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Abstract — This paper describes a modified real-coded
genetic algorithm with a differential evolution operator
(RGA-DE) for a shaped reflector of terahertz (THz)
quasi-optical power divider/combiner. The real-coded
genetic algorithm (RGA) is more convenient to define
the reflector surfaces as compared to other coding
methods. Interpolation method is applied to smooth
the sophisticated surfaces. A better searching ability is
obtained in a small number of individuals by using the
differential evolution operator instead of the conventional
crossover operator. So a bionics algorithm combining
real-coded genetic algorithm and differential evolution
(DE) algorithm has been presented to design the THz
quasi-optical multiple-way holographic power-combining
circuits. The RGA-DE has been utilized to optimize the
coupling coefficient « of the field distribution to get
close to 1. Two real-world examples operating at 380 GHz
and 450 GHz respectively are described. The computed
results are verified by using the commercial software
FEKO Suite.

Index Terms —Differential evolution operator, quasi-
optical power divider/combiner, real-coded genetic
algorithm, terahertz technology.

I. INTRODUCTION

Shape optimization is one of the key techniques in
the design of a quasi-optical power-combining circuit,
which entails optimizing the shape of the metallic
reflector [1-5]. The design of large shaped reflector for
quasi-optical power-combining circuits has remained a
challenge. The shape of the reflector surface is adjusted
via a synthesis technique until the pre-defined field
distribution is achieved within some acceptable level
of accuracy. Numerous synthesis methods based on
principles of geometrical optics (GO) [1-2] or physical
optics (PO) [3-5] have been developed to compute the
electromagnetic wave propagation. In order to get the
desired field distribution, the Broyden—Fletcher—Goldfarb—
Shanno (LBFGS) algorithm was applied in the past
research. But as a gradient optimizer, to get the variation
of the target function is a very complicated process. Even
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if gradient information of a practical problem is available,
it can be unreliable or difficult to compute. Thus, non-
gradient methods are incredibly useful optimization
tools [6].

In this paper, we developed a bionics algorithm
combining the real-coded genetic algorithm with a
differential evolution operator (RGA-DE) to solve the
problem of shaping the reflector surface without gradient
information. The conventional genetic algorithm (GA)
based on swarm intelligence is easy to be realized
and already applied to many fields [7-8]. GA based on
real-coding (RGA) can improve the precision of the
optimization and the convergence rate [9-10]. But the
traditional RGA don’t perform well in a small number of
individuals and they makes it fall into a local optimum
due to the population losing its genetic diversity.
Therefore, a differential evolution operator, which is
borrowed from the differential evolution algorithm (DE)
[11-13], is introduced to, instead of the crossover operator,
obtain better searching ability in a small number of
individuals.

The remainder of this paper is organized as follows.
In Section 2, we introduce the design of the THz quasi-
optical power-combining circuits. Subsequently in
Section 3, we present RGA-DE to optimize the shape
of the metallic reflector. The results achieved, discussed
in Section 4, include the verified data by using the
commercial software FEKO Suite. Finally, the findings
of this paper are summarized in the conclusion.

I1. ANALYSIS OF THZ QUASI-OPTICAL
POWER-COMBINING CIRCUITS
Power-combining circuits in planar or waveguide
structure are more suitable at microwave frequency
due to large substrate, ohmic and radiation losses at

millimeter- and submillimeter-wave frequencies [14-16].

Therefore, several quasi-optical and spatial holographic
power combining techniques performed in free space to
avoid these losses attract more and more attention [1-5].
There are two common quasi-optical circuit topology
models indicated in Fig. 1. Pyramidal horn antenna and
reflector are included in both topology models. But the
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receiving efficiency of such a setup will be strongly
decreased if there is mismatch of radiation pattern
between the transmitting and receiving radiation patterns.
The popular method to solve this problem is to use
holography. Figure 1 (a) shows the periodic hologram
with a simple stepped surface profile and one shaped
reflector. In the other topology, the two shaped reflectors
are regarded as computer-generated phase holograms.
Both of them are used to shape the electromagnetic
wavefront for the field matching.

