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A Succinct Explicit Local Time-Stepping Method for Helmholtz Wave
Equation Based Discontinuous Galerkin Time Domain Method for 3-D
Multiscale Electromagnetic Modeling

Peng Wang and Yan Shi

School of Electronic Engineering
Xidian University, Xi’an, 710071, China
15029038715@163.com and shiyan@mail.xidian.edu.cn

Abstract — A succinct explicit local time-stepping (LTS)
method for Helmholtz wave equation based discontinue
Galerkin time domain method has been developed to
analyze 3-D multiscale electromagnetic problems. In
the proposed LTS scheme, a simple linear interpolation
procedure is implemented to calculate the fields in the
subdomain with the larger mesh size at the time steps
corresponding to its neighboring subdomains with the
smaller mesh size, and thus the proposed method can
be easily generalized to the situation of the multiple
subdomains with arbitrary time step ratio. With the
proposed LTS method, the computational efficiency can
be improved for the analysis of the multiscale problems.
Several numerical examples including dielectric loaded
resonance cavity, microstrip filter, and Vivaldi antenna
are given to illustrate good performance of the proposed
succinct explicit LTS method.

Index Terms — Arbitrary integral time step ratio,
discontinue Galerkin time domain, local time-stepping
(LTS), multiple subdomains, vector wave equation.

I. INTRODUCTION

In recent years, the discontinuous Galerkin time-
domain (DGTD) methods have been rapidly developed
for transient simulation of electromagnetic problems
[1-5]. Compared with the conventional finite difference
time domain (FDTD) method [6], the DGTD method can
model the complex structures easily and obtain higher-
order solution accuracy. With the use of numerical fluxes
defined on the interface between two adjacent elements
and explicit time integration method [1-5], the DGTD
methods can lead to block-diagonal mass matrices with
the block size equal to the number of degrees of freedom
per element, thus leading to a highly efficient parallel
solution scheme.

The conventional DGTD method is based on the
Maxwell equations, which needs to solve the electric
field E and the magnetic field H simultaneously. On the
other hand, due to the use of the numerical flux, the
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conventional DGTD method results in more degrees
of freedom, which consumes more computational
resources. Recently, an interior penalty discontinuous
Galerkin time domain (IPDG-WE) method has been
developed to solve the complicate EM problems. Built
on the Helmholtz wave equation, the IPDG-WE method
[7, 8] only needs to solve one field variable, which can
achieve significant reduction in computational time
and memory usage. Moreover, with the introduction
of the interior penalty fluxes, the IPDG-WE method
can achieve optimal convergence rate of O(h**!) and
meanwhile be free from the numerical dissipation, which
the conventional DGTD method suffers from [7, 8].

The real-life electromagnetic problems generally
involve various complex objects with multiscale
geometries. When modelling this kind of the objects,
the sizes of the discretization meshes are significantly
different. With either the DGTD or the IPDG-WE
methods for the analysis of the multiscale problems, the
time step must be chosen according to the smallest grid
size in the computational domain due to the CFL stability
of the explicit time integration scheme, thus resulting
in a high computational cost. To overcome this stability
restriction, the implicit time integration methods [9] and
marching-on-in degree-based approaches [10-12] have
been developed. However, these methods suffer from the
larger memory consumption. Except implicit-like time
integration methods, some explicit local time-stepping
(LTS) schemes [13-17] have been proposed. By
implementing the different time steps in the elements
with the larger and smaller sizes, respectively, the
computational efficiency can be improved. However,
most of the local LTS schemes are based on the DGTD
method [13-16]. Recently, Diaz and Grote [17]
theoretically studies the LTS methods for second-order
scale wave equations. No reports have been given about
the LTS method for the second order Helmholtz wave
equation based discontinuous Galerkin time domain
method to model the practical 3D electromagnetic (EM)
problems.

1054-4887 © ACES
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In this paper, we propose a succinct explicit LTS
method combining the central difference time marching
scheme in the IPDG method to model the practical
3D multiscale EM problems. With a simple linear
interpolation scheme, the proposed LTS method needs
no additional memory usages and introduces slightly
computational overhead at the subdomain interfaces.
Hence the proposed approach is very suitable to the
multiple subdomains with arbitrary geometry ratio. Some
practical 3D EM problems are presented to illustrate the
efficiency and potential of the proposed LTS method.

Il. FORMULATIONS
In this section, the IPDG method is first introduced.
Then the succinct explicit LTS scheme is developed.

A. IPDG method

Let Q be a computational domain which is discretized
by N nonoverlapping tetrahedrons and terminated by
boundary I, including perfect electric conductor (PEC)
surface I'pec, perfect magnetic conductor (PMC) surface
I'emc and first-order absorbing boundary condition (ABC)
surface I'asc. So we have I'y = I'pec U I'pmc U Tasc. We
denote I" =0 as all the facesin Q and 7" =73 U I, in
which 77 is defined as the interior faces.

To avoid the late-time drifting problem, the IPDG
method starts from a modified Helmholtz wave equation,
ie.,

o &y O°E 0E  8dg
VX(,u V><E)+.9at2 +0'8t e D)
where E = O.'E . Here ¢ and y are the permittivity and
permeability, respectively. The hierarchical vector basis

functions N, ;(r) [18] are used to expand E in(1)as:
Ne
E=) e ON(), )
j=0

in which gj(t) is the time dependent expansion coefficient
and Ne is the number of the vector basis functions.
Applying the Galerkin’s spatial testing procedure with N,

into (1), we can have:

&‘E N. dr+_[ a— N,dr +
ot?

Jo V(i

By using the vector calculus identities and Gauss’s
theorem to the term Vx( 'V xE) in (3) and introducing

. 3)

MVXE)-Ndr =] —=-N.dr.
o ot

numerical fluxes, we obtain a weak form as:

J.s Ndr+_|'a—Ndr

+I,ulE Vx(VxN, dI’+ZJ' n><

Qe

E) -VxN,dS (4)

R R

0een”

ACES JOURNAL, Vol. 34, No. 7, July 2019

in which superscript * denotes the numerical flux. Further,
(4) is rewritten as a strong from, i.e.,

j e Ndr+j = Ndr+_[ [V XE-VxN.dr +

> [ nx(E'-E)p
Qe K
ZLQ nx

Qe K

The numerical fluxes are vital to the accuracy and
stability of the IPDG method. The well-defined numerical
fluxes can be obtained as [7, 8]:

1V><NidS+ (5)

0J

(#'VXE) -NdS =- o il

{E}fcfi

E*: 9 fcl—‘l;,EC7
E fclo
E fcT

) ABC ) 6)

{,u'lVXE}—TfIIEIlT f T,

. W E_r E

(,u'1V><I~E) _JuVxE-7E fCFPEc’

0 f cToue
~YnxnxOEfot  f T e

in which z; is an interior penalty parameter defined on

the interface. The tangential jump [-], and average {-}
across an interface are expressed as,

n"xu +n"xu" fcr,
[u]; = - ' )
n- xu fcrl,
and,
u +u fer
fup=1 2 : 8)
u fcrl,

Here the superscripts and “+” denote the local
element and the adjacent element corresponding to the
face f, respectively.

By inserting (6) into (5), the semi-discrete system in
each element yields:

0% o8 -
C BN C AR e
< dj
Smn,f :__k’
+Z|: k :|ek,f at
in which &, = [&,,6,,.....6 ], denotes the vector

of the expansion coefficients of the electric fields in the
kth element, & , denotes the coefficient vector in the

elements adjacent to the kth element, and Nk is the
number of the unknowns of the kth element. Here

definitions of the matrices [M,], [R], [S{"] and
[sy"] can be found in [5].
Employing the central difference method to discretize

©)



the time derivatives in (9) and sampling the electric
fields at integer time steps nAt (n=0, 1,..., Ny, we can
obtain the full-discrete system as

At xn+1
([Mk]+?[Rk]jek =
(Z[Mk]+At2 [S?m])éﬂ —AtZZf:[SL””'f Jer,

o SRI-2m e -5 i)

(10)

B. Succinct explicit LTS method

In order to develop a multi-domain explicit LTS
approach for the solution of the multiscale problem, we
first consider the computational domain discretized by
nonuniform meshes which can be categorized into two
subdomains, as illustrated in Fig. 1. In each subdomain,
the time step is chosen based on the minimal geometric
sizes of the meshes according to CFL stability condition.
Assume that ratio of the time steps in the two subdomains
is p. Specifically, the time-steps in subdomains 1 and 2 are
chosen as Aty and At,=pAt;, respectively. Let p an arbitrary
positive integral number greater than 1 in this paper.

Interface

.
- \

t=th1 t=t1

Mesh1 | Mesh2

Fig. 1. The interface between two domains with the
different meshes.

Consider that the subdomain 2 with the larger mesh
size marches on from t, to ths1 in a time increment of
Aty, while the subdomain 1 with the smaller mesh size
successively marches on from t,to t.1 in a time increment
of Ati. According to (10), we can know that the fields
at the time step ty+1 in the elements of the subdomain 2
can be solved in the conventional way. On the other hand,
the fields in the elements of the subdomain 1 except
the elements adjacent to the interface between two
subdomains are also updated in the traditional way.

However, the fields at time step tnp (k=2,3,:-+,p) in the
elements on the interface of the subdomain 1 are solved in

WANG, SHI: EXPLICIT LOCAL TIME-STEPPING METHOD FOR HELMHOLTZ WAVE EQUATION

a modified way. In order to update the fields in an element
of the subdomain 1 at time step thwp (K=1,2,---,p-1), the
fields of the subdomain 2 at the corresponding time step
must be known. Here a linear interpolation approximation
method is implemented to solve the fields in the
subdomain 2 at the time step ty+p according to those at
the time steps of t,and thsq, i.e.,

én+klp z(l_hjén +[£]én+1_ (11)
p p

Substituting (11) into (10), the fields in the element of
the subdomain 1 at the time step t+(q+1)p Can be solved as:

(4 S R e

= (Z[Mk]+At12 [SfmJ)éE*q/p _Atlz Z [STn,f :|é2’+fq/p

f ginterface

f einterface p p
A e AL
+(%[Rk]—2[Mk]]ek (a-1)/p _%(Jk alp .y (a l)lp).

Comparing (12) and (10), we can find that in the
proposed LTS-based scheme, no extra memory is required
due to the use of the linear interpolation.

(12)

+1 +1 n+1 n+1
eln ezn & & n+1
21 |
20 19 I I
8
77 I)16 : 12 :
5
4 |13 VALET N N
11 No o N\ 2 |
+
10 ezn I I
8 6 1/ 2
eln+2/12 ; I e 6 : :
n+1/124 n n n n
e 2 e P e e ) e |,
n-1/12[ T Aty A I I I n
€1 ta 6 || I
| Aty | |
| | |
| | e3n-l/2 |
| | |
At
| | ‘11
| | |
eln-1 I ezn-l I egn-l I e4n-l
Mesh1 Mesh2 Mesh3 Mesh4 th

Fig. 2. The proposed LTS scheme for four subdomains
with different meshes.

The proposed method can be easily generalized to
the case of the multiple subdomains. Without the loss of
generality, assume that there are four subdomains. The
ratios of the mesh sizes in the four subdomains are 1: 2: 6:
12, as shown in Fig. 2. Therefore, the relationship of
the time steps in the four subdomains becomes
AL=2Ats=6At,=12At;, where Ats (s=1,2,3,4) denotes the
time step of the s-th subdomain.

Assume that all elements march on from the time step
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tn. The fields in the elements of the subdomain with the
larger mesh size are first updated to its next time step, and
then those with the smaller mesh size are stepped into
the corresponding next time step successively. In this
scenario, the linear interpolation method (11) can be
implemented to solve the fields in the element of the
subdomain with the larger mesh size at the time step
corresponding to those of the subdomain with the smaller
mesh size. And then (12) can be used to solve the fields in
the elements of the subdomain with the smaller mesh size.
It is worthwhile pointing out that the proposed LTS
scheme can be applicable into the situation in which those
elements adjacent to the certain element belong to more
than two subdomains. Besides, in the proposed LTS
method the arbitrary integral time step ratio between
different subdomains can be valid.

In order to obtain a good speed up for the proposed
LTS approach, a reasonably grouping strategy should be
used. For a multiscale problem, the tetrahedrons with the
different sizes are used to discretize the computational
domain. All the tetrahedrons are first classified into
different levels, i.e., Level=Int(10h/hmax), Where h denotes
the minimum edge length of each tetrahedron, hmax is the
largest one among h, and Int (x) is a function to map a
real number x to the largest integer not greater than
X. Next, the tetrahedrons belonging to the neighboring
levels are grouped into a subdomain according to the
following criterions:

1. The number of the tetrahedrons which are adjacent
to the interface between two subdomains is as small
as possible;

2. The number of the tetrahedrons in the subdomain
corresponding to the larger level is as many as
possible;

3. The ratio of the time step between two neighboring
subdomains is as large as possible.

It is worthwhile pointing out that we should use the
above three criterions in a trade-off way to obtain a good
speedup of the LTS method.

1. NUMERICAL RESULTS AND
ANALYSIS

A. Dielectric ring in a resonant PEC cavity

As the first numerical example, a resonant PEC
cavity with a dielectric ring shown in Fig. 3 is studied
to demonstrate the accuracy and conservative energy
property of the proposed method. The relative permittivity
of the resonant ring is 2.06. The geometrical sizes of the
computational region and the resonant ring are given in
Fig. 3. The origin of coordinates is chosen as the center
of the computational domain, and the center point of the
resonant ring is set as (-45.25 mm, 0 mm, -21.5 mm). A
dipole source is located at (-105 mm, -20 mm, 11.25 mm)
and the observation point is chosen as (155 mm, 20 mm,
11.25 mm).

ACES JOURNAL, Vol. 34, No. 7, July 2019

The computational region is meshed into some
tetrahedrons with the average side length of A/10 at 3
GHz, while the dielectric ring is discretized by using
the refinement meshes with the average side length of
A/30 in order to get an accurate result. Therefore, there
are 15,739 disjoint tetrahedrons in total and 3,463
tetrahedrons in the refinement region. In this example,
all tetrahedrons are divided into ten different levels and
are grouped into two subdomains. Ratio of the numbers
of the discretized elements in two subdomains is shown
as shown in Table 2. According to the CFL stability,
the time steps of the two subdomains are chosen as
0.4x10"?sand 1.6x10*? s, respectively. A dipole source
along the z-axis is used to generate a transient modulated
Gaussian wave with a frequency band covering from
0.5 GHz to 5 GHz. Here the mixed 2nd order vector
bases are adopted.

7 uEl

Fig. 3. Geometry of the resonant ring cavity.
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0.005 |-

0.000
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-0.005

-0.010
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Fig. 4. Transient E; component at the observation point.

The transient field E, at the observation point is
solved by the proposed method and plotted in Fig. 4. It
can be seen from Fig. 4 that there is no numerical
dissipation of the solution during a long simulation
period more than 10 ps, and thus the proposed LTS-
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based IPDG-WE method has energy conservation
characteristic.

As shown in Table 1, the first eight resonance
frequencies are extracted from the obtained time domain
signals and compared with the results solved by the
global time stepping (GTS) scheme and the high
accuracy FDTD method [19]. The results by proposed
LTS method agrees well with those by the GTS scheme
and the in the reference. The computation performances
of the LTS method and the GTS method are compared in
Table 2. According to Table 2, the proposed LTS method
can achieve 2.26 times speedup without the increase of
the memory usage.

Table 1: The first eight resonant frequencies of the
resonant PEC cavity, unit (GHz)

Scheme FDTD GTS LTS

1st mode 1.2605 1.2503 1.2521
2nd mode 1.5076 1.5062 1.5061
3rd mode 1.8341 1.8303 1.8310
4th mode 2.1607 2.1564 2.1582
5th mode 2.5513 2.5431 2.5451
6th mode 2.6123 2.6092 2.6103
7th mode 2.8229 2.8213 2.8231
8th mode 3.0243 3.0202 3.0225

B. Microstrip filter

In the second example, a microstrip filter is analyzed
by using the proposed method, as shown in Fig. 5. The
relative permittivity of the substrate is 10.4 and the
thickness is 1.27 mm. Two lumped ports are used in this
example. The computational region terminated by the
ABC boundary is set as 64 mm x 89.61 mm x 41.27 mm.
The average size of the meshes in the whole region is
chosen as A/10 at 3 GHz and the regions corresponding
to the narrow microstrip line are discretized by using
the meshes with a higher spatial resolution. Hence, we
have 52,948 tetrahedrons in total. The tetrahedrons are
classified into ten different levels and then are grouped
into 5 subdomains. Ratio of the mesh numbers in the 5
subdomains is 0.20:0.10:0.53:0.14:0.003, and therefore
the time steps of the 5 subdomains are 0.28x10%3 s,
0.56x107%s, 1.12 x10% s, 2.24x10® s and 4.48x10°3 s,
respectively. The mixed 2nd order edge basis is used in
this example. The S-parameters are calculated by the
proposed LTS method and compared with the results
by the GTS and FEM methods, as shown in Fig. 6.
Good agreement between each other can be observed.
Table 2 demonstrates comparison of the computational
performance between the LTS and the GTS methods.
The LTS method consumes less CPU time with the same
memory usage.
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Fig. 6. S-parameters of the microstrip filter.

C. Vivaldi antenna

In the final example, a Vivaldi antenna is considered.
The Vivaldi antenna is shown in Fig. 7, whose tapered
slot is patterned with PEC ground plane on the top of
the dielectric substrate. The relative permittivity of the
substrate is 3.38 and the thickness is 1.524 mm. The
geometrical parameters of the Vivaldi antenna are as
follows: wi = 80 mm, w, = 0.5 mm, | = 14.5 mm,
=129 mm, I3=12.6 mm, I, = 70 mm, Is = 3.2 mm,
r =12 mm. The curves of the tapered slot are built by an
exponential function of e>%4%. One end of the slot is open
to air and the other is ended with a circular slot. On the
bottom of the substrate, there is a shorted 50 Q microstrip
feed line. A lumped port is used to excite the Vivaldi
antenna.

A

%’l Shorted
wil [
| sl
: §§L:umped port

oS —————
PR PR ly

Fig. 7. Geometry and mesh of the Vivaldi antenna.
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The computational domain is terminated by a
perfectly matched layer (PML) which acts like an
anechoic chamber absorbing all radiated energy. The
whole region is meshed using a tetrahedral mesh with an
approximate size length of 5 mm (A/10 at 6 GHz), while
the tapered slot is discretized by the meshes with the
side length of 0.5 mm to guarantee the solution accuracy.
The total number of the elements is 176895. Here 4
subdomains are used according to the side length of the
tetrahedron, as shown in Table 2. The time step sizes
of the 4 subdomains are set as 0.2x10% s, 0.8x10% s,
1.6x 10 s and 3.2x10%3 s, respectively. Mixed 2nd
order vector bases are utilized to expand the unknown
fields. The S-parameter calculated by the proposed LTS
method has a good agreement with those by the GTS and
the FEM methods, as shown in Fig. 8. The performance
comparison between the LTS and the GTS methods has
been given in Table 2. A 6 times speedup is obtained by
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using the LTS-based method.
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Fig. 8. S11 of the Vivaldi antenna.

Table 2: Performance comparison of LTS method and GTS method in the numerical examples

Ratio of the Numbers of Ratio of Time Steps Memorv | Speedu
Examples | Method Elements in the Different in the Different y peedup
. h (MB) Ratio
Subdomains Subdomains
LTS 0.22: 0.78 1:4 711
A 2.26
GTS | e e 711
5 LTS 0.20: 0.10: 0.53: 0.14: 0.003 1:2:4:8:16 2332 293
GTS | e e 2332 '
LTS 0.12: 0.26: 0.52: 0.10 1:4:8:16 9988
C 6.00
GTS | e e 9988

VI. CONCLUSION

In this paper, a succinct explicit LTS scheme for
IPDG-WE method is presented to model 3-D multiscale
electromagnetic problem. With a simple linear
interpolation scheme, the proposed LTS method can be
easily implemented in the situation of the multiple
subdomains with arbitrary integral time step ratio. Good
energy conservative property is achieved. Some numerical
examples are given to illustrate good accuracy and
speedup ratio without the increase of the memory usage
for the solution of 3-D multiscale electromagnetic
problems.
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Abstract — The genetic algorithm is used to improve
the imaging capability of the microwave metamaterial
aperture imager operating at Ku-band. The microwave
metamaterial aperture imager is made up of the
complementary electric-LC elements and Jerusalem
cross structures elements. Besides, the genetic algorithm
is applied to optimize the array of the elements, which
can reduce the average mutual coherence of the
patterns of the microwave metamaterial aperture imager
at different frequencies. Then, the patterns of the
microwave metamaterial aperture imager is used for
the image reconstruction experiments. From the image
reconstruction results, it can be seen that the quality of
the recovered image is improved. The performance of
the microwave metamaterial aperture imager using the
genetic algorithm is crucially enhanced and extensive
simulations verify the effectiveness of the proposed
improvement approaches.

Index Terms — Complementary electric-LC element,
imager, genetic algorithm, metamaterial, quality-factor.

I. INTRODUCTION

The traditional imaging system is mainly based on
the Nyquist sampling theorem. However, for this type of
the imaging system, if we want to get a higher resolution
image, we have to increase the sampling rate. As a result,
a large amount of redundant data will be discarded in the
process of data compression. Microwave metamaterial
aperture imager (MMAI) is a novel imager system,
which can generate forward looking image without using
mechanical scanning or antenna arrays. The first MMAI
system was proposed in [1]. The MMAI used a one-
dimensional metamaterial aperture with an extremely
wide frequency band to generate enough radiation fields
to illuminate the target, and two-dimensional sparse
targets in the scene can be reconstructed with an optimized
compressed sensing (CS) algorithm as shown in Fig. 1. x
and y represent the Nx1 original image signal and the
Mx1 measurement image signal, respectively. A is the
MxN measurement matrix, where M<<N. In [2], a 2D
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metamaterial aperture was verified to realize 3D imaging,
and it was shown that by increasing the quality factor
(Q-factor) of the metamaterial element, the image
performance of MMAI could be improved. The potential
of multisensor fusion by integrating an infrared
structured-light and optical image sensor to accelerate
the microwave was illustrated in [3]. In [4-5], different
reconstruction algorithms were investigated, and the
imaging performance could also be improved. In [6], a
coherent computational imaging system was proposed
which can utilize a sparse detector array of planar,
frequency-diverse, metasurface antennas designed to
operate over the W-band frequency range. In [7], a new
approach for short-range wireless localization based
on meta-aperture and compressed sensing (CS) was
proposed. In [8], a reconfigurable, dynamic beam
steering holographic metasurface aperture to synthesize
a microwave camera at K-band frequencies was present.

A T
Lk
: '_m E X spl;\rgexsiglna\

MxN

Mx1 — g
measurements

nonzero
entries

K<M<<N

Fig. 1. Mathematical model of the CS algorithm.

For these methods above, the critical point is to
ensure the non-correlative property between different
measurement modes. From Fig. 2, it can been seen that
the imaging performance is based on the radiation fields
of the metamaterial aperture and the CS reconstruction
algorithms. The information of the object can be obtained
through repeating samples under different measurement
modes. The performance of MMALI is mainly determined
by the radiation field modes which provide enough
measurements for the target. The common methods to
increase the system radiation modes are to select the high
Q-factor metamaterial resonant element and to design

1054-4887 © ACES
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MMAI in an extremely wide frequency bandwidth.

%‘

ApertTe T

In the design of the metamaterial aperture, the
non-correlative property converted to be the irrelevance
of aperture’s radiation characteristics under different
frequencies changed in the work band to achieve much
more measurements. The main contribution of this paper
is the development of the higher frequency Q-factor
CELC element and the random generation of the MMAI
with the genetic algorithm. Specifically, Section Il gives
a brief introduction on the principles of MMAI. In
Section 11, a higher frequency Q-factor CELC element
is analyzed. Section 1V is devoted to the genetic algorithm
on the design of the MMAI. Imaging experimental
simulation results are given and discussed in Section V
to demonstrate the effectiveness of the proposed design
improvements on the MMAI. Finally, Section VI

summarizes this work.

1. PRINCIPLE OF MMAI

In this section, the mathematical model of MMALI is
briefly introduced. For the metamaterial aperture as an
imaging system, a forward model must be implemented
that describes how objects in the scene scatter the
incident field, such that the collections by the receiver
can be inverted and the scene will be retrieved. Though
more sophisticated models can be developed, for our
purposes the first born approximation provides a sufficient
description. In this approximation, the field scattered
from the target Eg, is simply related to the incident field

Eg:
Es = E f(r),

S

where f(r) is the target reflectivity at r. The scattered
field propagating into the receiving probe antenna

complies with the following proportionality:

y= /1EI (NE,(r) f(r)dr,

where y is the measurement of the scattered field
collected by the receiving probe antenna. Considering the
inherent frequency-diverse feature of complex radiation

field, we can simplify (2) to:

ot

Fig. 2. Microwave metamaterial aperture imager system.

y(@) -/ Mo fmer, ©)
where y(w) denotes the measurement of receiving
probe at a certain driving frequency @ , H(w,r) is the
measurement matrix, and the relationship between
E,(r) and E (r) can be calculated by:

H(w,r) = E(nE(r), (4

where E,(r) and E (r) denote the fields from the
transmitting metamaterial aperture and the receiving
probe antenna projected to the point r, respectively.
When the target information is reconstructed, its exact
location is unknown. As a result, the scene is discretized
into N voxels. If the frequency sweep is sampled at M
frequency points, (3) becomes a finite dimension matrix
equation as follows:

9w =Hy f ®)

MxN "N !

where g,, is the received measurement matrix under a
sequence of radiation field illumination varying with
frequency, and f denotes the unknown reflectivities
matrix of scene targets, and H,,  is the measurement
matrix whose k" row elements corresponds to the
complex field pattern at the driving frequency @, . Since
the discretized pixels N is normally much larger than the
number of measurement modes M, the linear equation in
(5) can be extremely underdetermined, and it is difficult
to solve (5) by the direct matrix inversion, thus the
sophisticated CS technique is chose to estimate f, with
a promising solution.

