approaches at 60 GHz in which BDEA, BHSA, BGA,
and BFA achieving the best convergence results not more
than 60 iterations but as usual GA require more iterations
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FIGURE 15. Initial structure of NRD bending waveguide (a) top view
(b) front view.

FIGURE 16. Convergence behavior of NRD bending waveguide at
(a) 60 GHz (b) broadband operation.

confirmed in the previous example in both operation. Because
of the sharp bending structure, it is challenging for each
optimization approach to satisfy the desired properties.
Figure 17 shows the optimal results of a bending waveguide
at 60 GHz using BHSA. The frequency characteristics of
bending waveguide using other optimizations are also shown
in Fig. 18. As shown in Fig. 17 and 18, the structures obtained
by BDEA, BHSA, BGA, BFA, and BPSO achieved high
transmission power |S21|2 = 0.998, 0.998, 0.999, 0.988, and
0.998 respectively.

For broadband operation, we used the objective function as
follow.

Minimize F =
1
3

3∑
i=1

(1− |S21(fi)|2)

(f1,2,3 = 59, 60, 61 GHz) (17)

The above objective function analyzes the guide structure
using three frequencies 59, 60, 61 GHz. Figure 16(b) depicts
the convergence behavior of a bending waveguide at broad-
band operation, with almost same convergence order to that
of the preceding example of a broadband T-branch, where
BDEA and BHSA are more efficient than BGA. BDEA,
BHSA, and BGA achieved broad bandwidth about 3 GHz in
this design example, while BPSO and BFA achieved 2.3 GHz
and 2GHz respectively. The best optimal results at broadband
operation using BDEA are shown in Fig. 19. Furthermore, the
performance detail of proposed NRD bending waveguide is
summarized in Table 4.

D. FREQUENCY DEMULTIPLEXER
Finally, we consider another interesting example of NRD
frequency demultiplexer whose initial structure, placement

FIGURE 17. Optimal results of NRD bending at 60 GHz using BHSA
(a) frequency characteristics, (b) optimized structure and (c) propagation
field.

FIGURE 18. Frequency characteristics analysis of NRD bending at 60 GHz
operation (a) BDEA (b) BFA (c) BGA (d) BPSO.

TABLE 4. Detail performance analysis of NRD bending waveguide at
60 GHz and broadband operation.

of output ports, and incident conditions are different from
those in the prior examples as shown in Fig. 20. It has one
input and two output ports, as well as a design region of size
6 mm × 16 mm between them. The design region is divided
into 12×32 pixels, with each of size is 0.5mm×0.5mm. The
gap between two output waveguides is set to be d = 8 mm
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FIGURE 19. The frequency characteristics, optimized structure and
propagation field of NRD bending waveguide at broadband operation
using BDEA.

FIGURE 20. Initial structure of NRD frequency demultiplexer (a) top view
(b) front view.

to avoid the coupling effect. To get the maximum power of
a particular frequency at a desired output port, we ignore
structural symmetry conditions in this case. Two frequencies
f1 = 59GHz and f2 = 61GHzwith LSM01 mode are incident
at input port 1 and are separated into two different output
ports. The following objective function is used to separate the
input frequencies.

Minimize F =
1
2
[(1− |S21(f1)|2)+ (1− |S31(f2)|2)]

(f1,2 = 59, 61 GHz) (18)

where |S21|2 and |S31|2 are transmission powers at port 2 and
port 3 for 59 GHz and 61 GHz respectively. After going
through a design region optimized by using binary evolution-
ary approaches, two input frequencies are divided into two

FIGURE 21. Convergence behavior of NRD frequency demultiplexer.

different output ports. The convergence trend of optimiza-
tions for designed device at 59 GHz and 61 GHz is shown
in Fig. 21. In comparison to the preceding devices, more
iterations are required for optimum convergence to obtain
the desired properties due to complicated device function-
ality, multiple frequencies, and large size of design region.
As demonstrated in Fig. 21, all optimization algorithms have
a good enough convergence rate of less than 300 iterations.
Figure 22 shows the best optimal results of the NRD fre-
quency demultiplexer device using BFA. The frequency char-
acteristics of the designed device is shown in Fig. 22 (a), with
maximum transmission power at 59GHz and 61GHz, as indi-
cated by the straightmagenta line. At 59GHz and 61GHz, the
transmission power is 0.964 and 0.985withminimal crosstalk
level 0.03 and 0.006 respectively. Figure 22(b) and (c) indi-
cate that the propagation fields of 59 GHz and 61 GHz are
fully guided into output waveguides without any coupling
effect. The main purpose of the demultiplexer is to achieve
multi-path interference in the design region. For 59GHz oper-
ation, constructive interference occurs at output port 2 and
destructive interference occurs at output port 3, and vice versa
for 61 GHz operation. Figure 23 shows the frequency char-
acteristics analysis of designed device utilizing various opti-
mization approaches, which similarly obtained the desired
transmission property of more than 0.95. Furthermore, the
performance detail of proposed NRD frequency demulti-
plexer is summarized in Table 5.