The surfaces of interest are labeled with P;, i = 1, 2,
3, 4 in Fig. 1. H, denotes the field distribution on the

surface P;. The reflectors were assigned parabolic surface
to focus the power into the receiving plane P4 on the
antenna array placement. The field on surface P, and
Pz in Fig. 1 (a) and on surface P2 in Fig. 1 (b) can be
computed by using the Huygens-Fresnel principle [4]:

—Jko\r r|
H,i () = ‘JH( )I .

where A, is the aperture surface’s unit normal vector,
k, is the free space wave number, and A, is the free

space wavelength. The computation of the diffraction of
each reflector is based on the PO [4, 17]. In the PO for a
perfect electric conductor surface, the observation point
at r can be computed as:

cos(fy, r—ridp’, (1)

—jko\r r|
Hia(r) = j h(r,r )—dp B

where

ey =K e xHi<r'»(1+ﬁj, ©

ofr=r1

where f'=(r—r)/[r—r’, H(r") and A" denote the
magnetic field and the unit normal vector at the integration
point r', respectively. When |r —r|>> 4, the formula
can be written as:

h(r,r) = ———Fx(AxH(r)). (4)

In Fig. 1 (b), H3 is calculated by H, based on
PO approximation, and in the same way, H, in the

receiving plane can be obtained by H, . Due to the large

electrical dimensions of the reflectors, the computation
time is dominated by the integration time. To speed
up the computation of the integral, the fast far-field
approximation method (FAFFA) is used [18]. In the
FAFFA, if r,, >>r,. and 1, >>r;, then we have:

lir
e*iko‘rﬁ | e*JKo(ﬁ‘l*ﬁ‘l"n”l'l'rjl‘)

|ri_rj| - r|'| (5)

Substituting Equation (5) into integral Equations (1)
and (2), after three steps of aggregation, translation and
disaggregation, the operation count will be reduced
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from N? to N5, Although the reflector which is one
of the most important parts of the quasi-optical power-
combining circuit is used to focus the energy on the
receiving plane P4, one reflector with periodic hologram
or two simple reflectors cannot get a desired field
distribution. Only a small amount of energy in plane P4
is fed into the receiving antenna array because of the
field mismatching. Therefore, a reflector with shaped
surface relief is an inevitable choice to get an ideal field
distribution.
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Fig. 1. (a) Power combiner with linear oscillator array,
and (b) 2-D quasi-optical power divider consisting of
two shaped reflectors.

I11. SHAPE OPTIMIZATION VIA RGA-DE

The RGA-DE combines the real genetic algorithm
and differential evolution so that a smooth convergence
to a more global minimum can be achieved in a small
number of individuals. It is noted that the conventional
GA may converge slow and to a local minimum. The
RGA-DE tends to avoid the aforementioned problem,
and is thus, particularly useful for the shaped reflector
design.

We first give a detailed coding method for the
algorithm. The initial shape of the reflector is parabolic



and this parabolic surface can be expressed in the form:

_ixLy
=3{5E) ©

where x and y are along the local principal surface
directions with Ry and Rz being their associated principal
surface radii of curvatures.

We discretized the reflector surface into small
squares with same periods along the x and y coordinates.
The z coordinate of all nodes of the surface can be
expressed as a matrix:

Zy Ly, I,
Zy Ly I,

ZParab = . . : . (7)
Zon Zmp 0 I

Ingeneral, A1/3 gird’s width is sufficiently accurate
in a practical case. But each grid is variable, meaning,
the surface is not smooth after the optimization is
completed. Smooth procedures such as low-pass filtering
[4] or moving average procedure [5] should be used.
Here, an interpolation method is applied to smooth the
reflector surface in the real coding.

A certain amount of nodes that are as the optimal
variables is enough to interpolate all rest points. Linear,
spline and cubic are several common interpolation
methods in MATLAB. Interpolation method is a simple
and efficient way to yield a smooth surface reflector.
The surface correction AZ interpolates from all

interp

interpolating nodes AZ . The number of AZ._ is about

interp
64 times the number of AZ in the following examples.
The actual surface relief is:

Z = Zparab + AZinterp . (8)

will be used in the field calculation.

shaped

The Z

Individuals AZ using real-coding can be expressed as
below:

shaped

ti ti ti

Zy Ly Zlq
ti ti ti
. Z Z ee 7
zZ'=| " . ©)
ti ti ti
I Zpp 7 I

where 28 €[z, Zmn], UL p], velLq],ie[LNP].
NP is the number of individuals in a population. i
and t donate the ith individual and the tth generation,

respectively. z\, which is the interpolation node is as one

of the variables pg on the optimization and it is a real
number. The variation range of the interpolation node

tio
z, isfromz toz,, .

The process of RGA-DE can be represented by the
flowchart form as shown in Fig. 2. The loop runs for a
number for predefined generations and is composed
mainly of evaluate fitness, selection, differential evolution
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and, mutation steps.