11l. COMPLEMENTARY ELECTRIC-LC
(CELC) ELEMENT

For microwave metamaterial aperture imager system,
the key is to increase the Q-factor of the metamaterial
unit. That is to say, the unit must possess different center
operating frequency and much narrower bandwidth in
the operating frequency band of the metamaterial
aperture. As pointed out by Hunt et al. [2], an increase in
the Q-factor of the element for the metamaterial aperture
causes the average mutual coherence u to decrease,
which indicates less correlation between measurements
represents better orthogonality of the far-field patterns.
Here the frequency Q-factor is defined as:

Q="f/BW, (6)
where fand BW represent the center operating frequency
and the frequency range in which the radiation efficiency
decreases by half, respectively. If we want to recover
images more accurately, the metamaterial aperture needs
to work under more measurement modes in the limited
operating frequency band. In other words, the BW of the
metamaterial aperture unit needs to be much narrower
and the frequency Q-factor will be even higher. In order
to improve the frequency Q-factor, we select the following
three methods in our work: 1) Use the asymmetric
rectangular ring slot to instead the square ring slot because
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the asymmetric structure can provide improvement on
the frequency Q-factor; 2) Enlarge the period of the
complementary electric-LC (CELC) element P while keep
the size of the slot fixed, to raise the frequency Q-factor.

Fig. 3. Complementary electric-LC element.

—_— P=2mm
- = P=2.5mm
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Fig. 4. Efficiency with different P.

Table 1: Q-factor of the CELC element with different P

P (mm) Q-factor P (mm) Q-factor
2 37 3 70
2.5 58 4 86

By above ways, we could maximize the frequency
diversity in the finite operating frequency band. In this
paper, the improved the CELC element is proposed in
Fig. 3. The CELC elements and Jerusalem cross structures
elements with the proportion of 0.8 and 0.2, respectively.
The higher Q-factor metamaterial cell is etched on the
substrate upper plate and the bottom is the metal ground.
Rogers 4350 is used with the dielectric constant of 3.66
and the thickness is 0.508mm. The proposed element is
simulated with the infinite periodic boundary condition
in HFSS. From Fig. 4, the BW of the metamaterial
aperture unit can be narrowed by enlarging the period P.
Meanwhile, if the dielectric constant is higher and the
thickness is thinner, the Q-factor can also be enlarged.
Because of the much smaller bandwidth, the number of

ACES JOURNAL, Vol. 34, No. 7, July 2019

measurement modes will be more in the same bandwidth,
which makes it possible that more information can be
obtained with the more different radiation features. As
listed in Table 1, when P=4mm, the Q-factor is about
86, which means that the Q-factor of the novel CELC
element can be improved by enlarging the period of the
CELC unit.

As the operating frequency changes, the far-field
radiation pattern of the MMA\I changes. As pointed out
by [9-10], when the bandwidth of the element becomes
smaller, the average mutual coherence becomes much
lower. As a result, the proposed higher Q-factor CELC
element may realize to decrease the average mutual
coherence x to improve the imaging effect of the MMAIL.

IV. THE GENETIC ALGORITHM ON THE
DESIGN OF THE MMAI

Object within the scene scatters the incident fields
and produce a backscattered field. In a transceiver
configuration, the backscattered fields are detected by
a single, low-gain waveguide probe with the same
frequency. The low-gain waveguide probe ensures all the
backscattered radiation field from object is collected as
shown in Fig. 2. The MMAI system must obtain the
detection ability in all the field of view (FOV) because
the object may appear at any position in the scene. If the
MMAL is made up of the CELC elements and Jerusalem
cross structures elements randomly, which may lead to
the result that the far field patterns of MMAI is not
uniform distribution. As a result, the electromagnetic
signals of the incident field cannot detect the object if the
object is in the weak signals range in the FOV.

TLEEE Lok -
SEEEE oA ... ... _,E
EIEIEEEIE Z
FEEEE

‘I r [ 1- -rl
. IL ‘
| u r
it
Fig. 5. Process of the genetic algorithm on the design of
the MMAL.

In this section, the genetic algorithm (GA) is
selected to assist to design the MMAI as shown in Fig.
5. The design process with the genetic algorithm can be
summarize as follows:

1) Select the higher Q-factor CELC element with
different sizes based on the element model base,
determine the element amount and proportion of the
higher Q-factor CELC element and Jerusalem Cross
Unit; Initializatie the first population of the MMAI with
different distributions and the cross mutation probability,
take these MMAIs into the HFSS to simulate for the far
field characteristics;
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2) Take the simulation results of these MMAI into
MATLAB to build the measurement matrix and compute
the average mutual coherence u; compare the average
mutual coherence x of different MMAISs and select some
better MMAI with the lower x as the new population;

3) Produce the novel MMAIs with the cross mutation
operation based on the new population; repeat the
simulation, computation g, selection, production new
population until the average mutual coherence not
decrease.

Table 2: Average mutual coherence of different MMAIs

Iteration Time
MMAI 1 > 3
1 0.30704 0.29790 0.29945
2 0.31504 0.29819 0.29955
3 0.29964 0.30298 0.29589
4 0.29893 0.30088 0.29852
5 0.30562 0.29893 0.29790
6 0.30452 0.29964 0.29819
7 0.30024 0.30024 0.29893
8 0.31250 0.30452 0.29964
Iteration Time
MMAI 2 5 5
1 0.29790 0.29589 0.29589
2 0.29589 0.29589 0.29589
3 0.29819 0.29790 0.29589
4 0.29852 0.29790 0.29589
5 0.29589 0.29589 0.29589
6 0.29790 0.29589 0.29589
7 0.29819 0.29790 0.29589
8 0.29852 0.29790 0.29589

mmm ] 6 WG mmmmm&m&mmmmmmm&m*mmm*mnqm
iﬁk@mm b 16 01 OB (W 5 1B 3 1 5 00 2 0 6 ) G0 111
%mmmmmm@m%mmmmmm&mmu&mgm mmm&nmm
1 mmmnumgmmnmm 0 B )

W i ) (e
mmmmmmmnmmmmmmmmmi ummu@mmmmmmmmmmm
mnmmammm@mm%nmm
) () 00 ) ) 0 ) 0 0B 0600 R G e
mmmmmmmmmnmm%mmu@m&mnmu
(1@ [ @ mm 17 1 {1 61 1 ) 1 66 mmm mmm
] EDHEHIE 0 6 mU @mnmm (1) IR
mmmmmmmmm%mgnm@m%m%umunmaum
L2 G Jufu] %

mmmmmm
ummnmmm&m ﬁ

HE®H0O0 futol
mmnmmmmm%muu
B0 QR

Fig. 6. Microwave metamaterial aperture.

With the properties of high Q-factor and frequency
agility characteristic, the far-field pattern is different at
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different frequency because only a few elements mainly
work at it particular frequency in the operating band.
With the feature, the MMAI can be used in the imaging
system. Finally, the measurement matrix A is set up by
the use of the far-field patterns at different frequencies.
The operating frequency range of the MMAI is set
from 33GHz to 37GHz. In our work, eight MMAIs with
different element distributions are selected as the initial
population and optimized with the genetic algorithm.
From the results in Table 2, when the iteration time
reaches 6, the average mutual coherence of these MMAIs
decreases to 0.29589, which verifies the effectiveness of
the optimization on the MMAI design with the genetic
algorithm.

V. IMAGE RECONSTRUCTION
EXPERIMENTS
The MMAI is made up of 80% higher Q-factor
metamaterial elements and 20% Jerusalem Cross elements
as shown in Fig. 6. The far field patterns of the MMAII at
33GHz, 35GHz and 37GHz are described in Fig. 7, Fig.
8 and Fig. 9, respectively.
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Fig. 7. Far field radiation patterns at 33GHz.
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Fig. 8. Far field radiation patterns at 35GHz.
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Fig. 9. Far field radiation patterns at 37GHz.
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Fig. 10. The original image with five points.
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Fig. 11. Image reconstruction with the original MMAI.

The far field patterns can be used to build the
measurement matrix to verify the feasibility of the
MMAI. The optimized MMAI is used for the image
reconstruction experimental simulations in Matlab. The
goal of reconstruction is to estimate the set of target
fractional scattering coefficients using the simulated
measurement matrix. For the metamaterial-based
frequency-diverse MMAI of consideration here, the
number of available measurement modes can be
significantly smaller than the number of voxels to be
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estimated according to compressed sensing theory.

To accomplish this goal, we discretize the scene
into N voxels. Given the appropriate parameter for the
reconstruction, it is in our interest to compare the image
reconstruction effects with the measurement matrix of
different average mutual coherences. The original image,
in Fig. 10, is segmented into 31x361 blocks. The five
red blocks is set as the object and the blue blocks is the
background. Then, the restored image x can be calculated
by y=Ax. x and y represent the Nx1 original image signal
and the Mx1 received image signal, respectively. These
image reconstruction experiments are done on a PC with
Intel Xeon CPU E3-1230. Figure 11 and Fig. 12 give
the image reconstruction of a simple target with two
MMAIs with the average mutual coherence £=0.35104
and £=0.29589, respectively. Interestingly, the image
reconstructed with the MMAI of the lower average
mutual coherence has better quality than the higher u
MMAI. Through imaging experiments, the correctness
and feasibility of the approaches proposed in this paper
have been verified.

6(°) o(°)
0

Adbipli
30, 330 e 30 mplitude

201
101

10
201

30-

Fig. 12. Image reconstruction with the improved MMAL.

V1. CONCLUSION

An imaging system using dynamic MMAI has great
potential in various applications. In particular, MMAI
can overcome the complications of using complex
hardware systems or moving parts. As such, a higher Q-
factor metamaterial element is proposed to be applied in
the imaging system, which holds a good frequency
agility property. The bandwidth of it is much narrower
than the common metamaterial element. Besides, by
using the genetic algorithm, a lot of MMAIs is designed
and simulated to produce the best one. The far field
radiation patterns at different frequencies are used to
construct suitable deterministic measurement matrix and
improve the accuracy of image reconstruction. Then, the
image reconstruction simulations are done to verify
the correctness of the proposed approaches. The
combination of a dynamic MMAI with reconstruction
algorithm can lead to an imaging system that is efficient
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and simple on the hardware and software levels. This
exciting prospect opens the door to new opportunities in
various research areas such as high-resolution, real-time,
volumetric imaging.
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Abstract — The anomalous diffusion has been discovered
in many natural motions, it is defined as a phenomenon
that does not conform to FICK's diffusion law. One of
the anomalous diffusions is the electromagnetic sub-
diffusion, which indicated the power law decay rate is
slower than normal -2/5. In this paper, we modeled
electromagnetic sub-diffusion based on 3D finite-
different time-domain (FDTD) method. Through the
introduction of roughness parameter in the definition
of conductivity and the discretization of fractional
integrations, the electromagnetic sub-diffusion can be
efficiently modeled. The improved method is verified by
homogeneous half-space models and anomalous models
with 3D bodies, the results show that it can model 3D
electromagnetic sub-diffusion with high precisions and
has a good performance in the recognitions of anomalous
bodies.

Index Terms — Electromagnetic sub-diffusion, finite-
different time-domain method, fractional calculus.

I. INTRODUCTION

In the modeling of electromagnetic propagation, the
electrical conductivity of the ground is usually imagined
to be uniformly and constant [1-4]. However, the
ground conductivity usually presents heterogeneity
and nonlinearity which results in anomalous diffusion
occurred in the measured data [5-7]. One of the anomalous
diffusions is called sub-diffusion [8]. It manifests as
the measured data decays slower especially in late time.
In this case, the measured data can’t be explained
accurately based on the classical electromagnetic theory,
which has hindered the application of electromagnetic
method in the mineral resource’s exploration and other
fields in a way. The previous researches have indicated
that the fractional diffusion equation can provide the
theoretical basis for the electromagnetic sub-diffusion
which only need to introduce roughness parameter in the
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expression of electrical conductivity [9-10]. Accordingly,
the fractional calculous should be solved in time domain
which makes the discretization of the electromagnetic
fields difficult. With the development of fractional
derivative calculation in mathematics, lots of fractional
order finite difference algorithms are developed [11-13],
which provides a possibility for the electromagnetic sub-
diffusion modeling in time domain.

In this paper, we introduce roughness parameter in
the expression of electrical conductivity in frequency
domain, and discrete fractional items after the frequency-
time transformation. Accordingly, the iterative equations
of electromagnetic fields are derived based on a FDTD
method. At last the improved method is verified by
different models, the results indicated that it can model
electromagnetic sub-diffusion well and provide basis

for a future study on the electromagnetic anomalous
induction in time domain.

1. METHOD
After introduced the roughness parameter g (0 < <
1), the electoral conductivity g can be expressed as [9,
10]:
o, (w)=0, +kaoy (i) . 1)
The Ampere’s law without sources in frequency
domain:
VxH(w) =0, (0)E(w) + josE(w) 2
can be transformed into time domain:
OE(t)
VxH(t):o-ﬁ(t)*E(t)+gT_ )
The convolution item in equation (3) can be
expressed as:
o, (t)*E(t) = 0,E(t) + ko, , D "E(t)

F o) B

(4)

=o,E(t)+
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where T'(8) indicates the Gamma function:
_ ® gzl
_IO e 't dt, Re(z)>0. (5)
Discretized (4) can get:
_[01 (t,- r)/H E(r)dr = J.OAl](t" - r)ﬂil E(r)dzr +

J-A11+AK2 (tn 71_)/7 J-AK1+IA(2+AK3 (tn 71_)/;

Ay Al +AL,

...... + J‘:fmn (t,- T)/H E(r)dr

N ORGP (O

Pl BB (g -, fmftn)”)

T E(r)dr+ T E(r)dr+

b (1))

(6)

Inserting (6) into (3), and after discretion based on

FDTD [14-17], we can get the iterative formulation of
electric field:

(44,10 =20 Z ey kg +
0="n
2At n+ - - n+ - -
e GRCCES OGN VR
024 v b
2At WY i, '
B (W4, kD) H G E k- 1) -
(ouAt, +2¢€)Az(i, j,K)
0= L
2ko, At

n+}/ 1
(oL, +2) AT (B) At oy o 0 bk)

)
where
B (41, k)=
E +E E+E
° ; : ((tn+1/2 -ID )ﬂ - (trHJJZ - tl)/3 ) + %((tnwz - tl)ﬁ - (tmﬂ - tz )ﬂ ) F o .
E 1 En
B () () () (et )
(8)

For the magnetic fields, we chose equation (9) as the
control equation of Hyand Hy and equation (10) as the
control equation of H;,

VXE——/LI%

ot | (9)

V-H=0. (10)

Equation (9) and (10) can be expressed in
components as equation (11-13):

ok, O&, _ OH,
y a “a (11)
OE, OE, oH,
oz _E_#W, (12)
oH, __oH, H, (13)
oz ox oy

The discrete form of equation (11, 13) is performed
by a FDTD method [9-11] as:

HY 41, j+ 5 kS
22

enfiin L
At +AL E’ (I j+= k+1j y(|,1+2,kj_
2u Az(i, j, k)

Ezn(i,j+1,k+lj—EZ”(i, j,k+lj
2 2

Ay(i, J, k)

-y . o101
=H %2 i+1 j+=,k=)+
)=H, 20415+ 2.k2)

» (14)

1
HI (2 542 = 22 2k 420,50 <

"+}/( +lj+7k+ ) "‘y[l J+ K+ j
2 2

AX(i, j,1) N
) (15)
"+y( +lj+—k+ j “}/( +—Jk+1)
2 2 2
Ay(i, j,1)

IHl. EXAMPLES

To test the effectiveness of the improved method,
homogeneous half-space models and anomalous models
with 3D bodies are designed. All models have
117x117x58 grids. The grid is non-uniform with a
smallest spacing of 10 m and a largest spacing of 120 m.
The transmitting coil is located at the center of the model
with a 120 m height, the radius is 7.5 m. The transmitting
current is 30 A. The receiving coil is 130 m away from
the transmitting coil with a height of 60 m. The electrical
conductivity is set as 10 S/m and k=1. In Fig. 1, the
responses with different roughness parameters are
compared.

10°

Time (s)

Fig. 1. The induced voltage with different roughness
parameters.
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The roughness parameter is set as 0, 0.03, 0.06 and
0.09. From Fig. 1 we can find that the induced voltage
decay slowly as the increase of # which have indicated
the improved method can model electromagnetic sub-
diffusion efficiently. To verify the precision of the
FDTD method, the FDTD solutions are compared with
the numerical solutions calculated by integral method
[18] in Fig. 2. The roughness parameters are chosen as
0.2 and 0.9. Figure 2 (a) shows the comparison of the two
solutions and the relative errors responsibly when =0.2.
We can find the two solutions coincide well with a max
relative error of 2.6%. Figure 2 (b) shows the comparison
and the relative errors responsibly when p=0.9. The
relative errors are less than 1.6% in 10 ms. The
electromagnetic responses in the air with different
roughness parameters are shown in Fig. 3.

«10%

18t . ==mmmmmme Nymerical Solutions |4
| FDTD solutions

Relagve Errors (%)
= mro
S g
&
&
! | 2
&
2
i .'"
K
Y,

12t
> g2
0.8 2 4 8 8 10
Time (s) x1072
2 3 4 5 6 7 8 910
Time (s) %107
(@)
«10°
24 . s
===m=mmns Numerical Solutions
22+ B=0.9 ‘ FDTD solutions
2
1.8
16
P
N
14 45
ol
2 1
1.2 10
20'5
2 0
13 2 10
& ) .
Time (s)  x10%, R
2 3 4 5 6 7 8 910
Time (s) %107
(b)

Fig. 2. The comparison of FDTD solutions and numerical
solutions and the relative errors when: (a) $=0.2 and (b)
$=0.9.

According to the definition of the generalized
electrical conductivity, the conductivity varies with time,
so the roughness parameter doesn’t affect the diffusion
pattern of electromagnetic wave. Accordingly, the
responses decay slowly with the increase of roughness
parameter.
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The anomalous model is designed as Fig. 4. The
roughness parameter is 0.7. The depth of the 3D body is

100 m

, the size of the body is 410 mx410 mx450 m and

is set in the center of x-y plane. The conductivity of the
body is 100 S/m and the conductivity of the background
is 5 S/m. The slices of electromagnetic responses of
1.5 ms and 5 ms are shown in Fig. 5. From these slices
we can find that the responses can reflect the information
of the 3D body well, which has verified the effectiveness

of the

E

>

E

improved method well again.
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Fig. 3. The electromagnetic responses in the air with
different roughness parameters: (a) f=0.2 and (b) =0.9.
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Fig. 4. Anomalous model with single 3D body.
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Fig. 5. The slices of electromagnetic responses at the
time of: (a) 1.5 ms and (b) 5 ms.

1V. CONCLUSIONS

We have introduced roughness parameter in the
expression of electrical conductivity. After the
discretization of the fractional item we got the iterative
formulation of electric field based on FDTD. The
modeling results validated the effectiveness of the
improved method in the modeling of electromagnetic
sub-diffusion. As the discretization of the fractional item
involved electric fields of every time-step, large memory
needed consequently. For high-resistance models, as
more time-steps divided, the method may be limited by
the computer’s storage. How to reduce the memory
consumption is the focus of our following research.
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Abstract — Electromagnetic waves control is becoming
more and more urgent for important applications in
communication and military fields. Studies have shown
that it is possible to achieve reflection and refraction
control of electromagnetic waves by introducing phase
gradient. Wavefront control of electromagnetic waves
can be achieved with metamaterials devices. However,
metamaterials devices have to be diversified and enhance
their capabilities to catch up the rapidly expanding
demand on dynamic control currently. In this paper, we
design a dynamic-modulated all-dielectric microwave
control device to reconstruct the phase profile by filling
different dielectric constants of media into it. As a result,
the deflection direction of the electromagnetic waves,
including whether the deflection occurs or not, can be
controlled by this device flexibly. The device with such
dynamic modulation function has potential application
in the design and development of other functional
devices or system, such as switches, beam shaping and
imaging systems.

Index Terms — All-dielectric metamaterials, beam
shaping, dynamic switching.

I. INTRODUCTION

With the development of science and technology,
research on electromagnetic waves control has become
more and more significant. There are broad research and
application prospects for the wavefront control of
electromagnetic waves in imaging, stealth technology,
communication technology, electromagnetically induced
transparency [1-7], and so on. In recent years, the
complete control of the phase, amplitude, and polarization
direction of the refracted or reflected electromagnetic
waves are studied extensively [8-10]. The amplitude and
phase of the electromagnetic waves can be flexibly
modulated by the different metamaterial structures
and the distribution of the metamaterial unit cells [11-
13]. Metamaterials are widely applied to functional
electromagnetic waves devices because of their singular
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characteristics and have made great progress in practical
applications in the field of microwaves. 3D all-dielectric
metamaterials devices have attracted lots of interests
since the development of 3D printing technology has
been maturing [14-17]. Wavefront control devices
fabricated by all-dielectric materials have attracted
widespread attention for its advantages of low absorption
and less expensive, compared with those based on the
metal material. A series of electromagnetic waves
control devices that used as beam steering devices or lens
have been designed [18-20]. Dynamic metamaterials
devices are more versatile and flexible compared with
normal metamaterials devices to fulfill the demands in
the imaging systems, communication systems [21-22].
Part or all areas are filled with dynamically changing
materials in metamaterials devices that can enable the
devices to be reconfigurable or adjustable, which will be
suitable for more demanding applications. Compared to
natural materials, all-dielectric metamaterials can achieve
arbitrary effective dielectric constants by designing
structure or mixing different dielectric constant natural
materials in a set of proposed ratios to fulfill the
requirements of the control the electromagnetic waves
[2,23].

Based on generalized Snell's law, dynamic
wavefront control can be achieved by reconstructing the
phase profile of metamaterials. In this paper, an all-
dielectric microwave control device has been designed
to realize dynamic wavefront control. Any phase
between 0 to 2m can be achieved by the proposed
metamaterial unit cells, which enables the dynamic
control of electromagnetic waves that has potential
applications in microwave beam shaping and imaging.

1. DESIGN AND SIMULATION OF UNIT
CELL STRUCTURE
Reflection and refraction occur when electromagnetic
waves are incident on the interface of the medium [8,
24]. It is known from generalized Snell's law that
modulation of electromagnetic waves can be achieved

1054-4887 © ACES
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by introducing a gradient phase at the interface. The

generalized refractive law formula is as follows:

. . Ao do
sin(8,) n; — sin(6;) n; = iﬂ' @

Where 6;, 6, are the incident and refractive angle,
n; and n, are the refractive indexes of the two media,
respectively, d® is the phase gradient of the two
intersections formed by the two optical paths and the
interface, dx is the distance between the two intersections,
A, is the wavelength of light in vacuum.

(a) .

m‘.«,‘,\xll

h
‘l)\'

(b) -

~ 150 A FANEY o : 7~

8100 ot S |06

g 50 = los>

< A 0.5 o

= 0 P 047F

2 500 e+ M X 03=

= -100 P o 0.2 &

Pudeh. A 101 <
0.0

L4 "
1234561738

Fig. 1. (a) Schematic diagram of the unit cell (TCCH).
(b) Calculated phase shift and amplitude from eight
unit cells at 21 GHz. When &,=1, the square and circle
represent the amplitude and phase of the eight basic unit
cells respectively. When &,=2.25, the phase of Unit_2 is
switched from -135° to 135° marked as triangle (A).
When &;=1.44, the phase of Unit_6 is switched from 45°
to -45° marked as pentagram (%).

In order to obtain the phase that can achieve
wavefront control, a new subwavelength metamaterials
which consists of three combined circular holes (TCCH)
is proposed in this paper, as shown in Fig. 1 (a). Three
circular holes are designed on the top of the structure
to be filled with different media. The material of the
structure is nylon (its dielectric constant e= 3.6 and loss
tangent 6 = 0.026) and the medium in the circular holes
is air (&;= 1). According to the relationship between
velocity of light ¢, wavelength A and frequency v, which
is shown as the formula (2):

A=< @
To design subwavelength metamaterials, the period
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of metamaterial structure has been set less than a
wavelength, and its dimensions are as follows: the
length, width and height are respectively 1=25 mm, p=8
mm, h=8 mm, rl, r2, r3 represent the radius of three
circular holes respectively. In this paper, we use the
commercial software CST to study the relationship
between radius and phase of metamaterials. The phase is
determined by the volume ratios of the two different
media in the unit structure, so a complete 0 to 2n phase
change can be realized by changing the radius r of the
circular holes, and the transmission intensity remains
relatively stable. The radius of the three circular holes
are not set equal to obtain a relatively large phase change
as much as possible. Such an asymmetric structural
design can reduce the influence of the reflection phase to
achieve a large angle deflection of electromagnetic
waves [25]. Then eight unit cells are obtained as shown
in Table 1. The phase amplitude of eight unit cells is
uniform and the step size is w/4, as shown in Fig. 1 (b).
Last but not least, the TCCH is flexible and can be made
by 3D printing simply.

Table 1: Geometric parameters of the eight TCCH unit
cells at 21 GHz (&g,= €4;,,=1)

Unit | 1] 2 3| 45617 8
(gegﬁi) -180|-135| -90 | -45 | 0 | 45 | 90 | 135
(nzrln ) | 1.9|186]218)222266|347| 04 | 1
(n:fn) 1515 2 | 3 [33]32]04]15
(r;fn) 2 | 3 |35[35|35/[35|08]|15

Metamaterials are effective EM media with
arbitrary dielectric constants, and the effective dielectric
constant determines the phase. For dynamitic control,
it is necessary to introduce phase transition based on
the existing structure to realize the reconfigurable and
adjustable functions of the device. The relationship of
the effective dielectric constant ¢, the dielectric constant
of different materials 4, €5, and their volume filling rate
V is shown as the following formula [2]:

e=¢g,*V4+e*x(1-V), 3)

As mentioned above, two different methods can be
adopted to reconstruct the phase as we desired. One is to
mix materials with different dielectric constants at a
specific ratio to obtain a specific dielectric constant, the
other is to print structures at different filling rates
through 3D printing technology. For instance, when the
medium (g;=2.25) is filled into the circular holes of unit
with initial phase -135°, a new phase 135° can be
obtained as shown in Fig. 1 (b). Similarly, while the
medium (&,=1.44) is filled into the circular holes of the
unit with initial phase 45°, a new phase -45° can be
obtained. The transmission amplitude remains relatively



stable during this process. Therefore, the purpose of
reconfiguring phase can be achieved by filling media of
different dielectric constants into circular holes.
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Fig. 2. Eight unit cells with different geometric
parameters provide increased phase gradient (a), or
provide decreased phase gradient (b). Electric field
distribution in the XOZ plane according to a phase
gradient of +45° (c) and -45° (d) at 21 GHz.