The developed evolutionary approaches have a large
degree of design freedom and require a small number of
variables to efficiently optimize the pixel pattern in the design
region. They result in high computation efficiency and con-
verge the solution very quickly within a few iterations. This
has been observed in proposed NRD guide devices. In addi-
tion, no matter how complex the device functionality and
structure is or how large the design region is, developed
evolutionary techniques are totally trustworthy for any type of
NRD guide at single frequency operation. In spite of several
practical advantages that are mentioned above, developed
evolutionary approaches have some limitations too, the most
important one being the careful selection of hyper param-
eters. Inappropriate parameter selection can result in pop-
ulation stagnation and premature convergence, rendering a
solution unfeasible. Two of our five developed optimization
approaches, BPSO and BFA, are not completely reliable in
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FIGURE 22. Optimal results of NRD frequency demultiplexer at 59 GHz
and 61 GHz using BFA (a) frequency characteristics, (b) optimized
structure and (c) propagation field at 59 GHz and (d) at 61 GHz.

FIGURE 23. Frequency characteristics analysis of NRD frequency
demultiplexer at 59 GHz and 61 GHz (a) BDEA (b) BHSA (c) BGA (d) BPSO.

TABLE 5. Detail performance analysis of NRD frequency demultiplexer at
59 GHz and 61 GHz.

broadband operation, which is a only limitation. On the other
hand, BDEA, BHSA, and BGA, are extremely efficient in
both operations.

In order to investigate the stability performance of our
developed evolutionary approaches, we considered the NRD
T-branch power splitter which is the most challenging
device for developed optimizations has been proven above.

FIGURE 24. Stability analysis of developed evolutionary approaches
(a) BHSA (b) BDEA (c) BGA (d) BPSO (e) BFA.

The device configuration, initialization and other hyper
parameters of each optimization algorithm are same. The
stability analysis is conducted by optimizing the considered
device through ten attempts as shown in Fig. 24. We can see
that BHSA and BDEA proves its high stability characteristics
in each attempt but BHSA is more efficient than BDEA.
The value of objective function in BGA is less than 0.2 with
100 iterations and may possible to achieve almost 0 with
more iteration as obtained in BDEA and BHSA. The stability
performance of BPSO and BFA is not impressive as achieved
in rest of the optimizations. However, we can consider both of
them for other simpleNRDguide devices such as bending and
crossing waveguide. Overall this analysis state that the BHSA
is best one in term of stability, computational efficiency and
reliability.

V. CONCLUSION
In this paper, we developed a set of evolutionary approaches
using digital material concept for the efficient optimiza-
tion of NRD guide devices. To reduce the computational
efforts, originally developed 2D-FVFEM is used for the
numerical simulations. Binary representation based GA,
DEA, HSA, FA, and PSO are developed to efficiently opti-
mize the material distribution in the design region of NRD
guide devices. Four NRD circuit components including low
crosstalk waveguide crossing, T-branch power splitter, bend-
ingwaveguide and frequency demultiplexer are designed, and
achieved high transmission throughput greater than 99.9%,
49.9%:49.9%, 99.9% at 60 GHz and 96.4%, 98.5% at 59 GHz
and 61 GHz respectively. Furthermore, same devices except
frequency demultiplexer are designed at broadband opera-
tion using modified objective function. Through comparative
study we found that developed evolutionary approaches are
highly efficient for single frequency operation. However,
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it is quite challenging for broadband operation because of
several frequencies in the objective function and structural
limitation. We have achieved quite impressive results from
proposed devices with minimal reflection and crosstalk level
due to highly efficient optimization approaches. The pro-
posed NRD guide devices may have a potential to realize a
high-performance NRD based millimeter wave circuit. How-
ever, some improvements may possible to make optimization
approaches more sophisticated for complex device function-
alities. We are considering to design more interesting and
efficient devices such as NRD-based isolators and circulators
with attractive structural symmetrical conditions using devel-
oped evolutionary approaches.
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