‘ Initialize Population ‘

Evaluate Fitness
Elitist Selection

Differential
Evolution

Yes i
Finish Condition? Optl_mal
Individual

No

Weighting
Function

Fig. 2. Flow chart of the proposed RGA-DE.

A. Selection

A selection operator picks individuals based on their
fitness function values from a current population and
then reproduces these individuals into a differential
evolution pool. The individuals that take part in the
reproduction step are determined using the roulette
wheel method. It means that the individuals are assigned
a probability of being selected based on their fitness.

After evolution differential and mutation the new
population is generated based on their fitness. With the
help of elitism we can store the best found individual.
The remaining individual is delivered for the next
generation. In this way we cannot lose the best genetics.

B. Differential evolution

Differential evolution operator is to produce new
offspring while exploring the solution space. For each
individual Z'(t) , a perturbed individual Z'(t+1) is
generated according to scheme DE/best/1 [11], the DE
operator is expressed as below:

Z'(t+) =" +Fe - (Z'(O-Z" 1),  (10)
with i, j,k €[4, NP] integer. j and k are picked randomly
from 1 to NP for each individual Z'(t+1), and Foe is a
real constant factor, F,. €[0,2].

The best performing individual of the current
generation Z"(t) will be the perturbed by the differential

variation Z’(t)—Z*(t) , whose amplification is controlled

by the constant factor Fpe. The DE operator has the
advantage of strong local search capability, which is
shown in Fig. 3. It is logical to assume that the solution
may lie near the parent that has a better fitness.

For a practical problem, if z!*' >z then let

max '

(t+1)i _ ie _(t+D)i (t+1)i _
2, =2, 0rif 2,77 <z . thenlet 2,7 =z, .
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Fig. 3. The process for generating next generation in
scheme DE/best/1 showing strong local search capability.

C. Mutation

In DE algorithm, crossover operator is implied to
increase the diversity of individuals, but in GA it is
realized by mutation. Here, we used a random variation
to exploit the solution space.
for n=1to Q (Mutation number)

Rondomly generate index u [1, p] and ve[Lq].

(i _ i tiy .
Zy =7, t I:m : (Zrandom —Zy),
e (t4D)i (t+D)i
If Zuv < Zmin ” Zuv > Zmax

(t+1)i _ .

AV (Zmax - Zmin) '
end

end

where Q is the mutation number, z,. .. €[Z e s Ziin]

and r is generated from the interval [0, 1]. The best
performing individual in the (t+1)th will not involve
in the mutation and it will be preserved in the next
generation in the selection operator.

D. Fitness
To quantify the performance of the reflector, we
usually use coupling coefficient x to characterize a
potential solution as follows [4]:
<Hgi Higea >p

cal ’

K=
\/< HcaI’HcaI >P< H

where Hca and Higea are the calculated field and ideal
field, respectively. The scalar products for two complex-
valued vector functions f and g are defined as:

(11

ideal * Hideal >P

<f.g>=[ F(IyPY). (12)
The fitness function of the problem is defined as:
fitness = Re{«x}. (13)

Sometimes, a weighting function can be applied
to guide the evolution in some ways in (11). Using

H, =H, *W, and H,, =H. - *W, instead of Hca
and Higeal, respectively. *.* denotes element-by-element
multiplication. The element of the weighting matrices

W, and W, is usually chosen €[0.7,1.4] :
K= — <~Hcal ! Hidial >P
J< H, . H, ><H

cal

(14)

H. . >

ideal * © “ideal ~ P

ACES JOURNAL, Vol. 32, No. 10, October 2017

In the loop runs, fitness = Re{x} can be a candidate

to characterize the solution. But when the loop is
finished, x is used to quantify the optimal solution.

IV. NUMERICAL VALIDATION AND
DISCUSSION

In order to demonstrate RGA-DE’s applicability to
real-world problems, two THz quasi-optical holographic
power-combining circuits have been designed with
RGA-DE. The two circuits are both designed and
optimized by MATLAB programming.

The topology model of the first example operating
at 380 GHz is shown in Fig. 1 (a), which is a five-way
holographic power combiner. The binary phase grating
is as a thin lens introducing a phase delay only, which
consists of Teflon. The wavefront radiated by the line
source consisting of five horn antennas is transformed
by the phase grating and is focused to the receiving
horn antenna by the shaped reflector. The reflector has
a size of about 69Ax48). It is discretized to matrices of
size 207x144 corresponding to approximately 3 points
per wavelength. The optimization result is that x is
approximately 0.88-j0.00 at the observation plane 24Ax24
after two thousand generations, whereas x is about
0.68+j0.13 for the initial shape of the reflector surfaces.
The shaped surface obtained for the power divider is
illustrated in Fig. 4. Figures 5 (a) and (b) shows the
calculated field distribution in the receiving plane Pa.