So as to prove the above generalized law of
refraction, a set of arrays based on a combined circular
structure is designed. For example, we construct two
arrays of cell devices with a phase gradient of 45° (or
-45°) in a one-dimensional array, the incident wave
is deflected into two different directions, respectively.
Here, the eight basic structures we chose were made of
nylon and air. Under the incident of electromagnetic
waves in the x-polarization direction, the electric field
distribution of the device in the XOZ plane is as shown
in Fig. 2. The simulation results demonstrate that the
control of deflection of electromagnetic waves can be
achieved by such devices based on TCCH structures

properly.

1. SWITCHABLE CONTROL OF
ELECTROMAGNETIC WAVES

In order to achieve dynamic control, such
metamaterials devices are improved by inducing phase
transition on the unit structures. What has been proved
that when the media are filled into the cell structure, the
phase can be reconstructed without changing the size of
the cell structure [26]. Here, two basic units (Unit_2 and
Unit_6) in Table 1 with phase -135° and 45° are selected
to reconstruct their phases. As mentioned above, new
phases (135° and -45°) can be obtained by filling media
with different dielectric constants into the circular holes
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of Unit 2 (phase -135°) and Unit 6 (phase 45°),
respectively. Based on the above conclusions, four coded
particles "1","2", "3", "4" are used to stand for the phases
of the transmitted waves of -135°, 135°, -45°, and 45°.
In particular, the phase 135° and -45° are reconstructed
from the phase -135° and 45°, respectively. To mimic
periodic boundary conditions, each of the code phases is
on behalf of a super subunit consisting of 3*3 identical
basic unit phases, which minimizes EM coupling
between devices with different geometric parameters
[13, 27]. Four sequences are designed with two basic
coded particles. They are S1 (1144), S2 (2134), S3
(1243), S4 (without phase gradient) which are composed
of 36*36 particles. In the simulation, the boundary in the
X, Y and Z directions is set to the open space boundary
condition. Then the X-direction polarized wave is
incident along the Z perpendicular to the designed device
surface. We observe that when the device is arranged
according to the basic sequence S1, the 3D far-field
scatter plot shows that the normal incident wave is split
into two symmetrically distributed beams along the
Z-axis, as shown in Fig. 3. It can be seen that two main
lobes are symmetrically distributed on both sides of
the Z-axis. For the purpose of better visualizing this
phenomenon, the two-dimensional scattering pattern
in the polar coordinate system and the electric field
distribution are given as well. 1t should be noted that the
incident direction of the 3D far-field scatter plot (Fig. 3
(c)) is opposite to that of the electric field distribution
diagram (Fig. 3 (d)).

Modulating the phase by filling the media into the
super subunits of the first and third columns of S1, we
can get the sequence S2 (2134), the phases from left
to right are 135°, -135°, -45°, and 45°, respectively. The
3D far-field scatter plot shows that the beam which has
just been split into two symmetric distributions along the
Z-axis is now suppressed on one side. This phenomenon
is also observed in the two-dimensional scattering mode
in the polar coordinate system. The electric field
distribution is able to clearly observe the deflection of
electromagnetic waves. Similarly, modulating the phase
by filling the media into the super subunits of the second
and fourth columns of S1, we can get the sequence S3
(1243), the phases from left to right are -135°, 135°, 45°,
and -45°, respectively. We can observe the opposite
phenomenon in S2. But when all the super subunits are
filled with the media which have the same dielectric
constant as substrate, the sequence S4 can be obtained.
Then the phase gradient and the deflection of the
electromagnetic waves disappear and the device is
equivalent to a transparent window. These four functional
devices selected for demonstration are based on the
evolution of the two basic unit phases. Therefore,
different gradient phase sequences can be constructed
based on a set of basic sequences by filling different
media into the super subunit structure, so as to control
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the deflection direction of electromagnetic waves
dynamically.

The method used in this paper for the design of
devices is as same as those in the papers which is already

(@)
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proved effective by experiments [20,25,27-29], so the
devices we designed in this paper can also be functional
through specific fabrication methods, for example 3D
printing.

A

)
Ll)

o i
O — Min
4100 -50 0 50 100

X (mm)

Fig. 3. Geometries of the four sequences and corresponding 2D circular coordinate scattering modes, 3D scattering
patterns, and electric field phase distribution of the XOZ plane that are numerically simulated by CST. From top to
bottom, S1, S2, S3, and S4 respectively. (a) Schematic representation of four sequences. (b) The 2D circular coordinate
scattering modes of four sequences indicating different transmission angles clearly (in logarithmic coordinates). (c)
The 3D far-field scattering patterns of four sequences (in linear coordinates). (d) Electric field distribution in the XOZ

plane of four sequences.

1V. CONCLUSION

In conclusion, an all-dielectric functional device
has been designed which enables dynamic wavefront
control. The phase of unit cells can be reconstructed by
filling different media into circular holes. Four different
filling modes are demonstrated to prove that the
proposed device can control the deflection direction of
the electromagnetic waves, flexibly. Therefore, the all-
dielectric metamaterials devices proposed in this paper
are low-cost and can be easily printed by 3D printing.
The method of dynamic modulation can be freely applied
to many devices in the fields for imaging, communications
and signal modulation.
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Abstract — Dual-band antenna is very essential for
multiple band communication systems like wireless
local area network (WLAN) with lower and upper
operating bands. In this paper, a dual-band antenna is
proposed and analyzed for the WLAN applications. The
proposed antenna fed by coplanar waveguide (CPW)
consists of an L-shaped, reversed L-shaped strips and
two inverted U-shaped loadings that are to implement the
reactive characteristics. The reactive loadings can adjust
the bandwidth and performance of the dual-frequency
WLAN antenna that is verified by the simulation and
measurement, respectively. The results demonstrate that
the -10dB impedance bandwidth of the proposed dual-
band antenna can cover the two WLAN frequency bands
from 2.4 GHz to 2.484 GHz and from 5.15 GHz to 5.35
GHz, respectively. Moreover, the proposed antenna has
omnidirectional radiation patterns at the two operating
bands.

Index Terms — Dual-band, reactive loading, WLAN.

I. INTRODUCTION

With the increasing contribution and growing of
wireless communication technology, more and more
communication systems are created for various purpose.
To meet these requirements, the modern communication
systems are constructed to support more than one
frequency band such as mobile communication and the
wireless local area network (WLAN) communication
systems. Thus, single-band antenna cannot be able to
satisfy the requirement of the modern wireless
communication system with more than one operating
band. As a straightforward approach to solve these
problems, dual-band antenna has been widely developed
and considered for different purpose application for
various terminals, which can reduce the cost of design
and enhance the performance of the entire communication
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system [1].

A dual-band wireless communication system like
WLAN has attracted more and more attention for
researchers to study due to its high date transmission
rate in short and mobility areas [2, 3]. Furthermore, the
WLAN system has been used for a long time, which
operates at two frequency band to meet the application
according to the IEEE 802.11 a/b/g/n/ac standards. Thus,
it is vital for us to design a dual-band WLAN antenna.

So far, many dual-band WLAN antennas have
been proposed. Generally, the previous designed dual-
band WLAN antennas are realized by carving slots or
adding the parasitic branches to achieve dual-band
characteristics. In [4-11], dual-band slots antennas are
reported and investigated. In [12-19], the dual-band
antennas are designed using parasitic branches. However,
some of these antennas are large or other antennas are
complex in structure. In [20], a compact asymmetric
coplanar strip-fed dual-band antenna for 2.4/5.8 GHz
WLAN applications is proposed and measured. Two
loaded capacitance terminations are utilized to reduce
the size of the antenna. But the structure of the proposed
antenna is too complex, and the gain is very low.

In this paper, a dual-band antenna with reactive
loading for WLAN applications is proposed and
investigated by using simulation and measurement. The
proposed antenna fed by coplanar waveguide (CPW) is
composed of an L-shaped, reversed L-shaped strips and
two inverted U-shaped branches. Two inverted U-shaped
branches are loaded to the L-shaped, reversed L-shaped
strips to form the coupling capacitors to reduce the size
of the WLAN antenna. The coupling capacitor depends
on the gap between the inverted U-shaped branches and
the L-shaped or the reversed L-shaped strip. By adjusting
the gap and the length of the U-shaped branches, the
operating band can be flexibly controlled. The results
present that the dual-band antenna can operate at 2.43

1054-4887 © ACES
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GHz with the bandwidth from 2.36 GHz to 2.5 GHz and
5.25 GHz with the bandwidth from 5.15 GHz to 5.35
GHz, which can cover the WLAN frequency bands.
Moreover, the proposed antenna has omnidirectional
radiation patterns at the two operating bands with simple
and adjustable structure.

I1. DESIGN OF THE PROPOSED DUAL-
BAND WLAN ANTENNA

The geometry of the proposed antenna is described
in Fig. 1, which is printed on a dielectric substrate with a
relative permittivity of 4.4, a loss tangent of 0.02 and a
thickness of h=1.6 mm. The designed dual-band WLAN
antenna is fed by the CPW. The width of the feeding line
and the gap between the feeding line and the ground
can be calculated by the tool of coplanar waveguide
calculation. From the calculation, the width s and the gap
w are obtained and designed to be 1.4 mm and 0.3 mm,
respectively.

L1

L2
- } W2
| w1
(a) Top view
S
*ﬁ
w
(b) Side view

Fig. 1 Geometry structure of the proposed antenna.

To get the good impedance matching, the length L2
of the ground plane and the width of the L-shaped or the
reversed L-shaped branch can be properly adjusted. In
addition, the parameter r is also providing an important
effect on the designed antenna. Thus, the performance
can be adjusted by controlling the dimensions of the
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antenna for the lower and upper WLAN bands.

To better understand the principle of the designed
dual-band antenna operating at the two WLAN bands,
the equivalent circuit for each inverted U-shaped
reactive loadings are given in the Fig. 2.

C2 La

Fig. 2. Equivalent circuit of inverted U-shaped reactive
loading.

The equivalent circuit of each inverted U-shaped
reactive loading consists of two capacitors C1 and C2,
an inductor La and a resistor Ra. Therefore, the
resonance center frequency f can be calculated by
considering the equivalent circuit, which is presented in
formula (1) and (2):

1 1
e | emfcy

f=— /i(c—ljé)- @)

Thus, each frequency band of the designed antenna
can be obtained by adjusting the La, C1 and C2. The
values of C1 and C2 are depended on the coupling
between the L-shaped or reversed L-shaped strip and the
reactive loadings, namely the parameters L5, t, k, m, n.
The value of La is obtained by the length of the strips
and of the U-shaped loadings. In this design, the gaps
between the (inverted) L-shaped strip and the loading
can be regarded as equivalent capacitors, while the total
effective length of the (inverted) L-shaped strip and the
loading can be regarded as equivalent inductor. The
dimensions of the devised antenna are obtained using the
HFSS and are given in Table 1.

2nfl, = 1)

where

Table 1: Dimensions of the dual-band WLAN antenna

(Unit: mm)

Parameters | W1 | W2 | W3 | W4 | W5 | W6
Values 26 12 | 505|426 | 54 | 49

Parameters | r g m n t k
Values 06 | 14 [0.16| 07 | 1.5 | 0.15

Parameters | L1 L2 L3 L4 L5
Values 30 8 |[16.34] 7.54 5

Finally, the designed dual-band antenna can operate
at the interested frequency bands by the optimization of



these dimensions, where the optimized dimensions are
listed in the Table 1.

I1l. ANALYSISES AND EXPERIMENTAL
RESULTS

The proposed dual-band WLAN antenna is analyzed
based on the HFSS. To verify the analysis effectiveness,
the designed dual-band WLAN antenna is fabricated and
measured. The fabricated dual-band WLAN antenna is
given in Fig. 3. The comparison of the simulated and
measured reflection coefficients (S11s) is demonstrated
in Fig. 4, where the measured S11 is obtained by using
the Keysight PNA-X Microwave Network Analyzer
N5244A.

Fig. 3. Photograph of the fabricated dual-band WLAN
antenna.

5 F‘*::r

S11(dB)

—a— Simulation
—e— Measurement
T T T

3 4 5 6 7
Frequency(GHz)

S

Fig. 4. S11 of the proposed dual-band antenna.

From Fig. 4, we can see that the dual-band antenna
can operate well at the desired two frequency bands for
WLAN applications. The lower band operates at 2.43
GHz with a -10dB impedance bandwidth of 140 MHz
ranging from 2.36 GHz to 2.5 GHz to cover 2.4 GHz
WLAN, and the upper band operates at 5.25 GHz with
-10dB impedance bandwidth of 200 MHz ranging from
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5.15 GHz to 5.35 GHz for serving for 5.25 GHz WLAN.
The measurement result agrees well with the simulated
S11, which helps to verify the effectiveness of the
simulations. The discrepancies may be caused by the
stability of the FR4 substrate, fabrication error and the
soldering in the experiments. The 3D radiation patterns
of the proposed dual-band antenna are presented in Fig.
5, while the measured radiation patterns of the proposed
dual-band antenna are shown in Fig. 6. It can be found
the designed antenna has omnidirectional radiation
patterns at 2.43 GHz and 5.25 GHz.

For better understanding, the principle behind the
designed dual-band antenna, the current distribution at
2.43 GHz and 5.25 GHz is given in Fig. 7. At 2.43 GHz,
the current distribution focuses on the CPW signal
feeding line, ground plane and the left U-shaped reactive
loading, while the current distribution on the right
reactive loading is very small. When the designed
antenna operates at 5.25 GHz, the current distributed
on the CPW structure and the right U-shaped reactive
loading. From the current distributions, we can also see
that the current distributions at the lower and upper
bands are from different reactive loading, which is also
depending on the resonance length of the two current
paths.

(a) 2.43 GHz (b) 5.25 GHz

Fig. 5. The simulated 3D radiation patterns of the
proposed dual-band antenna.

300 a0] 3

90

240 °

5 210 150
180 180

(a) 2.43 GHz (b) 5.25 GHz

Fig. 6. The measurement radiation patterns of the
proposed dual-band antenna.
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(b) 5.25 GHz

(a) 2.43 GHz

Fig. 7. The current distribution of the proposed dual-
band antenna.

To investigate the effects of the dimensions, the two
key parameters L3 and L4 are selected to discuss their
center controlling for the two frequency bands. Figure
8 demonstrates the effect of L3 on the impedance
bandwidth of the proposed dual-band WLAN antenna. It
is found that the center resonance frequency at lower
band shifts to low frequency when we increase L3, while
the resonance frequency of upper band is almost
unchanged. Figure 9 shows the effect of L4 on the S11
of the proposed dual-band antenna. It can be concluded
that the resonance frequency of upper band moves
towards to low frequency with the increasing L4, while
the resonance frequency at lower band is almost fixed.

In fact, it is easy to explain the effect of L3 and L4
on the center resonance frequency of the proposed dual-
band antenna by using the formula (2). When the length
of L3 and L4 are adjusted, the inductor La will be
changed, while the capacitors C1 and C2 are unchanged
because of the weak coupling. Hence, the center
resonance frequency can be controlled by choosing the
length of L3 and L4.

=204

S11(dB)

2254
—=— [.3=10 mm
—e— L3=13 mm
—A—L3=16 mm
—v— L3=19 mm
-35 T T T T T

1 2 3 4 N 6 7

Frequency(GHz)

=304

Fig. 8. Effect of L3 on the impedance of the proposed
dual-band antenna.
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S11(dB)

—&— [4=5.5 mm
—o— L4=6.5 mm
—A—[4=7.5 mm

—v— L4=8.5 mm
T T T 1
1 2 3 4 5 6 7
Frequency(GHz)

Fig. 9. Effect of L4 on the impedance of the proposed
dual-band antenna.

The gain and the radiation efficiency are also
essential for an antenna, which have been measured and
presented in Table 2. The gain and the radiation efficiency
measured are 4.95 dBi, 66% and 2.73 dBi, 72% at 2.43
GHz and 5.25 GHz respectively as shown in the Table 2.
In order to know the advantage of the proposed dual-
band antenna, we compare the proposed dual-band
WLAN antenna and the previously reported dual-band
WLAN antennas. The comparison for the resonance
frequencies, size and gains of these antenna is presented
in Table 3. From the above discussions, we can see that
the proposed antenna can cover the lower WLAN band
and 5.25 GHz WLAN band.

Table 2: The performance of the designed dual-band
antenna

Size (mm?) 26x30
Resonant Frequency (GHz) 2.43 5.25
Bandwidth (MHz) 140 200
Gain (dBi) 4.95 2.73
Efficiency 66% 72%

Table 3: Comparison of the proposed antenna and the

early reported antennas
Resonant Frequency | Size Gain
(GHz) (mm?) (dBi)

[5] 2.4 and 5.56 40x40 | 1.5and 4
[21] 2.4and 5.2 30x50 | 1.9 and 43
[22] 2.4and 5.2 64.5x75| 1.6and 2.1
[23] 2.45 and 5.24 48x16 |2.39 and 1.77
[24] 2.4 and 5.2 45x35 | 2.24 and 3.87
This 15 43 and 5.25 26%30 | 4.95and 2.73
work

From Table 3, we found that the proposed antenna
has the smallest size, two resonance frequencies, good
gains, making the developed antenna suitable for WLAN



applications. In addition, the proposed antenna has a
radiation efficiency of 66% and 72% at the lower and
upper bands.

IV. CONCLUSION

In this paper, a dual-band WLAN antenna is
proposed, and its performance is analyzed and discussed
in detail. The antenna operates at 2.43 GHz with a
bandwidth of 140 MHz and 5.25 GHz with bandwidth of
200 MHz, which can cover WLAN band. The proposed
antenna is simulated, optimized, fabricated and
measured, the proposed antenna has two resonance
frequencies, good omnidirectional radiation patterns and
gains. Additionally, the proposed antenna has a compact
size which can be integrated into a terminal device. In
the future, the antenna can be easily developed to be a
reconfigurable antenna. Moreover, we will design dual-
band MIMO antenna to reduce the coupling between the
closely set antenna elements [25-35].
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Abstract —In this paper, we mainly study the
electromagnetic  transmission  characteristics  of
transmission array antennas and transmission units.
Based on array antenna theory and geometric theory, we
construct a transmission array antenna for a double
conformal rings (DCR). It works in a 10GHz two-layer
transmission array. A double resonant conformal rings
are used as the unit element. By changing the physical
dimensions of the double conformal unit, phase coverage
of up to 600° can be achieved. And the 1d B gain
bandwidth is has by 7% compared to the previous
transmission array. The simulated and measured peak
gain is 27.59 dB and 25.91dB, respectively.

Index Terms — Compensation phase, double conformal
rings, transmitarray antenna.

I. INTRODUCTION

The use of micro strip transmitarrays (TAs) and
reflectarrays (RAs) is essential in long-range
communication systems because of their high-gain
radiations, narrow beam widths, simple configurations,
and easy fabrication.

A four-layer transmitarray operating at 30 GHz is
designed using a dual-resonant double square rings as the
unit cell element. The two resonances of the double rings
are used to increase the per-layer phase variation while
maintaining a wide transmission magnitude bandwidth
of the unit cell [1]. A novel antenna system that combines
the functionalities of TAs and RAs is proposed. The
antenna system consists of a specially designed
bifunctional meta-lens and a self-made Vivaldi antenna
(feed source). The meta-lens can focus the y-polarized
incident wave at the transmission side and focus the
x-polarized wave at the reflection side with the same
focal length. By launching the meta-lens with differently
polarized Vivaldi antennas, and it was able to obtain a
TA and RA [2]. Based on the electrical characteristics of
grapheme and using graphene-based 4-layer transmitarray
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unit cells, a 1024-element transmitarray antenna at
260GHz is designed. Simulation results show that these
millimeter-wave antennas using graphene patches show
good radiation performance. And die whole transmitarray
plane and reflectarray plane are both transparent [3].
The impact of the phase compensation method on
transmitarray (TA) performance is studied here in terms
of directivity, gain, aperture efficiency, and beam
scanning capability. The numerical results show that
TTD compensation allows increasing the TA bandwidth
and reducing beam squint as compared to constant
phase-shift compensation [4]. The matching condition
and the theoretical results are discussed, and the theory
shows that an element with non-identical layers can
realize similar phase range as the identical-layer design
but with a much lower profile [5]. There is introduce two
kinds of rectangular slots in the design to control the
magnitude and phase range of transmission coefficients
in the two designed frequency bands through changing
the slot length [6].

In this letter, a broadband planar transmitarray
antennas based on DCR structure is proposed. This
element has a wide transmission band with only two
metallic layers, which is 2 and 3 layers less than the
TAs proposed in [10] and [11], respectively. The total
thickness of substrate layers is only 3 mm (0.140), which
is 30% and 23% thinner than the TAs proposed in [8] and
[9], which makes the structure very compact at 10GHz.
Therefore, a large array of this cell is low-profile and
easy to fabricate. Also, the provided phase shift by the
physical dimensions of this element is continuous and up
to 600°.

The rest of the letter is organized as follows. In
Section 11, we introduce the design of a DRCL structure
unit cell. In Sections Il and 1V, the simulation and
measured results of the TA composed of the proposed
cell are discussed, respectively. Finally, the results show
the proposed TA with only two metallic layers can
achieve a higer gain performance, and conclusions are
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drawn in Section V.

I1. UNIT CELL DESIGN AND SIMULATION

To collimate the incident wave from the feed horn,
a transmitarray uses the antenna elements on its surface
to re-phase the incoming spherical wave and then
retransmit the signal as a plane wave. The amount of
phase adjustment needed at each antenna element
depends on the phase delay an incident ray has
accumulated travelling between the feed horn and the
transmitarray surface. Figure 1 (b) denotesas rs the
vector to the ith element from the feed’s phase center,
and r; as the position vector to the ith element from the
transmitarray centre; ko is the propagation constant, and
(o is thedirection of the transmitted main beam.

From [7], he necessary phase compensation value

@, at each element is given by (1):
@, =—k,(r; +rl,)+2nz,n=123,---. Q)

This chapter proposes a new broadband planar
transmission array unit structure, namely a DCR
structure, as shown in Figs. 1 and 2, which has a large
phase coverage and good polarization and angular
stability. The cell structure diagram are given in Fig. 1.
The lower layer of the dielectric substrate is a metal
ground, and the upper layer etches a double conformal
metal rings, and the circumference of the rings are about
half the wavelength of the free space. The thickness of
the dielectric substrate is generally much smaller than the
wavelength, usually less than 0. 11 (1 is the wavelength
in the medium). By selecting an appropriate cell structure
and size, the antenna cell period can be effectively
reduced. The unit model is simulated using the master
slave boundary conditions, and the simulation model is
shown in Fig. 2.

Fig. 1. DCR element the parameters of cell element
d1=d»=0.4mm, a=b=12mm, g=0.5mm, w;=0.7mm.

ACES JOURNAL, Vol. 34, No. 7, July 2019

Fig. 2. DCR element’s three-dimensional structure,
h=3mm.

In order to improve the linearity of the phase curve,
the transmission array unit must be optimized. The
transmission phase curves of a single inner rings, a single
outer rings and the DCR unit are shown in Fig. 3. As can
be seen from Fig. 3, the phase shift curves of a single
inner rings and a single outer rings are approximately
300° and are both smaller than the phase shift range of
the DCR proposed herein. The main reason for the large
phase coverage of the DCR unit is that the unit has
dual resonance characteristics, as shown in Fig. 4, When
the unit length is L=7.7mm. From the characteristic
relationship between the transmission curve and the
frequency, the double resonance frequencies appear at
4.4 GHz and 13.5 GHz, respectively.

200+
0

-200 4

Phase(deg.)

-400 4

== DCR element
== single inner ring
- _single outer ring

-600

0 1 2 3
Element Length (mm)

.
o

Fig. 3. Phase characteristics of the unit transmission
coefficients.

Figure 5 shows the amplitude distribution of the
scattered electric field on the surface of the element. The
aperture efficiency of the unit can be better observed, and
the electric field distribution on the cell aperture is
relatively uniform, which also explains the high gain
array phenomenon.



In order to effectively analyze and design the
transmission array, it is important to accurately analyze
the phase shift characteristics of the transmission unit
when TE (Transverse Electric, TE) and TM (Transverse
Magnetic, TM) polarized waves are incident. Since each
unit is about half the length of the medium, each unit is
in a resonant state when electromagnetic waves emitted
by the feed source are incident on a transmissive surface
composed of a large number of cells.

2004
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Fig. 4. Resonance characteristics of the unit transmission
coefficients.
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Fig. 5. Scattering E-field magnitude distribution on the
DCR element in the normal incidence at 10 GHz.

In order to simplify the analysis and design, and also
to increase the polarization stability of the unit structure,
a symmetrical structure is adopted in the x direction and
the y direction, and the unit period is a=b=12 mm. The
double conformal rings element proposed in this chapter
has more degrees of freedom, such as the inner rings line
width ds, the outer rings line width seedling d», the inner
rings and the outer rings spacing g, and the inner rings
line spacing wi. So many degrees of freedom are an
important reason for the degree of linearity of the curve
to improve the phase shift.

YAN, LV, HAN, ZHANG: A TRANSMITARRAY ANTENNA WITH DOUBLE CONFORMAL RINGS

I11. TA CONFIGURATION

The simulation array model is shown in Fig. 6. The
array consists of two layers with a substrate thickness
of 3 mm, which is 35% and 25% thinner than the TAs
proposed in [8] and [9], with a 3 mm gap between the
two layers, and each layer consists of 30x30 cells. It
should be noted that for each unit, the arm length in the
x direction and the arm length in the y direction are the
same, so the unit is symmetrical in the x and y directions.
The plate was selected as FABMX-2, the thickness of the
substrate was sheet, the dielectric constant was 2.2, and
the loss tangent at the center frequency of 10 GHz was
0.001. In order to obtain the desired phase shift curve, in
the process of designing the transmission array, each unit
size or rotation angle in the array must be adjusted. This
compensated phase shift curve can be obtained by full-
wave simulation of infinite period boundary conditions.
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Fig. 6. 30x30 DCR transmission array simulation model.
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Fig. 7. The simulated transmitarray radiation gains at 9
GHz, 10 GHz, and 11 GHz.
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In the design of this chapter, in order to reduce the
unit size and the coupling between the units, we use the
unit size of the more linear region in the phase length
curve as much as possible. Figure 7 shows the simulation
pattern of the three frequencies of 9 GHz, 10 GHz and
11 GHz in the xoy flat. There is a certain offset in the
direction of the main beam throughout the operating
band. The main reason for generating the main beam
offset is that each cell has a certain phase difference
at different frequency points. The peak gain of the
simulation at a center frequency of 10 GHz is 27.59 dB.
To demonstrate its gain bandwidth, Fig. 8 shows the
relationship of gain as a function of frequency. The 1dB
relative bandwidth of the center operating frequency of
10 GHz is 7%, and the absolute operating bandwidth is
from 9.3 GHz to 11.3 GHz.
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Fig. 8. The maximum gain versus frequency within the
operational frequency band.

IV. MEASURED RESULTS AND
DISCUSSION

Based on the above simulation and design, the
transmitarray with 30x30 elements was fabricated and
measured. The processing array is shown in Fig. 9, the
array and cell prototype of this sample correspond to
Fig. 6. The measured system is shown in Fig. 10. TA
represents the fabricated array. Tx and Rx represent the
transmitting horn and the receiving horn, respectively,
and during the measurement that the polarizations of RX
and TX horn antennas are vertical the same as TM
polarization. The measurement of the radiation pattern
was performed in an anechoic chamber at Xidian
University, China. The distance from TX to TAis 0.45m
and from RX to TA 3m.The height of TX to the ground
is 1.5 m. The heights of RX and TA to the ground are
3m.

Figure 11 shows the normalized radiation pattern of
the measurements. It can be seen that there is a certain
decrease in the main beam gain of other frequency points
in the main beam direction of the operating frequency
band of 10 GHz with respect to the center frequency. The
peak gain of the measurement at a center frequency of
10 GHz is 25.91dB. It is generally consistent with the

ACES JOURNAL, Vol. 34, No. 7, July 2019

simulation. Figure 12 shows the comparison of the
normalized radiation pattern for the center frequency 10
GHz simulation and measurement. Although there is a
deviation in the direction of the main beam, the overall
agreement is good. The processing error and the instability
of the plate during the experiment are the main causes of
measurement deviation.
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Fig. 9. Fabricated array antenna with 30x30 elements.

Fig. 10. Measurement system at Xidian University.
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Fig. 11. Measured normalized radiation patterns of the
transmitarray with 30x30 DCR elements.
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Fig. 12. Comparison between the simulated and measured
results of the normalized radiation pattern at 10 GHz.

V. CONCLUSION

This work gives the design process and design ideas
of a planar transmission array based on a DCR. This
DCR unit has more degrees of freedom and can greatly
improve the linearity of the phase curve. By changing the
cell length of the DCR, not only can the phase shift range
of up to 600° be obtained, but also the linearity is good.
The 30x30 dual resonant rings unit double layer array
was designed, processed and measured. The measured
results show that the transmission array unit proposed
in this chapter has 1dB bandwidth reaches 7%. The
simulated and measured peak gain is 27.59 dB and
25.91 dB, respectively.
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Abstract — A low-profile dual-polarized crossed dipole
antenna on artificial magnetic conductor (AMC) surface
is presented in this paper. The antenna consists of two
orthogonal dipoles, a periodic arrangement of artificial
magnetic conductors and a ground floor. The antenna
has a section height of only 13mm (0.13ko, Ao is the
wavelength in free space at 3 GHz). With utilizing the
6x6 unit cell of square patch based AMC, the antenna
can achieve a wide band. To verify this design, a prototype
of this antenna is designed, fabricated and measured.
Measured results exhibit that bandwidth from 2.9 GHz to
3.32 GHz (S11< -10dB) for one port and from 2.995 GHz
to 3.47 GHz (S22< -10dB) for another port are obtained,
respectively. Meanwhile, the isolation between two ports
is less than -30 dB, and stable radiation patterns are
realized in operating frequency band.

Index Terms — AMC (artificial magnetic conductor),
crossed dipole antenna, low-profile.

I. INTRODUCTION

In recent years, artificial magnetic conductors
(AMC) have become an important research tendency in
the field of metamaterials. Metamaterials have extremely
valuable electromagnetic properties that do not exist
in nature, breaking the physical limits of traditional
materials or structures, opening up a new research space
for the development of classical electromagnetic theory.
Currently widely studied metamaterials include LHM
(Left-handed materials), EBG (Electromagnetic band
gap) and AMC (Artificial magnetic conductor). Among
them, AMC structures feature in-phase reflection in
designed frequency band.

The artificial magnetic conductor (AMC) structure
was proposed by an American scholar Sievenpiper when
studying the mushroom-type EBG structure [1]. It can
exhibit the in-phase reflection characteristics of a perfect
magnetic conductor (PMC) to a plane wave in a specific
frequency range. Thus it has wide application in high
performance antenna, radar target stealth, microwave
transmission and many other aspects. The structural
characteristics of AMC are similar to the reflection
characteristics of an ideal magnetic conductor. For the

Submitted On: November 30, 2018
Accepted On: April 9, 2019

incident plane wave which is perpendicular to the surface,
the AMC has the effect of same phase reflection. That is
to say, reflected wave and incident wave have no phase
change. It is well known that a perfect electric conductor
(PEC) has a reflection phase of 180° for a normally
incident plane wave, while a perfect magnetic conductor
(PMC), which does not exist in nature, has a reflection
phase of 0° [2]. This is the opposite scenario if an
AMC is placed instead of PEC due to its reflection of
electromagnetic wave with zero phase shift [3]. Therefore,
the AMC structure is used as the reflection surface of the
antenna, and the distance between the antenna and the
reflection surface is effectively reduced to realize the
low-profile characteristics [4].

Traditionally, the dual-polarized crossed dipole
antenna equipped with a metal reflector has a high
profile. In order to miniaturize the antenna, the reduction
of the profile has become a research trend [5].

In this paper, a low-profile dual-polarized crossed
dipole with an AMC surface is studied. The dual-polarized
antenna can simultaneously transmit and receive two
orthogonally polarized electromagnetic waves. The
presented antenna can operate in a band ranging from 2.9
GHz t0 3.32 GHz (S11< -10dB), 2.995 GHz to 3.47 GHz
(S22< -10dB) with a height of 0.13Ao (Ao represents the
wavelength in free space at 3 GHz). A 6x6 unit cell of
square patch based AMC is loaded to the antenna to
make it compact. Also, the better radiation performance
is realized. Through simulation and measured results,
the designed antenna can basically meet the industry
standard of mobile communication base station antenna

and can be applied to dual-polarized base station antenna.

I1. ANTENNA DESIGN
The proposed dual-polarized crossed dipole antenna
with an AMC reflector is shown in Fig. 1. The 3-D
configuration includes two perpendicularly crossed-
dipoles, an AMC surface, and a ground plane.

A. Dual-polarized crossed dipole

The two dipoles utilized in this paper have the same
structure. For a single printed dipole antenna, it is printed
on one side of the FR4 substrate with a relative dielectric
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permittivity of 4.4, a loss tangent of 0.02, and a thickness
of 0.5mm. While, the feeding line and the balanced balun
are printed on the other side of the substrate. The detailed
structure of a single dipole antenna is demonstrated in the
Fig. 2. Figure 2 (a) shows the side view of the proposed
antenna, and Fig. 2 (b) shows the feeding structure.

Crossed Dipole Antenna

FR4 Substrate

Feeding
Structures

Ground Plane

Fig. 1. 3D-view of the proposed antenna.

Length >

Lg
(a) Side view of the proposed antenna
Balanced Balun
Feeding Line

Portl
A h3
v 3

Port2

(b) Feeding structure

Fig. 2. Configuration of the proposed antenna.

B. AMC principle

As a periodic artificial electromagnetic material,
AMC has the in-phase reflection characteristics of plane
waves. The basic structure of the AMC unit consists of
a substrate with dielectric loss, a metal patch over the
substrate, and a metal floor. When the electromagnetic
wave incident perpendicularly, its impedance can be
regarded as the capacitive patch array, the loss medium
and the perceptual metal floor three parallel, as shown
in Fig. 3. L1 and C are the inductance and capacitance
between the AMC units, R includes the dielectric loss of
the substrate and the ohmic loss of the metal, and L2 is
the inductance between the metal patch and the floor.
The admittance and reactance expressions of the circuit

ACES JOURNAL, Vol. 34, No. 7, July 2019

are as follows:

Y =- L : oL : t 1)
joL +1/ joC R jol,
1 joRL,(1-°LC) @)

1
Y  R-@’LC—w’LC) + joL,(1-@’LC)

Fig. 3. AMC equivalent circuit.

C. Proposed AMC design

The geometry of proposed planar AMC unit cell is
depicted in Fig. 4. It consists of a square patch on the
same FR4 substrate which mentioned before, but with
the thickness of 3mm. The unit cell is 11mmx11mm and
the gap between two patches is Imm, shown in Fig. 5 (a).
Because the dipoles are placed vertically, the cell spacing
should be considered when designing the cell structure
to ensure that the antenna can be placed.

Floguet Port

lanar AMC

Ground Plane

Fig. 4. Geometry of the AMC.

I11. SIMULATION AND RESULTS

A. Analysis of the AMC unit cell

The AMC surface can be constructed by periodic
unit cells, which is composed of metallic ground and
dielectric substrate. It is known to be useful for improving
antenna radiation performance and achieving low-profile
design. AMC reflector is designed by means of reflection
phase characterization [6].The resonance frequency of
AMC surface corresponds to the 0° of the reflection
coefficient phase, and the operating bandwidth is defined
by the phase between +90°and -90° [7]. Figure 5 shows
the AMC unit cell configuration and the corresponding
reflection phase.



(@) AMC unit cell (L=11mm, w=1mm, height of FR4
is 3mm)

135
90 1

45

Angle(degree)

-45

-90 4

-1354

2.0 2.5 3.0 3.5 4.0
Frequency(GHz)

(b) Reflection phase
Fig. 5. AMC unit cell and reflection phase.

Figure 6 shows the simulated reflection phases of
different size of square patches. Figure 6 (a) shows the
reflection phases when the edge length of AMC unit L
varies from 5mm to 15mm with all other dimensions
fixed as in Fig. 5. As L increases, the reflection phase
bandwidth increases and the frequency increases. Figure
6 (b) shows the reflection phases when the size of the
gap between two patches w varies from 0.6mm to 5mm
while other parameters remain unchanged. As w increases,
the reflection phase bandwidth also increases and the
frequency increases. In short, the operating band of
present AMC unit cell can be basically independently
controlled by the main physical parameters. So we choose
the size of L is 11mm, and w is Imm. The zero phase
reflection band of the AMC ground plane is from 2.48
GHz to 3.72 GHz, shown in Fig. 5 (b).
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135 1

Angle(degree)

Frequency(GHz)

(b)

Fig. 6. Reflection phases of different size of square
patches.

B. Results and discussions of the proposed antenna

For comparison, the antennas without AMC surface
and with perfect electric conductor (PEC) reflector are
also simulated. The PEC reflector has a size of 80x80mm?
under the dual-polarized crossed dipole with a distance
of about 25mm (one quarter of wavelength). The AMC
is arranged in 6x6 units, the height of the substrate is
3mm, the size of the FR4 substrate is also 80x80mm?and
the height of the antenna is 20mm from the substrate,
shown in Fig. 7. We obtained the measurement results
by processing the physical objects and testing. Figure 8
shows the performance of different antennas.

Fig. 7. Prototypes of the proposed antenna.

The ANSYS HFSS which is based on the finite
element method (FEM) [8] is employed to simulate the
antenna system. Simulated reflection coefficients of dual-
polarized crossed dipole with and without AMC surface
are shown in Fig. 8 (a). The bandwidth for Si;< -10 dB
is from 2.85 GHz to 3.22 GHz, and for S< -10 dB is
from 2.92 GHz to 3.35 GHz. The antenna’s bandwidth
is slightly narrowed due to the AMC’s influence on
impedance matching. The physical measured results of
the processed antenna are also roughly the same as the
simulation results, but the frequency offset is due to the
error in the antenna processing accuracy. The height of
the dual-polarized antenna with PEC as the reflecting
surface is 25mm, and the height of the dual-polarized
antenna with loaded AMC to the grounding plate is only
13mm. As the antenna height decreases, the size of the
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feeding lines and baluns needs to be adjusted, and their
low height may also affect the performance of the antenna.
As shown in the Fig. 8 (b), the isolation between two
ports of dual-polarized crossed dipole with AMC surface
simulated by HFSS can all reduce to -30 dB, which can
meet the needs of the application. But in the measurement,
the isolation increases because the measured environment
is not completely ideal and processing error. When using
electromagnetic simulation software, the antenna model
feed port we set is ideal. In the actual processing, the
coaxial cable is used to feed, and the distance between
the two ports is very small, so we use insulating tape to
isolate the two ports.

a —— AMC(measured)
——— AMC(simulated)|
5 PEC(simulated)
B e +10
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= -154
17
204
25 | |
\/
304 V
35 T T T T T T T T T 1
2.2 24 26 28 3.0 3.2 3.4 3.6 3.8 40 4.2
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04
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e [ e Yt G i ety e e e L e St o 10
2 -5
It
ol
N 904
054
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30 - —— AMC(simulated)
—— PEC(simulated)
35

2.2 2.‘4 2}6 2.‘8 &IO 3.‘2 3.‘4 3.‘6 3}8 4.‘0 4}2
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(a) Simulated/measured reflection coefficients of dual-
polarized crossed dipole with/ without AMC surface

S21(dB)
' & .
by
!
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24 2.6 2.8 3.0 32 34 3.6
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(b) Isolation between two ports of dual-polarized
crossed dipole with AMC surface
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(c) Radiation patterns of dual-polarized crossed dipole
with/without AMC surface (portl excitation) and
measurement at 3.1GHz

180

phi=0 phi=90°
(d) Radiation patterns of dual-polarized crossed dipole
with/without AMC surface (port2 excitation) and
measurement at 3.2 GHz

Fig. 8. Comparisons between the antenna with and
without AMC surface (simulated/measured).

The Fig. 8 (c) shows the proposed antenna loading
of AMC/PEC, and the measured results of the proposed
antenna for port 1 at 3.1 GHz. The Fig. 8 (d) is the
radiation pattern of antenna with and without AMC and
the measurement for port2 at frequency 3.2GHz. A HB
antenna rapid measurement system is used to measure
the radiation patterns and gain. It can be noticed that
the back radiation strength is reduced enormously with
the AMC ground plane in the simulated results. In the
working frequency band, the designed antenna has a
stable radiation pattern with a front-to-back ratio of 24
dB, while the antenna of PEC reflector is 15dB. However,
in the measurement, the back-lobe gain of the antenna
is increased due to the incomplete idealization of the
measured environment. Finally, the proposed antenna is
reduced in profile, and AMC has a certain inhibitory
effect on surface waves.

IV. CONCLUSION

In this paper, a dual-polarized crossed dipole antenna
loaded with artificial magnetic conductors is designed.
The in-phase reflection characteristics of AMC are used
instead of metal plates to achieve directional radiation
and reduce the profile height of the antenna. Through
simulation analysis, the bandwidth for Si;< -10 dB is
from 2.9 GHz to 3.32 GHz, and for S;,< -10 dB is from
2.995 GHz to 3.47GHz. Besides, the isolation between
ports is less than -30 dB, and the radiation pattern is
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stable, which has wide application value in the design of
modern communication base stations.
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Abstract — A low-cost and miniaturized NFC antenna
design for mobile phone is proposed. Among all the
phone antennas, NFC antenna is the biggest one, thus
leading to higher manufacturing costs and adverse
conditions for device integration. It is well known that
four radiation sides are used in the traditional NFC
antennas However, this letter presents a novel single side
radiation slender NFC antenna structure, which well
solves the adjacent sides reverse current interference
through magnetic substrate selectivity laying in the
traditional slender NFC antenna. This proposed structure
can not only save magnetic substrate materials, but also
significantly increase the radiation capacity through
asymmetric structure design, and ultimately lead to a 38%
increase in the communication performance. Simulation
and experiment results verify that this simple design can
significantly reduce the cost, suggesting a good prospect
in practical use.

Index Terms — Magnetic substrate, miniaturization, NFC
antenna.

1. INTRODUCTION

NFC system operating at 13.56 MHz allows devices
to communicate in a short distance (around 30 mm)
through inductive coupling [1]. Owing to a high security
level, NFC technology has been used in many fields,
such as payment field, public transport field, access
control field, etc [2-5]. Consequently, NFC functional
modules have been integrated into mobile phones [6,7].
Among all the phone antennas, NFC antenna is the
biggest one (usually 35mm x 35mm) [8], which need to
be assembled with magnetic substrate to decrease metal
environmental disturbance. This makes the cost of
NFC antenna 3 to 5 times more expensive than that of
other phone antennas. Furthermore, with the continuous
improvement of the systems integration of mobile
phones, such a large NFC antenna structure is not
suitable for device integration. Based on above reasons,

Submitted On: November 13, 2018
Accepted On: June 10, 2019

NFC antennas with miniaturization and low cost have
been the focus of research in this field [9,10]. Slender
type NFC antenna structure help reduce antenna
dimension. Nevertheless, reverse carry currents of the
adjacent sides will decrease space magnetic field,
leading to poor antenna radiation performance. Hence,
the magnetic field interference of the adjacent sides must
be solved. Early researchers point out that wrap one side
of slender NFC antenna with magnetic material can
effectively decrease the magnetic field interference of
adjacent sides, thus achieving good radiation performance
[11]. Moreover, Murata company patent indicates that
magnetic substrate through slender type NFC antennas
would make antenna adjacent sides lie on different sides
of magnetic substrate, which results in signal isolation
on two adjacent sides. This method well solved NFC
antenna miniaturization and radiation problem as well
[12].

Previous researches proved that the designs of
slender NFC antenna structure and magnetic substrate
were beneficial to antenna miniaturization. In this
case however, only single side of slender NFC antenna
is utilized for radiation, resulting in a well radiation
performance. Herein, this paper proposes a hovel slender
NFC antenna, in which antenna structure and magnetic
substrate are combinational designed. The key to realize
the miniaturization of slender NFC antennas lies in
magnetic field radiation. In order to achieve the purpose
of single side radiation, what made it different is that
magnetic substrate only lay behind the one side of
slender NFC antenna for radiation, and the opposite side
lay on the metal environment. It is well known that NFC
antennas usually affix to metal environment (in the main-
board/battery of mobile phone in actual applications).
The side on the magnetic substrate could emit magnetic
field to the space. However, eddy current will offset most
magnetic field of the side on the metal environment. In
this way, it effectively decreases the interference of
two adjacent sides, and thus forms well radiation field.
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In order to further improve the antenna radiation
performance, the effect of line width and magnetic
substrate area and permeability on the radiation
characteristics of antennas are studied. The results
indicate that the asymmetric antenna structure can
obviously improve radiation performance of the antenna.

I1. ANTENNA DESIGN

A. Radiation line width optimization

Different from the traditional NFC antenna, only
single side is used for radiation of the slender NFC
antenna. Therefore, the distribution width of the antenna
magnetic field is related to the total linewidth of the
radiation side, as shown in Fig. 1 (b). According to the
NFC Forum standard [13], the measurement diameter of
the 000 plane is 10 mm, as shown in Fig. 1 (a). Hence,
the total linewidth of radiation side should be closed to
10 mm, which lie in the range of the magnetic field
distribution. NFC antenna is formed by several turns of
planar spiral line, if radiation side total linewidth and
turn number are fixed, then how to set each turn width
will become an important factor that influence the
antenna space magnetic field distribution.

() (b)

10mm z axis

Smm ] Total
o > linewidth

Magnctic substratg

%

Z N

Reference Mar!

Landing Planc —
0 5 10(mm)

Fig. 1. NFC Forum standard testing zone: (a) test area
and (b) slender NFC antenna structure with single side
radiation.

The magnetic induction intensity of the long
straight-line current in space can be expressed as
equation (1) [14]. The magnetic field generated by the
radiation side of slender NFC antenna is theoretically
equivalent to the superposition of magnetic fields in
space by multiple long straight-line currents. The
different line width of antenna can be considered as
different evenness currents in different lines. Assuming
there are two parallel current lines, the distance between
each line is L originally, and then each line splits into
multiple lines. This model can be expressed as the
magnetic field distribution variation with the current
density or line width. The expression of spatial magnetic
field can be written in equation (2), where L represents
line distance, and N represents split number. Figure 2
shows the curve of the magnetic field intensity versus
line split number at the height of symmetry center 30mm,
where L is set to 10mm, and total current | is set to 1 A.
It can be found that, the more uniform the current is
distributed, the wider the magnetic field is distributed.
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Hence, as for the slender type NFC antenna, wide wire
width is better for radiation performance under the same
total linewidth and turn number:

Vil o Xl (1)
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Fig. 2. The curve of the magnetic field intensity versus
line split number.

B. Magnetic substrate area optimization

Another key factor that affects the performance of
NFC antennas is the magnetic substrate. NFC antenna
is always integrated on battery or mainboard of the
smartphone, so the magnetic substrate is assembled to
shield the impact of metal environment in the phone.
Generally, NFC antenna is the same size as the designed
magnetic substrate, which is placed between the antenna
and metal environment. If magnetic substrate area is
larger than that of NFC antenna, whose performance gets
better. However, the traditional NFC antenna is large
enough to have good performance, leading to less
attention to magnetic substrate structure. As for the
slender NFC antenna, magnetic substrate width is wider
than the total linewidth, which results in obvious
improvement in radiation performance. Hence, it is
needed to balance the size and performance of the
magnetic substrate.

In order to set the width of magnetic substrate we
have a hypothesis that a long straight-line current flow
above the magnetic substrate, whose permeability is high
enough. In this case, both of substrate thickness and
metal environment have no influence on the magnetic
field of antenna (actually, the permeability of the ferrite
magnetic substrate is very high indeed). Applying mirror
principle, the single current generates double the
magnetic field intensity in the semi-infinite space [15].
Equation (3) can be formed from the integration of
Equation (1), the distribution of magnetic flux around the
line current can be obtained according to Equation (3),
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where a represents line current radius, b represents
magnetic substrate width. Figure 3 is the curve of
magnetic flux versus magnetic substrate width, where a
is 0.1mm, and total current I is 1 A. It is can be found
that, the growth rate of magnetic flux e decreases with
the substrate width, which results in a decrease in the
space magnetic field. As shown in Fig. 3, the 80% area
integral is set to be the dividing point, and then a suitable
width can be found as a reasonable distance of the
magnetic substrate to exceed the radiation side of the
antenna:

Q:Ibe— %'dx:ﬂ_o"nE_ (3)
a ¥ 27X T a

—— magnetic flux (nA*mm)

100%
95%
90%

Magnetie flux
-
tn

80%

T T T T
0 2 4 6 8 10
Magnetic substrate width (mm)

Fig. 3. The curve of magnetic flux versus magnetic
substrate width.

C. Magnetic substrate permeability optimization

The magnetic permeability of the antenna substrate
also has a great influence on the radiation performance
of the NFC antenna. When the NFC antenna structure is
fixed, the radiation performance can be reflected from
the side of the antenna inductance. In this paper, the
magnetic substrate thickness is 0.15mm for the designed
NFC antenna. Figure 4 shows the simulation curve of
NFC antenna inductance versus magnetic substrate
permeability. It can be seen that the change rate of
antenna inductance is less than 10% when the
permeability exceeds 100. Which is due to the saturated
magnetic field passing through the magnetic substrate.
This result further conforms Hurley's computational
theory [15]. Therefore, the permeability of the magnetic
substrates is set to 150, which is also a common
parameter of magnetic substrates in the current
engineering applications.

1600
—— Inductance(nH)
1400 4
1200

1000 4

Inductance(nH)

800+ ||

600

T . T : T T T T :
20 40 60 80 100 120 140 160 180 200
Permeability

Fig. 4. The curve of NFC antenna inductance versus
magnetic substrate permeability.
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D. Antenna structure

In order to verify the design ideas above-mentioned,
three types NFC antenna are built to illustrate the
structural and radiation characteristics. As shown in Fig.
5, they are named, normal slender NFC antenna, single
radiation (symmetry) slender NFC antenna and single
radiation  (asymmetric) slender NFC antenna,
respectively. The orange square represents magnetic
substrate with thickness of 0.015mm, permeability of
150 at 13.56MHz, and magnetic loss tangent of 0.02 at
13.56MHz. For normal slender NFC antenna, the overall
dimension is 40mmx14mmx0.035mm, and there are 4
turns with width of 0.5mm and line spacing of 0.3mm.
For single radiation (symmetry) slender NFC antenna,
the dimension is 40mmx14mmx0.035mm, and there are
6 turns, with width of 0.5mm and line spacing of 0.3mm.
It should be noted that the magnetic substrate lays under
one side. As for single radiation (asymmetry) slender
NFC antenna, it has a unique structure with outside
dimension of 40mmx14mmx0.035mm. The top wires
are design as radiation part with a width of 1mm for each
turn, wider than that of the traditional antenna. The width
of the magnetic substrate is larger than total-linewidth
(2mm) in each side. The line width of leftover sides is
0.3mm and turn spacing is 0.3mm, thinner than those of
the traditional antenna, and the leftover sides lay on the
metal surface. Antenna inductance means the ability to
generate magnetic field, so all these antennas approach
the approximative inductance value (around 1400nH).

linewidth width side

® Mo

[ — I
0 10 20(mm) Magnetic substrate

(a) Teterers] Total Exceed  Radiation

Fig. 5. Structure schematic diagrams for three types of
NFC antenna: (a) normal slender NFC antenna, (b)
single radiation (symmetry) slender NFC antenna, and
(c) single radiation (asymmetric) slender NFC antenna.

Three types of NFC antennas are placed on the metal
surface, which simulates the metal environment of mobile
phones. Each antenna is excited by the same current
source. Figure 6 illustrates the magnetic field distribution
on XZ plane, which is the symmetry plane of these NFC
antennas. Owing to the different radiation mechanism,
normal slender NFC antenna forms a symmetrical field
distribution, and single radiation slender NFC antenna
forms an asymmetric field distribution. Adjacent sides
of slender NFC antenna carry invert current, which
generates invert space magnetic field and counteracts
each other. In order to acquire better radiation
performance, one of the adjacent sides must have no



emission to the space. Although only one side of
symmetry antenna emit space magnetic field, a better
space field distribution performance is acquired than that
of normal one. In order to further improve the radiation
capacity of single radiation slender NFC antenna, the
wider line and magnetic substrate is adopted for radiation
wires, then forms a single radiation (asymmetry) slender
NFC antenna structure. Simulation results prove that
the space magnetic field strength of single radiation
(asymmetry) slender NFC antenna has been further
improved.
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Fig. 6. Magnetic field distribution of three types of NFC
antennas: (a) normal slender NFC antenna, (b) single
radiation (symmetry) slender NFC antenna, and (c) single
radiation (asymmetric) slender NFC antenna.