The parallel computing for each generation of four
individuals consumes 15s using a 3.3 GHz quad-core
CPU E3-1230v3. Figure 6 shows the progress of both
RGA-DE optimization and conventional RGA as the
function of the number of generations with different
Foe, Fm and NP. In the conventional RGA, the uniform
crossover operator is expressed as below:

Z't+)=a- 2" M) +(1-a)-Z'(t), (15)
with a constant factor & =0.6 in this paper. It takes about
6.3 hours to complete a single trail with a number of
individuals NP = 4 and a fixed mutation number Q = 2.
Itis obviously that the RGA-DE has a faster convergence
speed. The RGA-DE takes only 900 generations to reach
the optimal value while the conventional RGA needs
1500 generations. The convergences of different NP are
also displayed. In Fig. 6, the numerical results demonstrate
that the RGA-DE runs well with high efficiency and
stability. It shows that design method based on RGA-DE
reached the almost same goal through different routes.
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Fig. 4. The surface relief of the reflector.
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Fig. 5. Optimization results from the presented RGA-
DE: (a) magnitude and (b) phase of electric field E,.

0.88 - RGA-DE_ _

0.83 1

(AR o
7 0_, conventional RGA

NP=4

o

o

@®
1

— Fe=0.4, Fm=0.6, NP=4, RGA-DE
- - - Fe=0.6, Fm=0.6, NP=4, RGA-DE
- -+ Fe=0.4, Fm=0.8, NP=4, RGA-DE
- - -Fe=0.6, Fm=0.6, NP=8, RGA-DE
- -+ Fm=0.4, NP=4, conventional RGA
------ Fm=0.6, NP=4, conventional RGA
r - - - Fm=0.8, NP=4, conventional RGA|

Fitness (Re{«})

if
0.73; "

0.68

T T T T T 1
0 250 500 750 1000 1250 1500
Generation

Fig. 6. Convergence characteristics of both RGA-DE and
conventional RGA.

The topology model of the second example operating
at 450 GHz is shown in Fig. 1 (b), which is a 2-D nine-
way (3*3) holographic power combiner. The reflectors
both have a size of about 74Ax78\, which is 42% of
the surface area for wavelength scale in [4-5]. The two
reflectors are discretized to matrices of size 221x234
corresponding to approximately 3 points per wavelength.
The computer-generated holograms, in other words, the
shaped surfaces obtained for the power divider are
illustrated in Fig. 7.

The optimization result is that x is approximately
0.89+j0.01 at the observation plane 40Ax42), whereas
kx is about 0.36+j0.08 for the initial shape of the
reflector surfaces. 64% of the overall radiated power
can be received in P.. Figures 8 (a) and (b) shows the
calculated magnetic field distribution in the receiving
plane P4. The correctness of the calculating method and
calculated result are verified by using the commercial
software FEKO Suite. Figures 8 (c) and (d) shows the
verified results. The computation method is MLFMM in
FEKO Suite and its calculated field data is imported to
MATLAB to draw Figs. 8 (c) and (d). It is noted that the
verified results agree closely with the one by PO in
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MATLAB programming.
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Fig. 7. (a) Surface relief of the first reflector and (b) the
second one.

9 X3 (mm)

yq{mm)
¥4(mm)

X4 (mm)

(@) (b)

"

¥4 (mm)

¥4 (mm)

X4 (mm)

(© (d)

Fig. 8. Optimization results: (a) magnitude, (b) phase
of electric field Ey from the presented RGA-DE, (c)
magnitude, and (d) phase from the FEKO Suite.

V. CONCLUSION

A bionics algorithm using a differential evolution
operator to realize crossover effects in a real-coded genetic
algorithm to design the quasi-optical holographic power-
combining circuits is investigated at THz frequencies.
Real coding with interpolation method is applied to
yield a smooth shaped surface. This proposed swarm
intelligence optimization algorithm provides a new way
to find a solution of complex problems without the
gradient information and has good searching ability. It is
easy to be realized using parallel computing to improve
the computational efficiency. To verify the design and
analysis of the THz quasi-optical holographic power-
combining circuits, two examples operating at 380 GHz
and 450 GHz respectively have been provided. The
FEKO Suite’s results agree with the optimization ones,
which proves that the proposed RGA-DE algorithm is
useful in the design of a THz quasi-optical holographic
power divider/combiner.
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