Vector magnetic field distribution on XZ plane of
three types of NFC antenna are shown in Fig. 7. Vector
magnetic field around radiation wires appears in form of
irregular circles, but only Z-axis component of vector
magnetic field can be received by opposed receive
antenna. Therefore, when the position where Z-axis
component of vector magnetic field tends to zero is
identified as the dividing point, the maximum radiation
direction of the antenna can be clearly determined. Take
the height of 15mm as reference, and the direction angle
0 of the NFC antenna can be calculated easily, as shown
in Fig. 7. Direction angle 6 of single radiation NFC
antenna is around 82°, but the normal slender type NFC
antenna is only 58°. This means that the reverse currents
of adjacent sides of normal slender NFC antenna not
only make magnetic field counteract each other, but also
make radiation direction to the side position, which is
more detrimental to antenna communication. For the
single side radiation NFC antennas, the definition of
radiation direction helps to point the maximum
communication direction.
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Fig. 7. Vector magnetic field distribution of three types
of NFC antenna: (a) normal slender NFC antenna, (b)
single radiation (symmetry) slender NFC antenna, and
(c) single radiation (asymmetric) slender NFC antenna.

Then, along the direction of maximum radiation,
simulation the Z direction magnetic flux (®) of the
receiving plane in different height. In addition, the
dimension of receiving plane is 40mmx30mm, similar
with that of traffic card, which convenient to compare
with actual card reading measurement later. As shown in
Fig. 8, through simulation @ data, antenna field emission
& communication capabilities can be evaluated. The
simulation result illustrates that single radiation
(asymmetric) slender NFC antenna achieves better
emission performance. As shown in Fig. 8, ® strength of
0.008 Wb (empirical parameter) is acted as reference,
and then the communication distance for three types of
NFC antenna are 18mm, 21.5mm, 25mm respectively.
The result shows that the proposed NFC antenna has
a marked improvement in communication distance
compared with normal slender NFC antenna.

- = = Normal slender NFC Antenna

i~ 0.016 Single radiation (asys) slender NFC
= — — Single radiation (sys) slender NFC antenna
E 0.0124~ - receiving plane ‘l
= ~ ‘((({N“# ‘*ﬂf’
o .
£ 00084 -—"* e
= I * . ~ I iy
g } -l S~ LT __ i
E | el m s T T——
= 0.004- 3 : e LT

16 18 20 22 24 26 28 30 32 34

Height (mm)

Fig. 8. Simulated magnetic flux (®) of the reference
receiving plane in different heights.

1046



1047

Figure 9 shows the simulated magnetic field
distribution of two typical slender NFC antennas, which
are mentioned in the introduction and the proposed NFC
structure in this paper. The three types of NFC antennas
are basically the same size and have the same inductance.
From the magnetic field distribution, it can be seen that
under the same inductance value, the radiation intensity
of wrap type NFC antenna is slightly lower than that of
the other two antennas, because part of the magnetic field
is bound to the inside of the magnetic substrate and can
not radiate into space, as shown in Fig. 9 (a). Murata
company patent slender NFC antenna exhibits good
magnetic field radiation ability, and the space radiation
field is almost the same as the proposed NFC antenna in
this paper. However, its magnetic substrate area is 30%
larger than than that of the proposed NFC antenna
structurer, as shown in Fig. 9 (b).
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Fig. 9. Magnetic field distribution of two typical slender
NFC antenna structures and the proposed NFC structure
in this paper: (a) wrap type slender NFC antenna, (b)
Murata company patent slender NFC antenna, and (c)
single radiation (asymmetric) slender NFC antenna.

Above simulation results prove that, by combining
NFC antenna structure and magnetic substrate distribution
design, single radiation (asymmetric) slender NFC antenna
exhibits a good radiation performance. The following
experiments will verify the actual communication
performance of this proposed NFC antenna.

I1l. MEASURED RESULTS

In order to verify the simulation results, three types
of NFC antenna are fabricated on PCB board, as shown
in Fig. 10. These NFC antennas are equipped with
magnetic substrate and laid on the metal surface. The
port characteristic of these three types NFC antenna are
shown in Table 1. These NFC antennas get approximative
volume of inductance, which are similar with simulation
results. Owing to more wire turns and metal environment,
single radiation slender NFC antennas have higher
resistance compared with normal NFC antenna (resistance
usually below 5Q@13.56MHz), leading to lower antenna
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Q factor and disadvantage to communication. According
to the classical n-type matching network of NFC system
[16], these three types of NFC antennas are matched
to 50Q, and prepare to the radiation signal strength
measurement.

Fig. 10. Three types of fabricated NFC antennas:
(a) normal slender NFC antenna, (b) single radiation
(symmetry) slender NFC antenna, and (c) single radiation
(asymmetric) slender NFC antenna.

Table 1: Port characteristic of three types NFC antennas

Resistance Inductance
NFC Antenna Type | ;) 513,56 MHz | nH@13.56MHz
Normal slender NFC 32 151
antenna
Single radiation
(symmetry) slender 9.5 1.45

NFC antenna
Single radiation
(asymmetric) slender 9.3 14
NFC antenna

NFC antennas and receiving sensor are connected
to signal generator and oscilloscope, respectively. AC
voltage of the signal generator is set to 5V. 4 turns spiral
wires are used to forms receive sensor, whose dimension
is the same as the traffic card, as shown in Fig. 11. Based
on the Faraday law, sensor voltage could change the
magnetic flux volume, and then the sensor measurement
data and simulation data can be unified. The measurement
and simulation results are shown in Fig. 12. Comparison
results indicate that measurement results are generally
consistent with simulation ones. Because of higher
inductance of the fabricated normal slender NFC
antenna, measured magnetic flux data of normal slender
NFC antenna is higher than the corresponding simulation
result. However, the measurement result shows that a
lower Q factor of single radiation (asymmetric) slender
NFC antenna does not significantly affect the antenna’s
radiation capability, and the proposed NFC antenna
structure exhibits a good magnetic field radiation
performance.
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Fig. 11. Aerial view of magnetic flux (®) measurement.
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Fig. 12. Measured magnetic flux (®) of the reference
receiving plane in different heights: (a) normal slender
NFC antenna, (b) single radiation (symmetry) slender
NFC antenna, and (c) single radiation (asymmetric)
slender NFC antenna.

In order to verify the actual communication
performance, these antennas are connected to the real
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smart phone circuit, as shown in Fig. 13. This
experimental smart phone is equipped with NXP
Company PN548 NFC controller chip, which is widely
used in smart phone. All these NFC antennas are
connected to the smart phone successively to measure
the communication distance with Tag-4 standard NFC
card. The measurement results are listed in Table 2.
Communication distance of single radiation (asymmetric)
slender NFC antenna reaches 25mm, which is a large
communication distance for Tag-4 standard NFC card.
The measurement results are consistent with the
simulation results.

Fig. 13. Aerial view of actual communication distance
measurement with Tag-4 NFC card.

Table 2: Communication distance of three type NFC
antenna with TAG-4 NFC card

NFC Antenna Type

Communication

Distance (mm)

Normal slender NFC antenna 18

Single radiation (symmetry) 29
slender NFC antenna

Single radiation (asymmetric)
slender NFC antenna

25

IV.CONCLUSION

NFC antenna is applied to the space magnetic field
radiation, and a novel slender structure is proposed in
this paper. By analyzing the mechanism of NFC antenna
radiation, wider lines with magnetic substrate are utilized
in the proposed NFC antenna for radiation, and thinner
line with metal surface is useful for miniaturization.
These two characteristics ultimately lead to the formation
of asymmetric slender NFC antenna structure. The
mutual interference of adjacent sides of slender NFC
antenna has been reduced, resulting in the significant
increase of the radiation capacity for NFC antenna.
These design methods greatly reduce the NFC antenna
size and magnetic substrate consumption, thereby
reducing the cost of production. The proposed NFC
antenna obtains a good performance of communication
distance, simulation and experiment results verify that
this proposed design is simple, effective and cost
effective, suggesting a good prospect in practical use.
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Abstract — In this paper, a low frequency ultra-wideband
electrically small monopole antenna (ESMA) with a non-
foster circuit (NFC) loading for HF/VHF application is
proposed. The devised ESMA has a very small height of
30 cm at 18 MHz, whose performance is severely limited
due to the electrically small size characterized by large
reactance and small radiation resistance. To conquer the
limitation of the passive matching method, a NFC is
developed and properly designed to cancel out the large
reactance of ESMA and broaden the bandwidth. In
this paper, the design principle is presented in detail
for devising an ESMA system. At last, circuit and
electromagnetism co-simulation is constructed to make
the results more accurate and convinced. The simulated
and measured results indicate that a -10 dB fractional
bandwidth of 169% ranging from 18 MHz to 218 MHz
is obtained for the designed ESMA matched by the
NFC.

Keywords — Electrically small monopole antenna, non-
foster circuit, ultra-bandwidth.

I. INTRODUCTION

High frequency (HF) band (3-30 MHz) and very
high frequency (VHF) band (30-300 MHz) are very
popular for radio frequency communications due to their
long wavelength, which is appropriate for long-range
wireless communications including long-range military
communication, frequency modulation (FM) broadcasting,
amateur radio, and so on. As an intrinsic and essential
component in wireless communication systems, antennas
usually exist with the form of large size and perform
narrow bandwidth for HF/VHF band applications, which
are not always feasible choice. Hence, electrically small
antennas (ESAs) are developed for HF and VHF
applications owing to their advantage of small electrically
size. However, the previously designed ESAs have high-
Q impedances characterized by large reactance and small
radiation resistance [1-3], which make them difficult to
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match together. Generally, the passive matching method
is the first choice to match the ESAs. Nevertheless, these
ESAs matched by the passive matching networks usually
lead to a narrow operation band [4].

As is known to us, the non-foster element means the
Foster reactance theorem is violated. For example, the
element can be designed to provide a negative capacitor
or inductor characteristic. In this regard, the non-foster
element enables to cancel the high-Q impedance in ESA
designs, which of course, can broaden its bandwidth. The
first NFC, constructed via negative impedance converters
(NICs), was devised and tested by Linviill in 1953 [5].

After that, many NFCs have been utilized to match ESAs.

However, most of them are developed based on
simulation analyses with ideal models [6-13]. Several
early reports have verified the performance of NFC
matched ESAs by experimental investigations [14-17].
Theoretically, ESAs matched by NFC can get a very wide
frequency band. However, so far, only a few references
have reported the achievement of wideband ESAs
matched using NFCs [18-20]. Unfortunately, most of
them are operated over 30 MHz, while lower frequency
band is lack of consideration.

In this paper, a 30-cm ESMA is designed for HF/VHF
bands. To enhance its bandwidth, a conventional passive
network is utilized to match the ESMA, which leads to a
narrow bandwidth. To overcome the limitation of the
passive matching method, a floating NFC is developed
based on the concept in [21], where the stability of the
floating NFC is analyzed and demonstrated. The design
procedure of the NFC matched ESMA is given in this
paper. To increase the experimental accuracy, the layout
of the designed NFC has been analyzed in HFSS and a
co-simulation between circuits and electromagnetic is
accomplished. The simulated and measured results
indicate that a -10 dB fractional bandwidth of 169%
ranging from 18 MHz to 218 MHz is achieved for the
NFC matched ESMA. And the measured results are in
agreement with the simulation ones.

1054-4887 © ACES
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I1. ANALYSIS OF THE ELECTRICALLY
SMALL MONOPOLE ANTENNA

In this paper, an ESMA that consists of a hollow
aluminum conductor, a brass ground plane and a probe-
fed with N-type connector is devised. The ESMA has a
height of H1=300 mm and a radius of 20 mm, which is
installed on a FR4 substrate with a thickness of 2 mm
and a size of LxW=200x160 mm?. A brass ground plane
is printed under the FR4 substrate with the same size,
which is designed to meet the requirement of the
platform in our project empirically. The antenna model
is implemented and analyzed in the HFSS. In addition,
a hollow cylinder with the height of H2=240 mm and
a radius of 10 mm is also removed from inside of the
ESMA to lighten its weight and make it easy to install.
The model of the ESMA is presented in Fig. 1

Fig. 1. The geometry of the designed ESMA.

The designed ESMA is simulated and optimized
based on the HFSS. To verify the performance of the
simulated ESMA, the proposed antenna is also fabricated
and measured. The comparison of the simulated and
measured reflection coefficients (S11s), real part,
imaginary part of input impedance are demonstrated in
Figs. 2, 3, and 4, where the measured results are obtained
by utilizing the Keysight ENA Series Network Analyzer
E5061B.

In Fig. 2, we can see that the antenna is not matched
with 50 Q, and the real is very small given in Fig. 3. From
Fig. 4, the simulated imaginary part of the proposed
antenna is consistent with the measured result. While
there is a little discrepancy between the simulated real
part, reflection coefficients and the measured results,
which may be caused by the fabrication error and the
soldering in the experiments. Anyhow, the simulated and
measured input impedance imply that the devised ESMA
like other ESAs is still characterized by large reactance
and small radiation resistance as observed in Fig. 3 and
Fig. 4, which will lead to the mismatch for the ESMA as
shown in Fig. 2. Thus, extra effort is needed to increase
the bandwidth of the ESMA.
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Fig. 2. The reflection coefficients of the ESMA.
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Fig. 4. The imaginary part of the ESMA.

Generally, conventional matching method to
broaden the bandwidth of the ESAs is to employ a
passive matching network that is composed of some
inductors and capacitances in parallel. Like other ESAs,
the devised ESMA matched by the passive matching
network is presented in Fig. 5, where an inductor and
capacitance are utilized, and the simulated S-parameter
file of the ESMA is exported into the circuit. Different
optimized values of C and L are set to get different
operating bandwidth. The results are shown in Fig. 6 and
Table 1.
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Fig. 5. The schematic of passive matching for the ESMA.

From Fig. 6 and Table 1, it can be concluded that
the ESMAs matched by four different passive matching
networks all have a fairly narrow fractional bandwidth.
Moreover, the fractional bandwidth decreases with the
operating center frequency shifting toward lower
frequency, which means that the lower the frequency
band is, the more difficult it is for the ESMA to be
matched by using passive matching network. This
circumstance can be explained by [2, 3, 22]:

_11VSWR-1 R
" nQ WSWR

1 1
Q—EJFW, 2

where Q is the quality factor, K is the wavenumber (27/4),
a is the radius of the smallest sphere enclosing the entire
antenna system, # is the radiation efficiency, VSWR is
the voltage standing wave radio, By is the fractional
bandwidth of the antenna, respectively. According to (1)
and (2), By is inversely proportional to Q, while Q is
inversely proportional to k. Thus, By is proportional to
the frequency, which implies that the passive network
matched ESMA will lead to narrow bandwidth especially
at lower frequency band. To overcome the limitation
of the passive matching method, a floating NFC is
developed to enhance the bandwidth of the ESMA in this

paper.
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Fig. 6. The reflection coefficients of the passive
network matched ESMA.
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Table 1: The results of different cases

C L Frequency Fractional
(pF) | (nH) | Band (MHz) | Bandwidth
Case 1l | 324 | 313 49.7-50.1 0.8%
Case2 | 222 80 99.5-100.5 1%
Case3 | 138 37 148.7-151.4 1.8%
Case4 | 91 22 196.9-202.1 2.6%

I11. NON-FOSTER CIRCUIT MATCHING
FOR THE DESIGNED MONOPOLE
ANTENNA

In this section, a floating NFC is utilized to match
the ESMA. The basic model of a floating NFC is shown
in Fig. 7, where port 2 is terminated with the device to
be matched by adjusting the load Za, and port 1 is
connected with a 50-ohm transmission line. The floating
NFC is functioned as a negative inductor or capacitance,
which is determined by the impedance of Za.

To choose the proper value of Za, an ideal matching
circuit consisting of two ideal elements is constructed to
offset the reactance of the ESMA as is demonstrated in
Fig. 8. The simulation result is given in Fig. 9, where the
major imaginary part of the ESMA is canceled by using
the ideal circuit from 10 MHz to 300 MHz. The negative
capacitance and negative inductor are -36 pF and -3 nH,
respectively.

>, |
IZaI

J
Port 1 Port 2

Fig. 7. The model of a floating NFC.

IS 2000
-C pF -LnH

Term

VW

Fig. 8. Ideal matching circuit for the ESMA.
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Fig. 9. The imaginary part of the ESMA with/without
ideal circuit.

According to the basic model, a floating NFC is
built in Fig. 10, where C_block is set to block DC signal
and Lb is used to keep the AC signal from disturbing of
the DC bias circuit that consists of Rb1, Rel, DC_V1
and Rb2, Re2, DC_V2. The BJT1 and the BJT2 are
implemented by NE85633_19960601. The C_load and
L _load are employed to cancel the imaginary part of
the ESMA, whose values are based on the results of the
ideal circuit presented in Fig. 8. To decrease the loss of
the NFC, the R_load can be properly adjusted. The
simulated results are shown in Fig. 11.

L_load=6 nH C_load=33 pF R_load=3 Ohm

Rb1=26.7 kOhm

Rb2=26.7 kOhm A 1r III
Lb=68 uH DC_V=5V

| il
1 I g
DC_Vv=5V Lb=68uH

C_block=82 C_block=82 BTtz

nF nF
|1

Rel1=357 Ohm Lb=68 uH Lb=68 uH Rel=357 Ohm

C_block=82 nF
C_block=82 nF &2

+
Term

Fig. 10. The designed non-foster circuit.
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Fig. 11. The input impedance of the designed NFC.

From Fig. 11, the real part of the input impedance is
greater than 0 Q and less than 5 Q from 20 MHz to 300
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MHz, which can guarantee the stability and small loss of
the designed NFC in the operating band. The imaginary
part of the input impedance acts as the characteristic of a
negative capacitance. According to the formula (3):

1
C=- 10”2 (pF), 3
27z-freq-imag(Zin)>< (PF) )

where imag(Zin) is the imaginary part of input
impedance, the equivalent negative capacitance of the
NFC and ideal circuit can be calculated, which is shown
in Fig. 12. By comparing the two lines, it is found that
the equivalent capacitance of the NFC is in agreement
with that of the ideal circuit. In other words, the designed
NFC with small loss and good stability is quite good for
matching the ESMA.

230+
2354
40
45
=504

C(pF)

=554

-60- | —— Equivalent capacitance of the NFC

-65 4

—e— Equivalent capacitance of the ideal circuit

70

10 39 68 97 126 155 184 213 242 271 300
Frequency(MHz)

Fig. 12. Equivalent negative capacitance of the designed
NFC and ideal circuit.

Based on the former simulation analyses, the entire
antenna system is constructed in Fig. 13, where term 1 is
connected with a 50-ohm transmission line and the input
impedance of the designed ESMA is exported into the
term 2 functioning as the ESMA. The NFC, as designed
in Fig. 10, is utilized to cancel the large reactance of
the ESMA. In addition, a Balun balance-unbalance
transformer is employed, which is set to make the real
part of the ESMA match to the 50 Q connector. The
simulated results are presented in Fig. 14.

L_load C_load R_load
Vo'ag g Uk [l I h

Term1 Term 2
z=2[1.1]

Fig. 13. The schematic of the entire antenna system.
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Fig. 14. S11 of the matched and unmatched ESMA.

Figure 14 compares the reflection coefficients of the
NFC, the NFC matched to ESMA, and the NFC matched
to ESMA with Balun when the voltage resource DC_V
turns off/on. It is found that a wide bandwidth can be
achieved only when the ESMA is matched by the
designed NFC with Balun and DC_V turns on. The
obtained wide bandwidth ranges from 20 MHz to 280
MHz, which provides a fractional bandwidth of 173%.
The results also demonstrate that this matching method
for the ESMA is certainly more effective than the passive
matching, especially at lower operating band.

In fact, the NFC is a particularly sensitive circuit,
whose performance may be greatly influenced by the
parasitic of the circuit layout. To get more precise
simulation results, the layout of the designed NFC is
modeled and simulated in the HFSS which is shown in
Fig. 15, where the lumped ports are utilized to connect
the active and passive components. The simulated S-
parameter model of the layout is exported into the ADS
to construct the co-simulation environment. The results
are given, which aims to give a better guidance for the
fabrication of the NFC.

(a) Top view

(b) Side view

Fig. 15. The layout of the devised NFC.

To verify the simulation results, the antenna system
including the ESMA and the designed NFC is fabricated,
which is presented in Fig. 16. All the results are shown
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in Fig. 17.

From Fig. 17, it can be found that the designed NFC
matched ESMA will be mismatched when the simulated
layout model is exported into the co-simulation without
optimization. It is implied that the layout has great
impact on the performance of the designed antenna
system. At last, we optimize the values of C_load (35 pF)
and L_load (22 nH) to eliminate the effect of the layout,
and then, a -10 dB fractional bandwidth of 169% ranging
from 18 MHz to 218 MHz is obtained and verified by
the experiment. The measured return loss is almost in
agreement with the simulated result. There is some
difference at lower bands, which may be caused by the
fabrication error, the soldering and the parasitic effects
of the electronic components.

To better understand the principle of the NFC
matching of the ESMA, the measured input impedance
of the entire antenna system is presented in Fig. 18. From
Fig. 18, the imaginary part of the input impedance is
about 0 Q from 18 MHz to 218 MHz, which indicates the
reactance of the ESMA has been well canceled by the
designed NFC. The real part of the input impedance is
about 50 Q from 18 MHz to 218 MHz, which means that
the entire antenna system has been matched to a 50 Q

connector.

S$11(dB)

—a— NFC matched ESMA

-40 4| —— NFC matched ESMA with layout

—a— NFC matched ESMA with layout (optimized)
—v— Measured result

-50

T T T T T T T T T 1
10 39 68 97 126 155 184 213 242 271 300
Frequency(MHz)

Fig. 17. Simulated and measured return loss.
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Fig. 18. The measured input impedance of the entire
antenna system.

At last, the gain measurement of the fabricated NFC
matched ESMA is constructed on a professional test
ground, which is shown in Fig. 19. In the process of the
measurement, three-antenna method is utilized, which is
a popular method for the measurement of this frequency
band. The measured results are presented in Fig. 20.

Fig. 19. The measurement setup of the NFC matched
ESMA.

-10 o .
® ° . -

-20 o 3 e
= ; .
2 30{-e im
T’ n

| |
g & .
O 40
]

-50 ; i ® DC Vturning on | _|
| | | ® DC V turning off]
u | | | i i I i
-60 +1 i

T f f i i 1 i
10 34 58 82 106 130 154 178 202 226 250
Frequency(MHz)

Fig. 20. The measured gain of the NFC matched ESMA.
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From Fig. 20, it can be concluded that the gain is
improved by about 10 dB when the DC_V turning on
in comparison with that the DC_V is off. The results
demonstrate that the gain of the ESMA matched by
the NFC can be greatly enhanced especially at low
frequency band. Moreover, the maximum gain reaches
to -6.2 dBi at 207 MHz, which is a good result for the
ESMA.

IV. CONCLUSION

In this paper, a 30-cm electrically small monopole
antenna is designed for the HF/VHF bands. A non-foster
circuit is developed to match the electrically small
monopole antenna, which has been conformed to be
more effective than the conventional passive matching
method. Besides, the design procedure is presented in
detail, and an electromagnetic and circuit co-simulation
is presented to guarantee the experimental accuracy.
The simulation results also verify the great effect of
the layout on the performance of entire antenna system.
Finally, a -10 dB fractional bandwidth of 169% is
obtained, which is also proved by the measured result. In
the future, the proposed technigue can be used for active
metamaterial developments [23] and integrated into the
wideband MIMO antenna decoupling [24-31].
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Abstract — In this paper, a novel frequency reconfigure-
able polarization converter (FRPC) based on active
metasurface tuned by positive-intrinsic-negative (PIN)
diodes is proposed. The metasurface unit cell of the
FRPC consists of truncated metal square patches and
bias lines, which are all etched on a substrate backed by
a metal ground. On one hand, the FRPC can convert
linearly polarized waves along the x- and y-axis into left-
and right-hand circularly polarized waves from 5.13 to
5.61 GHz and from 5.37 to 6.72 GHz when all PIN
diodes are turned ON and OFF, respectively. On the other
hand, the proposed FRPC shows good angle stabilities
when the incident angle ranges from 0° to 30° over the
dual frequency bands. The simulated results show that
the total 3 dB axial ratio relative bandwidth is more than
26%. To validate the polarization converter, a prototype
of the FRPC is fabricated and measured. Measured
results agree well with the simulation ones.

Index Terms — Active metasurface, frequency
reconfigurable, PIN diode, polarization converter.

I. INTRODUCTION

Recently, due to the appearance of metasurface,
manipulations of electromagnetic waves become more
flexibly. Thereby, a series of progress has been achieved
in the microwave, millimeter wave, terahertz and other
frequency bands [1-8]. Applications include planar
lenses, reflectarray and transmitarray antennas, digitally
encoded antennas, etc. As the communication frequency
bands become increasingly tight and the requirement of
radar cross-section (RCS) reduction, multiple polarization
methods are adopted to enhance the working band reuse
capability. Some metasurface polarization converters
(MPCs) have outstanding conversion efficiency [9,10].
And one or more polarization conversions mode can be
implemented in a wide band or multiple bands [11]. At
the same time, the thickness of the MPCs can be greatly
reduced [12,13]. So the MPCs as a way to obtain multi-
polarization have got growing research interest. So far,
there have been many MPCs devices that implement
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transmissive or reflective linear-to-linear polarization,
linear-to-circular polarization, and circular-to-circular
polarization. For example, a bi-layered chiral
metamaterial as a transmission polarization converter
has been achieved, through which linear polarized (LP)
waves can be converted into cross-polarization waves in
a wideband [14]. Akbari et al. [15] proposed a broadband
polarization converter operating at Ka band is realized
by using a multi-layer board structure, and its 3 dB axial
ratio (AR) relative bandwidth reaches 42%, meanwhile
with an insertion loss less than 0.5 dB. References [16]
demonstrated a novel THz half-wave polarization
converter for cross-polarization conversions of both
linear and circular polarizations. Furthermore, the
polarizer can also be regulated by graphene. However,
functionalities of the above MPCs cannot be changed
after fabrication.

Then, the reconfigurable polarization converters
(RPCs) based on metasurface have been reported.
In [17], a polarization-reconfigurable converter using
multi-layer frequency selective surface was proposed to
convert the linear polarization (LP) into LP, right-hand
circular polarization (RHCP) and left-hand circular
polarization (LHCP) by mechanically rotating the
metasurface screen. However, it is difficult to switch
the device states quickly and exactly because of the
mechanical rotation. In order to solve this shortcoming,
some MPCs combined with active components (e.g.,
varactors, PIN diodes, MEMS) are proposed. Ratni et al.
[18] loaded a varactor on each metasurface unit, and
by adjusting the bias voltage load on the varactors, the
RPC can convert LP into circular polarization (CP) in
different frequency bands. But the performance of the
3 dB AR bandwidth is relative limited 10%. Apart from
this, compared to the PIN diodes, varactors and MEMS
show higher loss and their bias circuits are more
complicated [19,20].

In this paper, a novel frequency reconfigurable
polarization converter (FRPC) based on the reflective
metasurface and PIN diodes is proposed. When the PIN
diodes are turned oN and ofF, the FRPC can convert LP
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waves into CP waves in successive different frequency
bands. This paper is organized as follows. In Section I,
the structure of FRPC is presented and operational
principle of tuning the polarization state of an incident
LP wave is described. Section Ill provides the
experimental results and compares them with the
simulated results. Finally, the paper is concluded in
Section 1V.

Il. DESIGN AND ANALYSES

A. Structure of the FRPC unit

The unit of the proposed FRPC is illustrated in Fig.
1. The 3-D topology expanded view is shown in Fig. 1
(@), which consists of two metal layers, PIN diode,
inductor and one dielectric layer. These two metal layers
are composed of a metal ground on the back of the
dielectric slab and a metasurface which is the truncated
square patch with internally slotted. The bias line is
deliberately designed to minimize the biasing circuit
loss and simplify the structure. The biasing point is
positioned at the zero-electric-field point along the non-
radiating edge of the patch. Furthermore, in order to
suppress the influence of the high frequency signal
introduced by the power supply, a 27 nH inductor is
placed between the bias line and the patch.

The top view and side view of the FRPC element is
depicted in Fig. 1 (b). By optimization, the geometric
parameters of the unit element are as follows: the patch
with edge length W = 17 mm and is truncated a corner
with edge P2 = 11 mm. A gap with width Gap = 0.45 mm
is etched on the patch. And the gap is placed P1 = 4.2
mm from corner and parallels to the diagonal direction
of the patch. In addition, the width of a bias line is
Bia_w = 0.8 mm. The thickness and edge length of F4B
substrate are H = 3.3 mm and L = 20 mm, which are
about /15 and Ay /3 respectively, where A, is the

wavelength at the center frequency. The diameter of the
via from the top to the metal ground is Via_r = 0.6 mm.

MACOM MADP-000907-14020, which shows
low insertion and can achieve an excellent electrical
performance more than 10 GHz, is employed as the PIN
diode in this paper [21]. For ON or OFF state, the PIN
diode is modeled as a series of lumped resistance (R)
and inductance (L) or capacitance (C) and inductance
(L), respectively. Table 1 lists the homologous circuit
parameters in the aimed frequency band.

B. Theory of operation
When the incident electromagnetic wave is LP wave

with the electric field E,, in the y-direction and travels

toward -z-direction. The incident electrical field radiated
by an antenna can be written as two orthogonal linear
components:

Ein :EU+EV’ (1)
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E

=[] @

where E, and E, are the components of the E, in the

u

u and v direction, respectively. |E,| and |E,| indicate the
magnitude of the corresponding electric field.

(a) Diode
Inductor

Fig. 1. Structure of the proposed FRPC unit cell: (a) 3-D
topology expanded view, and (b) top view and side view.

Table 1: Equivalent circuit parameters of the PIN diode

Parameters ON State OFTF State
R 7.8Q -
L 30 pH 30 pH
C - 0.025 pF
For the incident wave illuminates the FRPC

element, the reflected electric field is also a sum of two
orthogonal linearly polarized components:

E, =R(E, +E,)=R,E, +RE,, (3)
where R, and R, are the reflection coefficients for u
direction and v direction. As R, and R, have the same
magnitude |R,| and |R,|. Meanwhile, the components

of reflected electric field in two orthogonal linear
directions with A¢ phase difference, which can be

expressed as:
R =[R]. @
Ad=¢, -4, ©)
where ¢, and ¢, are the phase of R,E, and RE, ,
respectively. And if A¢=+90" and |R,|=|R,|, the LP



incident wave can be converted into the CP wave for
transmitting in the free space. In this paper, according
to the formula (4) and (5), we can get the following
conclusions. When the incident LP wave is in x-direction
with Ag=90" phase difference, the incident wave can

be converted to LHCP wave. In addition, since the
metasurface unit structure is symmetric about the
diagonal, as the incident wave is y-polarized with
A¢p=-90 phase difference, the LP wave can be

converted to RHCP wave. For the sake of understanding
the working mechanism of the FRPC well, the relation
between the polarization of incident wave and the
reflected wave from the FRPC array is depicted in
Fig. 2.

Fig. 2. Schematic model of a reflective polarization
converter.

C. Simulation results

To verify the design functionality and explore the
reflection characteristics, HFSS 15.0 is used to analyze
and optimize the proposed element. The element is
simulated by periodic boundary condition combined
with Floquet port. Moreover, the PIN diode and inductor
embedded on the unit cell are replaced by lumped
elements in the corresponding cases under different
operating states which are described above. As shown
in Fig. 3 (a), the AR of the reflected wave varies with
frequency when the incident wave is x-polarized or
y-polarized, and the incident angle @ is to be zero in
Floquet port. It is clear that the incident wave
polarization direction does not affect the polarization
conversion performance of the FRPC. As PIN diode
under different states, the 3 dB AR bandwidth and the
corresponding center frequency are different, specific
parameter indicators are listed in Table 2. It is worth
mentioning that the 3 dB AR bandwidth in two states is
continuous, so the polarization converter can achieve the
3dB AR relative bandwidth of 26.74%.

When the incident wave is y-polarized, the
amplitude and phase difference of the reflected wave
electric field in the u and v directions are plotted, as

LIU, HAN, GAO, LIU, LI: A NOVEL FREQUENCY RECONFIGURABLE POLARIZATION CONVERTER

shown in Fig. 3 (b). In different operating frequency
bands, the electric field amplitudes in both directions are
almost equal, and the phase difference approximate to
A¢=-90". Since the amplitudes of the incident electric

fields in both directions are equal, according to formula
(3), |R,| and |R,| are approximately equal. In order to

clearly display the polarization states of the reflected
wave, the current distributions on the patch are plotted at
the center frequency of the two operating states, as
shown in Figs. 4 (a) and (b). The surface current vector
distributions ranges from 0° to 270° with a 90° interval.
As the incident wave is in the y-polarized, the reflected
wave is the RHCP wave in both states.

21
(a) —a—y-polarized incident wave_OFF
18- —eo—y-polarized incident wave_ON 1
x-polarized incident wave_OFF
154 = X-polarized incident wave_ON
0121
S r
n<: Hu v
64
3
0 —— .
5.0 5.5 6.0 6.5 7.0 7.5
Frequency(GHz)
200 ) OrF_Eul P80
( )—o—OFF_ |IrEv|
8004 ON_ |rEu|

v ON_ |rEvV| 270
~700 —— OFF_Delta_Phase -
£ —<— ON_Delta_Phase &
> [}
£ 600- 180 §
— K=
w o
25004
- 490
400 v
o
300 : r : r 0
5.0 5.5 6.0 6.5 7.0 7.5
Frequency(GHz)

Fig. 3. Simulated reflected waves characteristics: (2) AR
of the reflected wave varies with frequency when the
incident wave is x-polarized or y-polarized, and (b) the
amplitude and phase difference of the reflected electric
field in the u and v directions.

Table 2: Index of reflected wave under different states

3dB AR Fractional Center
State | Bandwidth Bandwidth Frequency
(GH2) (GH2)
OFF | 537-6.72 22.17% 6.05
ON 5.13-5.61 8.86% 5.37
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Fig. 4. Surface current distributions on the truncated
square patch for four different instants: (a) RHCP at
5.37 GHz, and (b) RHCP at 6.05 GHz.

In addition, Fig. 5 (a) and 5 (b) illustrate the simulated
AR characteristics for y-polarized electromagnetic waves
with different incident angles @ under different states. It
can be seen that the 3 dB AR relative bandwidth is more
than 26%, when the incident angles range from 0° to
30°. In summary, although the waveforms are slightly
different, the FRPC can efficiently reflect LP waves into
CP waves in the conversion mode.

I11. FABRICATION AND MEASUREMENT

In order to verify the simulation results, an FRPC
metasurface array consisting of 18 x 18 unit cells is
fabricated. The prototype with the size of 435 x 415 mm?
is shown in Fig. 6, and all the bias lines are connected
together and directed to the back of the array through a
metallized via. In the measurements, two standard gain
rectangular horn antennas are connected to an Agilent
vector network analyzer E8364A as transmitter and
receiver that are set on the front of the prototype.
Besides, the bias voltage of the entire circuit is set to 5
volts. In operation, the transmitter horn antenna radiates

ACES JOURNAL, Vol. 34, No. 7, July 2019

y-polarized incident wave onto the prototype and the
receiver horn antenna is used to receive x- and y-polarized
reflected waves, respectively.
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Fig. 5. Simulated AR characteristics for different
incident angles at (a) OFF state and (b) ON state.

Vector network
analyzer

Fig. 6. 1-bit 18 x 18 FRPC prototype and measurement
system: (a) system assembly and (b) sample zoom view.



The measured and simulated AR are illustrated in
Fig. 7, there is a high consistency between the measured
results and simulated results except a little error. In
measurements, 3dB AR relative bandwidth of the FRPC
is 8.23% (5.24-5.69 GHz) when the diodes are turned on,
and the corresponding value is 21.12% (5.42-6.7 GHz)
when the diodes are turned off. This difference with
simulation results may be caused by tolerances in the
fabrication and measurement processes. Thus, the
measured results conform to the operating frequency
band of the FRPC can be reconfigured by adjusting the
state of the PIN diodes.

21 [—=—Simulated-OFF _
18 {=—e=—"Simulated-ON .. :
Measured-OFF | /
15 ——Measured-oN A
g2, —— / |
S | : :
€ oJY\ __— o A
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50 5.5 5

60 65 7.0
Frequency(GHz)

Fig. 7. Measured and simulated AR for different states
of PIN diode.

1V. CONCLUSION

In this paper, a novel FRPC is realized based on
active metasurface, which can reconfigure the operating
frequency by switching the states of the PIN diodes.
An electronically tuned FRPC with 18 x 18 unit cells
is thoroughly investigated with measurements. Both
simulations and experimental results reveal that the
proposed FRPC can convert the LP waves into LHCP
(RHCP) waves from 5.13 to 5.61 GHz when the PIN
diodes are turned ON. Moreover, the FRPC can convert
the LP waves into LHCP (RHCP) waves from 5.37 to
6.72 GHz as the PIN diodes are turned OFF. In addition,
the experimental results demonstrate that two states
the FRPC can change the LP incident waves into CP
reflected waves with the 3 dB AR relative bandwidths
more than 24%. The FRPC has great potentials in RCS
reduction, communication, and the CP reflectarray
applications, etc.
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Abstract —In this paper, a novel multi-functional
electronically tuned polarization converter based on
reconfigurable reflective metasurface is proposed. The
proposed polarizer can convert linearly polarized waves
to left-hand circular polarization, right-hand circular
polarization and crossed linear polarization waves
without changing the polarization of incident waves. By
controlling the varactors that mounted on the metasurface
element, the reflection phase difference of the two
orthogonal components of the incident linear polarization
waves covers from -110° to 210° when the polarizer
operates from 4.65 GHz to 5.35 GHz. Moreover, a14 x 14
prototype is fabricated and measured to validate the
proposed polarizer. Measured axial ratios agree well
with the simulation results.

Index Terms — Axial ratio, multi-functional polarizer,
reconfigurable metasurface, varactor.

I. INTRODUCTION

Polarization converter, which is also known as
polarizer, is a special device that can convert polarization
of electromagnetic (EM) waves from one form to another
form, e.g., from linear polarization (LP) to left-hand
circular polarization (LHCP) or right-hand circular
polarization (RHCP), and LP to crossed linear polarization
(CLP) [1, 2]. Having such characteristics, polarization
converters were widely used in phased array feeding
systems, wireless communication systems, and satellite
communication systems [3-5].

As the definition of circular polarization (CP) implies,
CP waves can be decomposed into two orthogonal LP
waves with same amplitude and 90° phase difference.
Therefore, to realize polarization conversion, we need to
advance or delay the phase of one of the orthogonal
components. Inductive and capacitive components can
give rise to this effect. As a result, metallic stripes,
meander-line and equivalent structures were used to
achieve different inductive or capacitive features [1,
6-7]. When they are properly excited, polarization
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conversion will be implemented.

In recent years, metamaterials, which can readily
manipulate EM waves and show abnormal and excellent
EM properties, are proposed to tailor EM waves [8-11].
Metamaterials that are made of subwavelength special
artificial structures and arrangements were employed to
realize polarization converters [12-17]. Metasurfaces,
which are the planar two dimensional form of
metamaterials, can also exhibit polarization conversion
characteristics [18].

Recently, researchers have shown an increased
interest in reconfigurable polarizers using active
metasurfaces. Reconfigurability was realized by
introducing mechanical rotation, PIN diode, varactor
diode, and liquid crystal to metasurfaces [19-24],
etc. Comparing to conventional design of polarizer,
reconfigurable polarization metasurfaces show multi-
functionalities, e.g., from LP incident waves to CP
(including RHCP and LHCP) or CLP waves.

However, current reconfigurable polarizer can only
convert LP waves into RHCP or LHCP. To get the
crossed CP, a CLP incident waves are required. In
this paper, a novel polarizer based on reconfigurable
reflective metasurface is proposed to convert LP waves
into RHCP and LHCP without changing the polarization
of incident waves. The electronically multi-functional
polarization converter is implemented by mounting
varactor diodes on metasurfaces. The proposed polarizer
operates from 4.65 GHz to 5.35 GHz. The RHCP, LHCP
and CLP waves are obtained at the working frequency
band when the correct bias voltages are applied. Due to
the bias voltage of varactor can be tuned continuously,
phase difference of the decomposed reflected LP waves
ranges from -110° to 210°, thereby, elliptical polarization
waves also can be generated.

This paper is organized as follows. Manipulation
principle and varactor tuned polarizer element are
described in Section Il. In Section Ill, a 14 x 14
reconfigurable polarization converter is constructed and
tested. Finally, Section IV concludes this paper.

1054-4887 © ACES
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I1. MANIPULATION PRINCIPLE AND
RECONFIGURABLE ELEMENT

A. Manipulation principle

Previous designs of reconfigurable polarizer using
metasurface mainly focused on advancing or delaying
phase of the orthogonal components of incident LP
waves. By introducing PIN diode or varactor along one
of the orthogonal components, we can manipulate the
phase of this component. To continuously regulate the
phase differences, varactor is used in this paper. In our
previous study [19], truncated square metallic patch
showed good polarization conversion characteristics.
When the size of the truncated corner varies, phase of the
two decomposed LP components leads alternatively.
Based on this result, we use two varactors at the truncated
corner to formally adjust the corner size. Therefore, as
bias voltage changes, LHCP, RHCP, CLP and elliptical
polarization waves can be realized.

[Jinductor [l varactor
y ——
X
L
(a)
Z |
t GNDW 4— GND via
J
(b)

Fig. 1. The proposed reconfigurable polarizer element:
(@) top view and (b) side view.

B. Reconfigurable element design

As aforementioned, a varactor tuned reconfigurable
polarizer element is designed, as shown in Fig. 1. Period
of the element is L = 26 mm. Side length of the truncated
square patch is D1 = 16.5 mm with corner size D, = 7
mm. Gap of the truncated patch and the triangle corner
patch is gap = 0.4 mm. The element and the bias lines
are etched on a F4B substrate with permittivity of 2.65
and tand = 0.005. And thickness of the substrate is 2 mm.
Metallic ground plane is designed to reflect the incoming
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waves. A ground via is placed at the center of truncated
patch, thereby, the ground plane serves as radio
frequency (RF) and direct circuit (DC) ground. Bias lines
are connected to the triangle corner patch to regulate the
two varactors simultaneously. It should be noting that
two 1 uH inductors are designed to choke RF circuits.
Width of all bias lines is 0.8 mm. The Skyworks SMV
1405-040LF varactor is selected in this design. The
junction capacitance ranges from 0.63 pF to 2.67 pF as
the reverse voltage ranges from 30 Vto 0 V.

The proposed element can realize polarization
conversion when incident LP wave along y-axis is
applied. Let us decompose the incident LP wave E"™ into
E'° and EJ°, thereby, the total reflected waves can be
expressed as the sum of reflected waves along u and v
directions:

’ o -
E™ =Re'™E° +R e E, 1)
where R and R e" are the reflection coefficients.

Phase difference Ap = g - ¢ changes when the bias
voltage changes.

Floquet Port

Fig. 2. Full-wave simulation configuration.

We simulated the proposed reconfigurable polarizer
element by using Ansys HFSS 15.0, as shown in Fig. 2.
It worth noting that the element was simulated under
periodic boundary condition (PBC) combined with
Floquet port. Plus, the inductors and varactors were
modeled with lumped RLC boundary condition. The
incident LP waves propagates in negative z-direction.
Equivalent circuit of the selected varactor is junction
capacitance in series with package inductance. The
package inductance is 0.45 nH which can be founded in
the datasheet of varactor. It should be pointed out that the
equivalent circuit is modeled with two adjacent lumped



RLC boundary condition in HFSS 15.0, which is shown
in the inset of Fig. 2. Detail simulation approach of
reconfigurable element is described in [10].

First, we simulated the S-parameter with incident
LP waves along y-axis, which is shown in Fig. 3 (a). It
can be clearly seen that reflection magnitude is less than
-1 dB when bias voltages varies, which indicates good
reflection characteristic. Then, we assigned incident LP
waves along u- and v-axis to investigate the A¢ versus
bias voltages, which is shown in Fig. 3 (b). From the
figure, we can obtain that Ag can reach -90°, 90°,
and 180° when bias voltages are 0 V, 4 V, and 20 V
respectively. Therefore, LHCP, RHCP, and CLP waves
can be achieved as reverse voltage assigned correctly.
The operational bandwidth of the element generating
LHCP waves is from 4.65 GHz to 4.95 GHz, while the
RHCP waves is from 4.8 GHz to 5.1 GHz.
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Fig. 3. (a) Simulated reflection magnitudes and phases
versus different bias voltages. (b) A versus different
bias voltages.

Moreover, the surface current distributions on the
truncated square patch are investigated to figure out
how the reflected circular polarizations are generated.
The incident waves are y-axis polarized. In Fig. 4, we
illustrate surface current vector distributions for four
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time phases which ranges from 0° to 270° with a 90°
interval. As mentioned before, when the reverse voltages
are 0 V and 4 V, LHCP and RHCP can be generated.
Figure 4 (a) shows the surface currents rotate in the
clockwise direction at 4.8 GHz when the reverse voltage
is 0V, indicating a LHCP waves. As the reverse voltage
applied to varactor changes to 4 V, the surface currents
rotate in the opposite direction at 5 GHz. Undoubtedly,
the reflected waves are RHCP polarized.
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Fig. 4. Surface current distributions on the truncated
square patch for four different instants and polarizations:
(a) LHCP at 4.8 GHz and (b) RHCP at 5.0 GHz.

I11. PROTOTYPE DESIGN AND
MEASUREMENT
A. 14 x 14 prototype design

Based on the proposed reconfigurable element, a
14 x 14 polarization converter prototype is designed and
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fabricated, as shown in Fig. 5 (a). Total size of the
prototype is 430 x 410 mm?2. A LP horn antenna whose
working frequency band is from 2 GHz to 18 GHz is
placed 400 mm from the polarizer, serving as LP incident
wave which is along y-axis. It worth noting that the
polarizer is at the far-field of the feed horn.

Due to all the varactors should be regulated
simultaneously, all bias lines are gathered together as
positive DC power. Additionally, the gathered bias lines
pass through a metallized via hole which is designed
at the edge of the metasurface to the bottom plane.
Moreover, a positive DC power line was soldered to the
gathered bias line pad. Meanwhile, we soldered a line on
the ground plane, serving as negative DC power. The
bias voltage configuration is shown in Fig. 5 (b).

nductor

Fig. 5. (a) Fabricated 14 x 14 reconfigurable polarization
converter. (b) Bias voltage configuration, red line as
positive power and black line as negative power.

B. AR and pattern measurement

We measured the fabricated 14 x 14 reconfigurable
polarization converter in anechoic chamber. In order
to investigate the axial ratio (AR) of the prototype, we
placed the polarizer on the turn table. Next, boresight AR
characteristics were measured in the far-field when 0 V
and 4 V bias voltages were supplied. It worth noting that
E-field in two orthogonal directions were measured for
calculating the ARs. The simulation and measurement
results are plotted in Fig. 6 (a) and Fig. 6 (b). As can be
seen from the figure, measured ARs at 0 V and 4 V agree
well with the simulated ones. The LHCP and RHCP
waves were successfully generated and measured.
However, the measured AR shows slightly working
frequency band offset. This is mainly due to the
fabrication and measurement errors. The measured
LHCP 3 dB AR absolute bandwidth is from 4.65 GHz to
4.95 GHz. And the measured RHCP 3 dB AR absolute
bandwidth is from 4.88 GHz to 5.2 GHz.

Furthermore, directivity patterns of the two reflected
CP waves for 0 V and 4 V are measured, which are shown
in Fig. 7. The two patterns are measured at 4.8 GHz and

ACES JOURNAL, Vol. 34, No. 7, July 2019

5.0 GHz respectively in xoz-plane. However, crossed
polarization of the CPs are not shown due to measurement
limitation. From the measured patterns, we obtained the
LHCP and RHCP waves as the reverse voltage varies
without changing the incident LP polarization.

Prior studies realized the reconfigurable polarizer by
using PIN diodes and varactor diodes. To obtain the
LHCP and RHCP waves, LP feed or the polarization
converter should be rotated. This constraint limits the
application of the previous reconfigurable polarizer in
some conditions. In this paper, varactor tuned truncated
square patch is proposed to implement polarization
conversions without mechanical rotation. The reflected
LHCP and RHCP waves are generated and measured
successfully. From the view of Poincaré sphere, previous
reconfigurable polarizer only can cover the half space of
the sphere. Nevertheless, in this paper, the proposed
electronically tuned polarizer can cover the hole Poincaré
sphere.

In summary, a novel multi-functional electronically
tuned polarizer is designed and measured. It can thus be
suggested that LP to diverse elliptical polarization waves
including CP waves can be achieved through advancing
and delaying phases states using varactors.

21

b= Simulation

=¥ = Measurement ¢

T T T L) L) L) T T
45 46 47 48 49 50 51 52 53 54 55
Frequency (GHz)

(a)

b= Simulation
18 1 =W = Measurement|

T T T T T
45 46 47 48 49 50 51 52 53 54 55
Frequency (GHz)

(b)

Fig. 6. Boresight AR results of simulation and
measurement at bias voltage of: (a) 0 V (LHCP) and
(b) 4V (RHCP).
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Fig. 7. Measured directivities of the two reflected circular
polarization waves for 0 V (LHCP) at 4.8 GHz and 4 V
(RHCP) at 5.0 GHz.

1V. CONCLUSION
This paper presents a novel multi-functional
electronically tuned polarization converter which is based
on reconfigurable reflective metasurface. The polarizer
can convert incident LP waves into LHCP, RHCP and
CLP waves without changing the polarization of incident
waves. The approach, which can both advance and delay
the phase of the orthogonal components of the incident
LP waves, is feasible to convert LP waves to desired CP
and elliptical polarization waves. By leveraging varactors,
we can design multi-functional polarization converter
based on reconfigurable metasurface. It is applicable
for developing satellite communication systems, RCS

reduction, and polarization transformers.
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Abstract — This paper proposes a temperature  of SMA parameters. Dielectric resonators are also

compensation design for TEO11 mode resonator based
on multiphysics analysis. The relationship between
structure and electrical performance of circular waveguide
resonator is specifically analyzed. Furthermore, a novel
temperature compensation structure with bimetal material
is proposed by using multiphysics analysis. The proposed
TEO011 mode resonator is fabricated and tested to verify
the design method. The temperature drift coefficient
of the compensated TEO011 mode resonator can be
dramatically reduced from 21.387 ppm/°C to 0.93ppm/°C.

Index Terms — Bimetal material, multiphysics analysis,
temperature compensation, TEO11 mode resonator.

I. INTRODUCTION

Microwave waveguide cavity devices are widely
applied in communication systems, especially in satellite
communication systems and 5G millimeter wave
communication systems. The frequency response of the
device is usually affected by temperature, due to thermal
expansion and contraction of metal. It is especially
serious in narrowband or high-power applications.
Therefore, temperature compensation design is very
important to ensure the stable electrical performance of
waveguide devices [1].

Conventionally, materials with low coefficient of
thermal expansion (CTE) are usually applied in cavity
structures to achieve stable frequency response, such as
Invar [2]. However, Invar’s high density, poor thermal
conductivity and high hardness limit its application.
In [3], Shape Memory Alloys (SMAs) is used in
temperature-compensated cavity resonators. But accurate
analysis and design for temperature compensation is
difficult to achieve, due to the nonlinear characteristics
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widely used to obtain temperature stability [4-5] in
applications other than high power conditions. In
addition, dielectric sphere for temperature compensation
is proposed in [6], which introduced a perturbation in
electromagnetic field to eliminate temperature drift. [7-
9] introduced bimetal material to the tuning screw, which
shows good compensated results by controlling the size
of the tuning screw. In [9], we first proposed the method
of temperature compensation based on multiphysics
simulation. It introduced bimetal material to the tuning
screw in the waveguide filter. Compared with other
methods, the use of bimetal can realize flexible
temperature compensation structures with low cost and
easy processing. However, bimetal loaded tuning screws
reduced structural stability and increased assembly
complexity. Moreover, TEO11 mode resonator plays an
important role in communication systems due to its high
Q value [10-13].

This paper proposes a temperature compensated
TEO11 mode resonator with bimetal material. The
relationship between the structure and electrical
performance of TEO11l mode resonator is completely
analyzed in detail. With the numerical solution, the
whole design can be implemented by using multiphysics
analysis. The designed temperature compensated TE011
mode resonator is fabricated and tested from -20°C to
80°C. The simulated and measured results suggest it has
excellent temperature drift coefficient as 0.93ppm/°C.

I1. ANALYSIS AND DESIGN
As well known, TEO11 mode resonator has no
longitudinal current. And when transmission power is
constant, the cavity power loss decreases as the
increasing of frequency. It has a high Q value and is
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widely used in high power applications. To achieve
precise temperature compensation design, deformation
analysis of the TE011 mode resonator is needed.

A. The deformation analysis of TE011 mode resonator

The cavity deformation of TE011 mode resonator
caused by temperature change can be equivalent to
the metal cylindrical model. Figure 1 is the equivalent
deformation model of aluminum at 80°C.

Figure 1 (a) represents the circumferential
deformation of the equivalent deformation model and
Fig. 1 (b) is the axial deformation. The green part in
the Fig. 1 represents the smallest deformation, and red
represents the largest deformation. When the temperature
changes, the resonator will not only have a circumferential
deformation [12], but also an axial deformation. Both
affect the electrical performance. The relationship between

frequency response and deformation is derived as follows.

The frequency of TEO11 mode resonator [14] can be
expressed as (1):

c o) 2 Iz )
f = —m o4 == . 1
nml 2 ,Llrgr ( a j (d j ( )

Where a is the radius of the circular cavity and d is the
height of circular cavity (at normal temperature: 20°C).
p;., is the root of Bessel (n, m and | are the number of

standing waves of extension radius, radius and axial).

(b)

Fig. 1. The circumferential and axial deformation of the
equivalent model: (a) the circumferential deformation,
and (b) the axial deformation.

Due to the deformation of metal is linear, the
deformation of cavity can be shown as (2). Where a’
and d’ are cavity radius and height at changed
temperature. Aa and Ad are the difference [15]:
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a’'=a+Aa
, . 2)
d'=d+Ad

After deformation, the frequency response of the
TEO11 mode resonator can be obtained as (3):

c ' N Iz Y
fn’ml = (p_n;nj +[_!j : (3)
27\ 1, &, a d
The change of frequency caused by temperature is:
Af = fn,ml - fnml' (4)
In order to simplify analysis, f' +f . 1Iis
introduced as shown in (5):
2
Af ( fn’ml + fnmI ) = (2;]
T\ 1€,

g (5)

r\2 I 2 1 \2 I 2
() () ) 8
a’ d’ a d
Therefore, when set Af =0, the frequency shift

caused by circumferential deformation can be
compensated as shown in (6):

2 2
- 2aAa Iz 2dAd
(p?j —2"(_) ——— =0 (6)
(a+Aa) d) (d+Ad)

That is,
;N2 q)
|Ad|=(%j (Ej Aa. )

It can be seen that circumferential deformation can
be compensated, when Aa is proportional to Ad . Thus,
it can be compensated by controlling the height of the
cavity.

Furthermore, the axial expansion deformation Ad,
can be calculated as:

Ad,=d-(T-20°C)-c. (8)
Where d is the height of cavity and T is ambient
temperature. « is the coefficient of thermal expansion.
Obviously, the axial deformation can be directly
compensated by changing the height of the cavity. That
is, the temperature drift of TEO11 mode resonator can be
fully compensated by controlling the height of the cavity.
Therefore, it is essential to propose a structure that can
control the height of the cavity. In this work, a loading
structure is proposed to achieve the temperature
compensation, which will be introduced in detail as
follows.

B. Temperature compensation design based on
bimetal material

To achieve the temperature compensation, the height
change of the resonator should be controlled as AD :

AD :[p—émjz (9]3 Aa+L-(T-20C)-a. 9)

Iz a
The first important part of the loading structure is



a control structure. Bimetal material is introduced to
realize the control structure. Bimetal material is
combined of two layers of metals with different thermal
expansion coefficients. The bend of bimetal is caused by
the different CTE of each layer. As shown in Fig. 2, in
bimetal, the layer with a relatively large coefficient of
thermal expansion is called active layer (A) and the
relatively small layer is called passive layer (B). Due to
its linear characteristic at temperature, the deformation
of bimetal can be used to control the height of the cavity.

Based on the deformation of bimetal, the loading
structure is proposed as shown in Fig. 3. It includes a
control structure and a ceiling part. The double-ended
fixed structure of the bimetal ensures that the deformation
can only produce in the axial direction. Since the
deformation of the bimetal controls the height of the
ceiling, AD is applied to calculation the size of bimetal
under certain boundary conditions.

A |
B 1
@)
B
©

Fig. 2. The deformation of bimetal: (a) the deformation
of the passive layer (A) and the active layer (B),
respectively, and (b) the whole deformation of the
bimetal.

+ deformation

- — ——— o — — — -

fixed

ceiling —

Fig. 3. The deformation of bimetal when two-ended
fixed.

I1l. THE TEMPERATURE COMPENSATION
OF TEO11 MODE RESONATOR

As shown in Fig. 4, the relationship among

electromagnetic, thermal and structural stress field can

be obtained with multiphysics analysis [16]. (D represents

the influence of electromagnetic field input power on the

temperature and ) is the effect of the temperature field
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directly act on the electrical performance of the filter.
The heat loss caused by the input power and the ambient
temperature acts through (3 on the structural stress field.
Structural deformation & caused by the temperature
change will affect the frequency response of the filter.
The environmental load and structural parameters act on
the structural stress field through @ and then affect the
electromagnetic fields through the .

Structural
~deformation
lectromagnetic Structural
field stress field

emperature

TemperatureTl Power dat Applied

feedback® oad /@j @ 10ad

Temperature Environmental load &
Field Structural parameters

Fig. 4. The coupling relationship among multiphysics.

The final design of TE011 mode resonator is shown
in Fig. 5. When the temperature changes, the center of
bimetal structure will generate the biggest deformation
and control the height of ceiling in the vertical direction
to realize the temperature compensation. Symmetrically
slots are added on both sides of bimetal to ensure the
theoretical temperature compensated value.

i 8
| N
| Ceiling |

v
il |
Wall crew |

L__}_]___

Fig. 5. The TEO11 mode cavity resonator.

First, design a resonator that meets the electrical
performance requirements. Then the deformation caused
by temperature can be analyzed in static structural
module of Ansys workbench. Finally, electrical analysis
of the deformation structure is carried out with the
updated grid data from structural stress field. Figure
6 shows the deformation comparison of the loading
structure. As shown in Fig. 6, using slotted double-ended
fixed structure can obtain a larger deformation range.
When the center deformation of bimetal is equal to the

AD , the structural size can be obtained.
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Fig. 6. The deformation of temperature compensated
structure with bimetal: (a) double-ended fixed structure,
(b) slotted double-ended fixed structure at 80°C, and (c)
slotted double-ended fixed structure at -20°C.

The deformation of the ceiling is mainly concerned
since the height directly affects the cavity frequency.
In Fig. 6 (a), the maximum displacement of ceiling is
0.0074mm under 80°C. However, in Figs. 6 (b) and (c),
the maximum displacement of ceiling is 0.0537mm
under 80°C and 0.0389mm under -20°C. The movement
(initial values) of the ceiling achieves the theoretical
values. The size of bimetal can be obtained.

Figure 7 shows the final temperature compensation
design for TEO11 mode resonator at -20°C and 80°C.
When the temperature drops, the height (final values) of
the ceiling will be increased, vice versa.

Take a TEO11 mode resonator operating at 21.5 GHz
as an example. Figure 8 is the frequency response of the
TEO011 mode resonator. In Fig. 8 (a), without temperature
compensation, the frequency response offsets 46 MHz
from -20°C to 80°C. The temperature drift coefficient
is 21.387ppm/°C. As shown in Fig. 8 (b), with the
proposed design, the frequency drifts only 1 MHz. And
its temperature drift coefficient is dramatically reduced
to 0.465ppm/°C.

ACES JOURNAL, Vol. 34, No. 7, July 2019

(b)

Fig. 7. The temperature compensated TE011 mode
resonator: (a) the deformation at -20°C, and (b) the
deformation at 80°C.
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Fig. 8. The frequency response of TEO11 mode resonator:
(a) without temperature compensation, and (b) the
proposed design.

The simulation results show the efficiency of
the method and implement high thermal stability.
The difference between the theoretical temperature
compensated values and final values is shown in Table 1.
Mainly due to some higher order component in (9) is
neglected to get the theoretical values.

Table 1: Temperature compensated values (um)
Temperature (°C) | -20 | 0 40 | 60 | 80
Final Values 36.7119.2|15.733.2|52.3
Theoretical Values | 38.8| 20 |16.4| 35 | 534
Difference 21 10.8|0.7]18 |11




IV. EXPERIMENT
The photograph of the temperature compensated
TEO011 mode resonator is shown in Fig. 9. Testing in a

thermostat and the frequency response is given in Fig. 10.

In the uncompensated structure, the frequency drift of
TEO011 mode resonator is 46 MHz from -20°C to 80°C.
The temperature drift coefficient is 21.378ppm/°C. The
frequency drift of proposed design is 2 MHz at -20°C to
80°C. The temperature drift coefficient is 0.93ppm/°C.

Fig. 9. The photograph of the temperature compensated
TEO011 mode resonator.
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~ — s11(0C)

~ — 821(0C)
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-—811(407C)
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~---$21(80C)

-154

S-parameters [dB]

-204
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Frequency [GHz]

Fig. 10. The measured results of the temperature
compensation TEO11 mode resonator from -20 to 80°C.

The simulation results are consistent with the
measured results, which verified the design. The proposed
temperature compensated TE011 mode resonator can be
easily extended to the filter temperature compensation
easily.

A comparison with other reported works is given
in Table 2. This work takes into account a wider range
of application temperatures. As it is shown, with the
proposed loading structure in this work, the temperature
drift coefficient of the resonator can be dramatically
reduced to 0.93ppm/°C. The method makes it easier for
assembly and application.
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Table 2: Comparison of the proposed temperature design

Refs Frequency | Temperature Temperature

' (GHz2) Range (°C) | Drift Coefficient
[12] 12 20~100 1.56 ppm/°C
[13] 12.2 24~84 2.3 ppm/°C
This o
work 21.5 -20~80 0.93ppm/°C

V. CONCLUSION

This work proposes compensation for TE011 mode
resonator using bimetal material is proposed with the
multiphysics analysis. The relationship between the
structure and electrical performance of TEO1l mode
resonator is completely analyzed. The modeling method
is presented in detail with the numerical solution. The
simulation and measure results confirm the effectiveness
of the proposed design method.
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Abstract — An algorithm that combines a common
source amplifier with the physics-based metal-oxide-
semiconductor field effect transistor (MOSFET) model
is proposed. By solving the coupled drift-diffusion model
equations with spectral element time-domain (SETD)
method, the distribution of electron quasi-Fermi potential,
hole quasi-Fermi potential and the potential inside the
MOSFET is obtained. The corresponding current densities
and electric intensities distributed in the device can be
used to couple the heat conduction equation. Furthermore,
the Kirchhoff laws should be satisfied when the MOSFET
device is inserted in the circuit. The Newton-Raphson
method is used to solve the nonlinear circuit equations
due to the existence of semiconductor devices. The
transient electro-thermal characteristics of a common
source amplifier circuit have been analyzed, and the
numerical results demonstrate the validity of the proposed
method.

Index Terms — Amplifier, electro-thermal characteristics,
MOSFET, SETD, transient simulation.

I. INTRODUCTION

The semiconductor devices are playing an
increasingly important role in many practical applications.
Under the actual work environment, the heat produced in
the semiconductor not only increases energy consumption,
will also have an impact on the performance of the device
itself. Thereby, it is significant to execute the transient
electro-thermal analysis of the semiconductor devices
and circuits. To get an accurate description of the
complex electrical characteristics of semiconductors, the
equivalent-circuit-model-based and physical-model-based
simulation are the two most common methods. However,
the equivalent-circuit-models highly rely on the
experiment measurements to persevere its validity for
different semiconductor devices [1]-[3]. The physical-
model-based multi-physics simulation is a preferred
alternative method for the transient electro-thermal
analysis of semiconductors, which equivalent-circuit-
model expounded the transient physical process [4]-[6].
The drift-diffusion model (DDM) is a common way to
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describe the interior carrier behavior of semiconductors,
and the heat conduction equation is intended for denoting
the transient variation with temperature. The DDM can
provide the distribution of heat source to the heat
conduction equation, and the temperature change the
mobility of carriers in return. [7] Research works [8-9]
have been introduced to analyze the circuits including
semiconductor devices, which are only for PIN diode
with quasi one-dimension structure by finite difference
method (FDM). The spectral element time-domain
(SETD) method has shown its higher accuracy and lower
computation cost than finite element method (FEM)
or FDM [10-11], and received a rapid development in
nanodevice simulation and computational electromagnetics
[12-14].

In this paper, the transient electro-thermal
characteristics of the semiconductors with the physics-
based Model are analyzed by the SETD method. The
electron and hole quasi-Fermi potential and electric
potential are selected as the unknown variables for DDM,
which is different from the traditional way [6-8]. The
basic electro-thermal characteristics of a common source
amplifier circuit with the MOSFET device has been
analyzed which combined the physics-based multi-physics
model and the circuit simulation.

In previous studies, we used electron concentration,
hole concentration, and potential as variables. When
studying complex models, if the mesh is not dense
enough when simulating the breakdown characteristics,
it will cause non-physical oscillations in electron
concentration or hole concentration, and there will be a
large number of negative values, resulting in solution
divergence. However, if the mesh is too dense, the
unknown will increase, the memory consumption and
solution time will be increased, and the efficiency will be
reduced.

The difference from the previous work is that the
paper takes the electronic quasi-fee potential, the hole
quasi-Fei potential and the potential as variables. The
numerical distribution of the electron quasi-fee potential
and the hole quasi-Fermi potential is small, and
non-physical oscillation does not occur like the carrier

1054-4887 © ACES
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concentration. It is easier to converge without encrypting
the mesh and ensuring the proper unknown.

The frame of this paper is as follows. In Section
Il, the physical model for semiconductors has been
introduced briefly. The basic theory of SEM based on
GLL (Gauss-Lobatto-Legendre) polynomials has been
described for the physical model when the electron and
hole quasi-Fermi potential and the potential are selected
as the unknowns. The Newton iterative method is used
to solve the nonlinear system of the circuits with
semiconductors. In Section Ill, the transient electron-
thermal characteristics of a common source amplifier
circuit have been analyzed to demonstrate the validity
with the proposed method. Finally the conclusion is
given in Section IV.

I1. PHYSICS-BASED MODEL AND
NUMERICAL SCHEME
The drift-diffusion model equations [15, 16] are
normalized as follows:

J, =-u,nVg,, 1)
J,=—1,PV,, 2
MN_v.3 +GR, @)
at
%z—V-Jp+G—R, @)
Vip=(n-p-T), (5)

where ¢ is the electrostatic potential, g is the electric

charge, T" is the electrically active net impurity
concentration, and n and p are the electron and hole
carrier densities. G and R describe the generation
phenomena and recombination processes respectively.
The relationships between the electron and hole quasi-
Fermi potential and the electron and hole carrier densities
are described as the following equations:

n=explp—¢,], (6)
p=expl4, —¢l. @)
The heat conduction equation [16] is formulated as

(8):

: 8
Tk g, B “
at pmcm pmcm
P, :—(Jn+Jp—g@)-v¢, ©)

where p, is the specific mass density, c,, is the specific
heat capacity, k, is the temperature dependent thermal
conductivity, ¢ is the permittivity, and P, is the inside
heat generation rate described as formula (9).

A. SETD for semiconductor simulation
The difference between SEM and FEM lies in the
choice of the expansion basis functions. In order to achieve
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the high accuracy, the GLL basis functions are employed
throughout this article. The Nth order GLL basis functions
in a 3-D cubic element (&,77,¢) e[-1,1x[-1,1]x[-11]
can be written as:

D (En ) =4 Q8 (). (10)
forr=0,1,..,N,;s=0,1..,N,;t=01..,N.. ¢ (&),

™ (1) and 4" () represent the basis functions with
three directions and have the following definition:
oo = -1 1-£)Ly (@),
N(N"'l)LN(é:j) (5_681)
where L, (£) and L, (¢) are the Legendre polynomial of
Nth order and its derivative. The points {&;, j=0,1....,N}

are the zeros of (1-&%) L, (&) =0. Because of the basis

functions definition on the reference domain at the above
standard cubic element, the mapping from the physical
element to the reference domain is essential for general
meshes [13-14].

Here, the electron and hole quasi-Fermi potential
and electric potential are selected as the unknown
variables. The fully coupled Newton iterative method is
employed to solve the nonlinear equations. For the time
partial derivative, the backward difference operator is
employed to achieve the unconditional stability with a
large time step size represented by At. The detail of
the backward difference operated on the normalized
electronic current continuity equation is given as the
following:

F@".8,"0") = 1.8".4,". ") At—(4," - 4,") =0.(12)
where f (4,,4,,9) =V (4,Vn—p,nVe)—(R-G). Using

the Taylor series, the formula (12) can be expanded as
(13), which ignores the second and higher order items:

il (4,.4,.9)
0g, ¢n:¢n”m'f

1)

Fn (¢n!¢p’(p) <¢an|+l_¢nm'I)+

oF, (4.4,.0)

ml+l _ om,l
o4, ﬁ”Z””mf.(p s -
)
aFn(¢n,¢p,€0) mid _ml) _
Tgn-?;”mf.( wom)=0

The superscript m is used to indicate the variables at the
time of mAt, and | presents the variables obtained by the
l,, iteration. Applying the Galerkin weighted-residual

method, the formula (13) can be transformed to a form of
equation system.

Repeat the above operations for the hole current
continuity equation and Poisson equation, the final



system equation (14) can be obtained:
TN NP NF)( g —g™ BN
PN TP PF| 4" -¢" |=| BP
FN FP TF){o™"—p™ BF
The elemental matrices are defined as follows:
™, :jﬂm;zn exp(™ - g™ JVN, - Vg N dv —mexp (o™ — g )N,Ndv

—H'[At,u exp(p™ -
o(G-R)™

NP, =At[ N, -N;, Tclv

(14)

g ) VN, -VN dV+At_[N N %v

NE‘J:—'UJAtyHexp <p’""—¢n’"")VNI<V¢n'"'NldV+j\'erxp o™ -4 JNN dv

+At[N,-N, Md

PN, =At[N; N, %V

TR, —I”At,up exp(gr' - o™ )N, -Vl 'N v + [[[exp (g7 — o™ )N,N v

+J’”Atgp exp(g7' —p™ VN, - VN dv +Ath, N %

—J.”At;tpexp oo™ )VNi<V¢;‘“NJdV—Iﬂexp o o™ )NN;av
v

a(G R™ o

=~ [[foolo

FP —jJ' exp AR

+Ath N,

¢;”'NNdv
JN;N;dV

TR =-[[[.[exm (o™ -4 )+exp(gp" - o™ ) NN dV

[ on ,
o [, oo™
‘m N, [exp(e
op =[] tu, (s
B R

BFi='|'\_[IVNi-V(p’“"dV+J-JjNi[eXp((pm" o) -exp(gy"

47 )N, VAV + [[] AN (G~ R)dv
—g)—exp(p™* —¢nm’1)JdV |

R R Y

—o™ ) - l":|dV .

When the norm of the solutions is less than the setting
of tolerance, (¢,**,4,"*,¢"")" can be accounted as the

approximate solution of the original nonlinear system.
For the analysis of electro-thermal interaction of
semiconductor, the heat conduction equation should
be solved after the system equation (14) solved by
the Newton iterative method. In particular, the heat
conduction equation can be solved easily by the SETD
method, which is a linear equation system. For the sake
of simplicity, this process is omitted over here. But it
needs to be stressed that the procedure of heat conduction
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equation solving should be repeatedly implemented on
each iterative process of the Newton iterative method.

B. Circuits with semiconductor devices

For the transient simulation of the MOSFET common
source amplifier circuit, the goal is to obtain a solution
satisfying both the external circuit constraint and
MOSFET physical model equations. Figure 1 shows the
configuration of a MOSFET common source amplifier
circuit [18]. Two load resistors, RO and RL, are connected
to the transistor. VDD is the voltage imposed on the drain
of the MOSFET through RO. The source of the transistor
is grounded. The input voltage Vgs is composed of two
signals: the DC bias voltage VGG and the AC signal Vg.
The output voltage Vds is equivalent to the drain-to-source
voltage of the amplifier.

Firstly, the MOSFET in the amplifier can be treated
as a system with the input signals Vgs and Vds, and
the output signals can be the drain current Id and the
heat distribution among the transistor. This multi-physics
simulation under a certain input signal can be implemented
utilizing the method proposed in Section A. The input
voltage Vgs is a given value at a certain moment.
Therefore, the transient relationship between drain
current and the drain voltage can be described as the
following formula (15):

Iy = f(Ve)- (15)

For this common-source amplifier circuit, the
constraint equation of the output circuit is as follows:

V
DD — (Id +%)R0 +Vds' (16)
L
Substituting (15) into (16), the coupled circuit
equation with physics-based MOSFET model becomes:

V) = (L) + 2R+, Vg =0, (17)

Due to the existence of nonlinear system f (V,,),

Newton-Raphson method is employed to solve equation
(17). The derivative of this equation has the following
form:

F (vds) |:f (\/ds)+ :|R0+1' (18)

The derivative approximate expression can be defined
as the difference between two adjacent time intervals:

—lgo
f, (V) = ot a0 (19)
‘ Vds VdsO
where V,, =V, — 8 and g is a relative tiny value to

ensure the accuracy of the approximation.
Use Taylor series expansion for (17), we can get (20):
R (Vi) +F (Ve )Vs™ Vi) =0- (20)
Take the formula (18) and (19) into (20), we can get
Newton iteration:
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le+1 :le _ (I(IiRL +les)R0 +(les _VDD)RL
T % (g 1) RoRU+ (Ry + ROV Vo)

(les _leso) .

21
Then v, can be obtain, the convergence condi(tioz
of Newton iteration is:
Ve Vi
les+1
7 is the setting value of tolerance. When the criterion is
satisfied, this V" can be accounted as the approximate

solution of the circuit at the current time. Then,
substituting V™ into the physics-based MOSFET model

once again, the actual electro-thermal behavior can be
described finally.

For the transient characteristics simulation of the
amplifying circuit, the goal is actually to require a
transient solution that satisfies both external circuit
constraints and the MOSFET model equation. For the
voltage control current device, the input voltage and the
output current can be written into a certain functional
relationship, and then the circuit equation of the external
circuit can be used to obtain the corresponding voltage
and current by using the Newton method.

<7, (22)

+VDD
RO
O+
dy,
=L RL vds

Fig. 1. Common source amplifier circuit with MOSFET.

IHl. NUMERICAL EXAMPLES

In order to verify the accuracy of the proposed
method, the common source amplifier circuit is chosen
as the numerical model. The N-channel MOSFET in the
circuit is analyzed by solving the drift-diffusion model,
and it is convenient to get the thermal characteristics.
Here, it should be indicated that all the numerical
examples are computed on an Intel(R) Core(TM)2 with
2.83GHz CPU (the results are computed by only one
processor) and 8 GB RAM. The tolerance is set to be
10°°.
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Fig. 2. A 3-D N-channel MOSFET model.

A. Simulation of MOSFET

First, the simulation of a single semiconductor
device is implemented to prove the validity of the SETD
method. The size of the MOSFET is as shown in Fig. 2,
and the doping distribution in Fig. 3. The MOSFET has a
size of 1.2*1*10 um, the drain junction depth of 0.3 um,
and the oxide thickness of 50nm. The VA characteristic
curve is given in Fig. 4, and the comparative results with
the COMSOL software have shown the validity of the
proposed method. In order to demonstrate the transient
characteristic under the electromagnetic pulse with fast
rise time, the response with a changing gate voltage has
been shown in Fig. 5 and the voltage imposed in the
drain is 0.5V. The overshoot current phenomena can be
observed in MOSFET transistor from Fig. 5. It takes
about additional 15 picoseconds to achieve stability
for the particular state change [19]. The calculation of
the program takes a little longer than COMSOL, but
COMSOL takes up a lot more memory than the program.
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Fig. 3. The doping concentration of MOSFET.
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Fig. 4. The VA characteristic curve.
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Fig. 5. The transient response with a changing gate
voltage.

B. Electron-thermal analysis of circuit

A common source amplifier circuit as shown in
Fig. 1 is simulated to analyze its electron-thermal
characteristics. In the circuit, the model of MOSFET is
the same as the above numerical example, and the
simulation of the only semiconductor has been proven to
be correct. The electron-thermal analysis of the circuit is
following. The remaining setting of the elements in the
circuit is as follows: VDD=20 V, R0=20 KQ, RL=100
KQ, VGG=1 V. The input signal of Vg and its response
with Vds are shown in Fig. 6. The current Id through the
MOSFET is shown in Fig. 7 and the transient Maximum
temperature varying curve in the MOSFET is shown in
Fig. 8. The thermal accumulation effect [6] can be found
obviously.

7
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Fig. 6. The input and output voltages with Common
Source Amplifier circuit.
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Fig. 7. The current in the MOSFET.
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Fig. 8. The transient maximum temperature varying curve.

IV. CONCLUSION

In this paper, the simulation of semiconductor
device based on the physical model by the spectral
element method in time domain is presented. The VA
characteristics of the N-channel MOSFET are analyzed,
moreover, the transient response with the changing gate
voltage is obtained. Finally, by the co-simulation of an
external circuit with physics-based MOSFET model, the
behavior of the common source amplifier circuit has been
analyzed, the output voltage and current characteristic
curves of the common source amplifier circuit has been
obtained and the thermal accumulation effect can be
found obviously.

ACKNOWLEDGMENT
This work was supported in part by National Key
Lab. under Grant 614220503030317, by National Key
Lab. of Science and Technology on Space Microwave
under Grant 2018SSFNKLSMT-06, Natural Science
Foundation of 61871228, the Fundamental Research
Funds for the Central Universities No. 30918011202.

REFERENCES
[1] H. A. Mantooth and J. L. Duliere, “A unified diode
model for circuit simulation,” IEEE Trans. Power
Electron., vol. 12, no. 5, pp. 816-823, Sep. 1997.
[2] K. Kranti, “Microwave-frequency non-linear

1080



1081

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

universal model for PIN diode,” in Proc. IWPSD,
pp. 119-122, 2007.

C. C.Enzand Y. Cheng, “MOS transistor modeling
for RF IC design,” IEEE Trans. Solid-State Circuits,
vol. 35, no. 2, pp. 186-201, Feb. 2000.

M. Pokorny and Z. Raida, “Multi-physics model of
Gunn diode,” in Proc.17th Int. Conf. MIKON, pp.
1-4, May 19-21, 2008.

K. Shinohara and Q. Yu, “Reliability evaluation
of power semiconductor devices using coupled
analysis simulation,” in Proc. 12th IEEE Intersoc.
Conf. Thermal Thermomech. Phenom. Electron.
Syst., pp. 1-9, June 2-5, 2010.

Z. Ren, W. Y. Yin, Y. B. Shi, and Q. H. Liu,
“Thermal accumulation effects on the transient
temperature responses in LDMOSFETSs under the
impact of a periodic electromagnetic pulse,” IEEE
Trans. Electron Devices, vol. 57, no. 1, pp.
345-352, Jan. 2010.

S. Yan, A. Greenwood, J. M. Jin, “Modeling of
plasma formation during high-power microwave
breakdown in air using the discontinuous Galerkin
time-domain method,” [J]. IEEE Journal on
Multiscale &  Multiphysics  Computational
Techniques, 1:2-13, 2017.

X. Chen, J. Chen, K. Huang, and X. B. Xu, “A
circuit simulation method based on physical
approach for the analysis of Mot _bal99Itl p-i-n
diode circuits,” IEEE Trans. Electron Devices, vol.
58, no. 9, pp. 2862-2870, Sep. 2011.

J. Chen, X. Chen, C. J. Liu, K. Huang, and X. B.
Xu, “Analysis of temperature effect on p-i-n diode
circuits by a multiphysics and circuit cosimulation
algorithm,” IEEE Trans. Electron Devices, vol. 59,
no. 11, pp. 3069-3077, Nov. 2012.

J.-H. Lee and Q. H. Liu, “A 3-D spectral-element
time-domain  method for  electromagnetic
simulation,” IEEE Trans. Microw. Theory Tech.,
vol. 55, no. 5, pp. 983-991, May 2007.

I. Maharig, M. Kuzuoglu, I. H. Tarman, and H.
Kurt, “Photonic nanojet analysis by spectral

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

ACES JOURNAL, Vol. 34, No. 7, July 2019

element method,” IEEE. Photonics Journal, vol. 6,
no. 5, pp. 85-90, Oct. 2014.

J-H. Lee and Q. H. Liu, “An efficient 3-D
spectral-element method for Schrddinger equation
in nanodevice simulation,” IEEE Trans. Computer
Aided Design of Integrated Circuits and Systems,
vol. 24, no. 12, pp. 1848-1858, Dec. 2005.

Y. Sheng, K. Xu, D. Wang, and R. S. Chen,
“Performance analysis of FET microwave devices
by use of extended spectral-element time-domain
method,” International Journal of Electronics, vol.
100, no. 5, pp. 699-717, May 2013.

K. Xu, R. S. Chen, Y. Sheng, P. Fu, C. Chen,
Q. Yan, and Y. Y. Yu, “Transient analysis of
microwave Gunn oscillator using extended spectral
element time domain method,” Radio Science, vol.
46, no. 5, pp. 369-380, Sep. 2011.

R. E. Bank, D. J. Rose, and W. Fichtner,
“Numerical methods for semiconductor device
simulation,” IEEE Trans. Electron Devices, vol.
30, no. 9, pp. 1031-1041, Sep. 1983.

W. Fichtner, D. J. Rose, and R. E. Bank,
“Semiconductor device simulation,” IEEE Trans.
Electron Devices, vol. 30, no. 9, pp. 1018-1030,
Sep. 1983.

S. Rzepka, K. Banerjee, E. Meusel, and C. Hu,
“Characterization of self-heating in advanced VVLSI
interconnect lines based on thermal finite element
simulation,” IEEE Trans. Compon. Packag. Manuf.
Technol. A, vol. 21, no. 3, pp. 406-411, Sep. 1998.
R. Sayyah, M. Hunt, T. Macleod, and F. D. Ho,
“Modeling a common-source amplifier using a
ferroelectric transistor,” Integrated Ferroelectrics:
An International Journal, vol. 124, no. 1, pp.
147-156, 2011.

S. Chen, D. Ding, and R. Chen, “A hybrid volume—
surface integral spectral-element time-domain
method for nonlinear analysis of microwave
circuit,” [J]. IEEE Antennas and Wireless
Propagation Letters, vol. 16, pp. 3034-3037, 2017.


http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=4195669&queryText%3DA+3-D+Spectral-Element+Time-Domain+Method+for+Electromagnetic+Simulation
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=4195669&queryText%3DA+3-D+Spectral-Element+Time-Domain+Method+for+Electromagnetic+Simulation
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=6916995&queryText%3DPhotonic+Nanojet+Analysis+by+Spectral+Element+Method
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=6916995&queryText%3DPhotonic+Nanojet+Analysis+by+Spectral+Element+Method
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=6916995&queryText%3DPhotonic+Nanojet+Analysis+by+Spectral+Element+Method
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=6916995&queryText%3DPhotonic+Nanojet+Analysis+by+Spectral+Element+Method
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=4195669&queryText%3DA+3-D+Spectral-Element+Time-Domain+Method+for+Electromagnetic+Simulation
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=4195669&queryText%3DA+3-D+Spectral-Element+Time-Domain+Method+for+Electromagnetic+Simulation

ACES JOURNAL, Vol. 34, No. 7, July 2019

Analysis of the Charge Collection Mechanism of the Diamond Based on a
Multi-physics Method

Yong Li%?", Haiyan Xie?, Linyue Liu?, and Jianfu Zhang?

1 School of Electronic and Information Engineering
Xi’an Jiaotong University, Xi’an 710049, China
liyong@mail.nint.ac.cn

2 Northwest Institute of Nuclear Technology
Xi’an, 710024, China
xiehaiyan@nint.ac.cn, liulinyue@nint.ac.cn, zhangjianfu@nint.ac.cn

Abstract — Diamond is one of the most important
wide-band-gap semiconductors for radiation detection
and electronic device upgrading, however, for the lack of
effective quantitative simulation method, the generation,
recombination and movement of carriers in this material
are still far from fully studied. In this paper, a
multi-physics method for quantitative analysis of these
complicated processes in diamond is established.
Furthermore, charge collection process in a diamond
detector with incident protons is quantitatively studied by
using this method. It can be concluded that the influence
of carrier lifetime on charge collection efficiency (CCE)
is saturated when the value of carrier lifetime is greater
than the characteristic time for carriers to cover the
diamond device. The influence of electric field on CCE is
saturated when the value of electric field strength is
greater than 1 MV/m. By comparison of the simulated
results and the theoretical results of an ideal case, good
agreements have been acquired in both saturated electric
field and unsaturated electric field conditions. All these
results indicate that this method is useful for quantitative
simulation and further optimization design of diamond
detectors and other devices.

Index Terms — Charge collection efficiency, charge
collection mechanism, diamond, drift-diffusion model,
semiconductor.

I. INTRODUCTION

Because of the distinguished material characteristics
[1-4], including high response speed, low leakage current,
high carrier drift velocity, excellent thermal hardness,
and long carrier lifetime, the diamond material has
attracted special attentions in high energy physics
applications such as detectors of o particles [5], X-rays
[6-8], neutrons [9, 10], and other devices [11-14].

Charge collection efficiency (CCE) plays a vital role
in the performance of a particle detector. Many efforts
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have been taken on chemical vapor deposition and other
experimental methods to ameliorate the CCE of the
diamond detectors [5, 15]. Though quantitative analysis
of the charge collection mechanism is important for the
improvement of CCE, there is still a lack of effective
methods to study this problem. Most of the actual case
cannot be dealt with by theoretical analysis which is
based on an ideal condition [15]. By the Monte Carlo
(MC) method, the energy loss of incident particles in
material can be derived [17], and the total amount of the
electron/hole pairs (e-h pairs) ionized by the incident
particle can also be derived. However, not all the e-h
pairs can be collected. The carrier movement and the
carrier recombination cannot be studied by the MC
method directly, and the CCE cannot be derived.
Because of the complexity of this multi-physics process,
developing a quantitative method to analyze the charge
collection mechanism of the diamond material remains
difficult. To the best of authors’ knowledge, very few
researches have been reported about the multi-physics
method that can be used to study the complex processes
in the diamond.

In this study, a multi-physics method based on the
drift-diffusion model (DDM) [16] is presented. The
charge collection process of the diamond is analyzed by
this method. Carrier generation, carrier movement, and
carrier recombination are quantitatively researched. The
influences of parameters of both the electric field and the
diamond material on CCE are illustrated. This work
provides an useful method for further optimization of
diamond detectors and other devices. This is the main
motivation of this work.

This paper is organized as follows. In Section II,
the carrier ionizations inside the diamond caused by
the incident particle and the carrier movements are
expressed by Partial Differential Equations (PDES). In
Section 111, a schematic structure of the diamond detector
and its parameters are given. In Section IV, The carrier
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generation and carrier movement are presented. The
influence of parameters of incident particles on CCE are
illustrated in this section. The numerical results derived
from this multi-physics method are theoretically verified.
In Section V, some conclusions are given.

Il. THEORETICAL MODEL

A. Mechanism of the diamond detector

Diamonds adopted in particle detectors are
high-purity [1-3]. Without the incident particles, the free
carriers are presented in the material due to thermal
excitation. For intrinsic semiconductor material at finite
temperature T, the intrinsic carrier concentration n; can
be expressed as follows [18, 19]:

E
n =./N.N, exp(- 2kgT) : 1)
b

where Nc is the density of states on the bottom of the
conduct band and N, is the density of states on the top of
the value band. The value of n; can be derived by taking
the material parameters in Table 1 into (1), and the
intrinsic carrier concentration of the diamond at room
temperature 300 K is 3.99x102 cm?, It is a very small
value while the value of silicon material for Si-PIN
detector is about 1.0x10° cm® [18, 19]. However,
because of unexpected impurities, a few carriers still
exist in the diamond and can lead a leakage current
without incident particles, which is usually less than
10x102 A [3, 15].

As illustrated in Fig. 1, when particles penetrate
the diamond, e-h pairs are ionized along the tracks of
particles. The electrons and holes are collected by the
anode and the cathode respectively under a bias voltage
and result in a current which can be measured in the
back-end circuit.

In the rest parts of this section, the theoretical
models of generation and movement of carries will be
discussed in detail.

Particle track Particle track L
. : Circuit
Anode '
*
e *
Oy EDiamond 0 to 0.9 kV
Jl o Bias »-
Lattice of diamond S —
Cathode :
+

Fig. 1. The mechanism and the sketch map of the
diamond detector. e-h pairs are ionized by incident
particles in the diamond lattice. Then the e-h pairs are
collected by electrodes under bias voltage results in a
current, and the current can be detected by back-end
circuit.
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B. Equations of carrier ionization inside diamond

As analyzed in the previous part, without incident
particles, the leakage current is very small. When
particles penetrate into the diamond, the current in the
diamond is much greater than the leakage current, and
this current is mainly caused by the carriers ionized by
incident particles. e-h pairs are ionized from the lattice of
diamond by absorbing the energy lost by particles.

When a particle penetrates the diamond, the
generation rate of e-h pairs induced by the particle can be
expressed as a Gaussian function:

2
G, =G, expl-{ ) @
27,
where tmax IS the time instant when electron-hole
pair generation rate reaches its maximum. zo is the
characteristic time. Go is the unitary constant which can
be denoted as follows:

G, - 2E

= 3
e @)
where Eg is the average energy for generating a single e-h
pairs, and the value is given in Table 1. E is the particle
deposition energy, which is deposited by the carbon
atoms of the diamond. The particle deposition energy in
the diamond depends on the particle energy and particle
species and can be numerically derived by the Monte
Carlo simulation [17]. The particle deposition energy can
be defined as:

Euep = j pS(L)dL, (4)

where § is the linear energy transfer (LET) derived by
the Monte Carlo simulation. p is the density of the
diamond. / is the incident depth of the particle.
The amount of e-h pairs of the unit length along the
incident particle trace can be expressed as:
AN = 250 (5)
E0
The total amount of e-h pairs can be derived by the
integral of (5) and can be expressed as:
f E
=220 g e (6)
0 EO EO
where the value of Ep is given in Table 1.

C. Equations of carrier movement inside diamond

Behaviors of charges in electromagnetic field have
attracted many attentions [20]. In this simulation, the
DDM [16] has been used to describe the carrier
movement inside other semiconductor material [21], and
here is used to describe the diamond under a bias voltage,
and can be expressed as follows:

ann :V'(nnﬂnE+ﬂnl(leTvnn)_(U _G)’ (7)

ot



on
=V ) -0-C). (@

V"(“v‘//:_(q(np_np-'_ND_NA)_psv (9)
where n, is the n-type carrier concentration and np for
p-type, un is the n-type carrier mobility and x, for p-type,
E is the electric field, tis the time, T is the temperature, ky
is the Boltzmann constant, g is the unit charge, U is the

recombination rate of carriers and G is the ionization rate.

¢ is the dielectric constant in the semiconductor. ¥ is the
potential in the semiconductor. p; is the surface charge
density. Np is the donor doping concentration and Na is
the acceptor doping concentration. For a high-purity
diamond, Np, ps, and Nx are all set to be zero, then (9) can
be written as:

V-eVy=—q(n,-n)=p. (10)

In this study, n-type carriers are electrons ionized by
incident particles, while p-type carriers are holes. T here
is set to be uniform at room temperature 300 K.

Because of the high bias voltage which is attached to
electrodes of the detector, the electric field inside
the diamond is strong. The electron mobility and hole
mobility in strong field can be expressed as:

_ Hio i
M e, (i=n.p),
where uin is the low field electron mobility. wip is the
low field hole mobility. us is the saturated velocity of
electrons. usp is the saturated velocity of holes. E is the
electric field strength. The values are listed in Table 1.

(11)

D. Equations of carrier recombination inside diamond
When a bias voltage is applied to electrodes of the
detector, carriers are moving toward electrodes, forced
by electric field. However, not all of the carries can be
collected by electrodes and come into current, a part of
the e-h pairs recombine in the course moving towards
electrodes. CCE 5 is defined as the ratio between
collected charge and total generated charge and can be
expressed as follows:
n=Q./Q,- (12)
As a wide band gap semiconductor material,
high-purity diamond analyzed here contains very
few impurities, then the Shockley-Read-Hall (SRH)
recombination which occurs nearby traps in energy gap
is the primary mechanism of carrier recombination
[18-19]. The SRH recombination rate Usgn can be
expressed as follows: ,
Ugpy = Tt 7

B )+ [n, +n exp(-—=2)]
T e T kT

(13)
z,[n, +n; exp(

b
where 7, is the n-type carrier lifetime and 1, is the p-type
carrier lifetime. Ewsp is the energy difference between
the trap energy level and the intrinsic Femi energy level.
n; is the intrinsic carrier concentration. n and p are
respectively the n-type carrier concentration and the
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p-type carrier concentration.

I11. NUMERICAL METHOD

Finite element method and Finite Volume Method
(FVM) are used to carried out the PDEs of
electromagnetic problems [22-23] and the DDM [24-25].
In this paper, FVM is adopted. In order to describe the
DDM briefly, solution vector Q, flux vector F, and
source term S are introduced into the equations, they can
be expressed as follows:

0
Q=|n, |, (14)
nP
Vy
P33 |, (15)
~ad
P
S=|U-G|. (16)
Uu-G
where the current density vectors J is defined as:
J=J +J,, 17)

where electron current density vectors and hole current
density vectors are defined as:

J, :nnynE+ynkb—TVnn, (18)
q
k,T
Jp=np,upE+,upTVnp. (19)
Equations of the DDM can be expressed as:
Q
—~=V-F+S. 20
p (20)

Using the Green's equation, it can be expressed as:
[ aS—tmdv =Y Fl+[s,dvs, 21)
e Q

Q
where Qn is the m controlled volume, F. is the projection
component of F in the boundary of controlled volume. I
is length of the boundary.

Electron and hole concentrations in a controlled
volume are both set to be uniform approximately. Then
the left side of Eq. (21) can be expressed as:

j%dv ~Qupy,
ot ot "

m

where AVan is the cubage of controlled volume m.

The generation of carrier is set to be as initial
condition before the calculation, and the generation of
carrier during a single time step is ignored. Meanwhile,
the recombination rate is set to be constant. Then the
source term S can be expressed as:

[ sqav =s,Av,, .
Q

m

m

(22)

Q

(23)
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In the calculation, triangle mesh of controlled volume as
shown in Fig. 2 are adopted. Then the functions of flux in
points i, j and k can be expressed as:

F=(3,d,-J,d)h, (24)
F, = (J,d, —3,d)A, (25)
Fo=(3,d,-J,d))A, (26)

where i, j, and k are the vertexes of the triangle mesh of

controlled volume m respectively. fi is the unit vector
along the direction of the flux. Point O is the center of

circumcircle of the triangle mesh. s, s; , and s, are the

unit vectors in boundaries of a triangle mesh respectively.
Ji, Jj, and Ji are the average projections of current in the
boundaries of i, j and k of the triangle mesh respectively.
Jk can be expressed as:
J,=Js, - (27)
In the calculation, electric field strength and current
vary slowly along the boundary of the triangle mesh,
then this problem can be dealt as three one-dimension
problems. Then electron current and hole current of J in
(27) can be expressed respectively as follows:

qpVy Vi~V Vi—Vi
J., = n.B -n,B(———)], (28
nk Lk [ nj ( VT ) ni ( VT )] ( )
AL ViV, Vi~V
J, =—2L"In_B( )—n_ B(-2 91, (29
pk Lk [ pi ( V-l- ) pi ( VT )] ( )

where V7 is the threshold voltage of the diamond
material, defined as:
VAL (30)
q
Function B in (28) and (29) is the Bernoulle

function, and can be expressed as:

B(x) = X_

—. (31)
e -1

Ji and J;j can be derived by the same steps. The steps of

the calculation are shown in the flowchart of Fig. 3.

IV. PARAMETERS OF THE DIAMOND

DETECTOR
The working mechanism of the diamond detector
is briefly described in part Il. In this simulation, the

diamond detector is set to be cylindrical symmetry as
illustrated in Fig. 1. A finite volume method code as
introduced in Section 11 is used to carry out the PDEs.
The material parameters of the diamond used in the
simulation are shown in Table 1. The thickness of the
diamond in the detector is set to be 300 um as reported
[15].

The generation of carriers follows a Gaussian
function as denoted in (2). In the following numerical
simulations, tmax is set to be 10 ps and characteristic time
To iS set to be 1 ps.
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Ji Sk

Edge k

Fig. 2. The triangle mesh in the code.

Initial carrier Using the MC
concentration simulation

Recombination of

—> .
carriers

Ignoring the genetation
of carriers

Renew carrier
concentration

Solution of the
DDM

Using the FVM code

Get current in the
diamond

No

Finish ?

Yes

Output current
and carrier concentation

Fig. 3. Flowchart of the simulation.
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Table 1: Material parameters of the diamond used in the

simulation
Parameters Parameter Name Value
Eq Band gap of diamond 55eV
Tm Melting point 4273 K
Ens Affinity of Si 4.15eV
_ Relative permittivity
fdia of the diamond >7
L0 Low r‘;‘f)'giﬁgwon 1714 ciV/fs
po Low field hole mobility | 2064 cm?/V/s
Ver Electron se_lturated 9.6x10° cm/s
velocity
Vsp Hole saturated velocity | 14.1x10° cm/s
Density of states on 19 3
Ne bottom of conduct band | &->7*10 em
Density of states on 19 3
Ny top of value band 1.80x10 cm
E, lonization energy of a 13 eV
single e-h pair
Eegr Breakdown field 10x10* V/cm
p (dia) Density of diamond 3.515 g/cm®
. Specific heat of
Cp (dia) diamond 0.52 J/g/K
ko Boltzmann constant | 1.381x102% J/K
q Unit charge 1.602x10° C

The LET depends on parameters of the incident
particles. In the simulation, incident particles are all
protons, so the energy of the incident proton is the
dominant of the LET. Four proton energies are studied in
the simulation, they are 4.5 MeV, 6.62 MeV, 7.65 MeV,
and 9.71 MeV. In the following simulations, LET of
different protons is set according to the MC simulation
results which are illustrated in Table 2. As shown in Fig.
4, the 9.71 MeV proton penetrates through the diamond,
other three are absorbed by the diamond. The density of
e-h pairs along the trace of the incident proton can be
derived by (6).

The Bias voltage is set from 50 V to 900 V. So the
electric field in the diamond varies from 0.6x10® V/m to
3x10° V/m, and is less than the breakdown field as listed
in Table 1.

The interfaces between the diamond and metal
electrodes are set to be Ohmic contact boundaries.

By using the parameters in Table 1, the electron
velocity and the hole velocity can be derived from (11)
as illustrated in Fig. 5. When the electric field is greater
than 1x10® V/m, both the electron velocity and the hole
velocity increase very slowly versus the electric field
strength and reach saturation points gradually.

LET of protons
—a— 4.5 MeV

LET (MeV*cm?/mg)

T

0 100 200 300 400
Incident Depth (um)

Fig. 4. The values of LET derived by the MC simulation.

The proton energies are 4.5 MeV, 6.62 MeV, 7.65 MeV

and 9.71 MeV. The 9.71 MeV proton penetrates through
the diamond.

- - -Velocity of electrons

: — Velocity of holes
= 10°
E
2
S 10"
=

. f

Woo1 01 1 10 100
E (MV/m)

Fig. 5. Velocity of electrons and holes vs. electric field
based on (11).

Table 2: Mc simulation results of the protons
Energy of Incidence lonized
Proton Depth Charge
4.5 MeV 96.19 um 5.496x10 C
6.62 MeV 189.87 pm 8.073x10“ C
7.65 MeV 245.32 pm 9.934x10 C
9.71 MeV 300 wm 7.096x101 C

V.CALCULATION RESULTS AND
DISCUSSION
The initial distributions of space charges which are
generated by the 4.5 MeV proton and the 9.71 MeV
proton are illustrated in Fig. 6. The values of LET in the
end of the incident traces are much higher, so the amount
of charges in these positions are much higher. On the
contrary, the 9.71 MeV proton penetrates through the
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diamond, and the charge concentration is uniform because illustrated in Fig. 8.

of the uniform LET. Electric fields of both two cases
are affected by the distribution of space charges, as
illustrated in Fig. 6.

20 4.5MeV proton 15
N e
=151 ,oﬂ"g
I.IJllOA J 7-5Q
[
-—E
; : : ; , ; —-10
0 50 100 150 200 250 300
Depth in the Diamond / um
()
18 15
pP—
110
1.6
10542
T 14 5
S 9.71 MeV proton ’0-098
< 5] 105
o L
,—-1.0
1.04
1115
-——E
0.8 : : ; : ; —-2.0
0 5 100 150 200 250 300

Depth in the Diamond / ym
(b)

Fig. 6. The initial concentration of the space charges
ionized by the proton. Energies of incident protons are
4.5 MeV and 9.71 MeV respectively. The lifetime of
carriers is 1 ns. The electric field in the diamond is 1
MV/m. (a) 4.5 MeV and (b) 9.71 MeV.

The currents in the electrodes, which are induced by
different incident protons are illustrated in Fig. 7. Every
current in Fig. 7 consists of two parts: the displace
current part and the conduction current part. The displace
current part arises at almost the same time when space
charges are generated by the incident protons. The
conduction current part arises later, limited by the
velocities of electrons and holes.

The peak value of the displace current part is
determined by the total amount of the space charges, and
the peak value is not affected by the carrier lifetime, as
illustrated in Fig. 8. However, the conduction current
part is determined by the amount of charges which are
collected by the electrodes. Shorter carrier’s lifetime
means higher probability of charge recombination, which
results in a greater loss of the charges which can arrive in
electrodes. The currents of different carrier lifetimes are

More details of the charge collection mechanism and
the movements of charges will be discussed in the
following parts.

-=-4.5MeV
-o-6.62 MeV
—&— 7.65 MeV

~ 9.71 MeV

<iEs. e

o

5

o

1E-6 : . . .
1E11  1E10  1E9 1E8
Time (s)

Fig. 7. Currents in the diamond. Energies of incident
protons are 4.5 MeV, 6.62 MeV, 7.65 MeV and 9.71 MeV
respectively. The lifetimes of the carriers are all 1 ns. The
electric field in the diamond is 1 MV/m.

4.5 MeV proton

,_\
m
bvid

—=7=0.01ns
-o-7=0.1ns
—A-7=1nNS
—7=10ns

Current (A)

1E-8

1E-10 169  1E8

Time (s)

1E11 1E-7
Fig. 8. Currents in the diamond. Energy of the incident
proton is 4.5 MeV. The carrier lifetimes are 0.01ns, 0.1

ns, 1 ns and 10 ns, respectively. The electric field in the
diamond is 1 MV/m.

A. Movements of charges

The charge concentrations at different time are
illustrated in Fig. 9. Because of the carrier recombination,
the peak value of charge concentrations falls down at
the later time. Simultaneously, the space charges move
towards the electrodes forced by the electric field.

B. Influence of the carrier lifetime

As mentioned in Fig. 8, shorter carriers lifetime
results in a greater loss of the charges which can arrive in
electrodes. The distributions of electrons and holes with
various carrier lifetimes are illustrated in Fig. 10. During
the same time, carriers of shorter lifetime recombines
at a higher probability, result in a smaller peak value of
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concentration.
The flight time for carriers to cover the diamond can

be derived as:
At=L/(v,+V,), (32)

where L is the distance between the cathode and the

anode. vy, is the electron velocity and v, is the hole velocity.

When the electric field in the diamond is 1 MV/m, v, =
6.1573x10* m/s, v, =8.3772x10* m/s. Then At = 2.07 ns.
If the values are greater than At, the influence of carrier
lifetime on increasing CCE becomes exiguous. The
results are illustrated in Fig. 11.

C. Influence of electric field

The drift velocity of electrons and holes versus
electric field is expressed in (11) and illustrated in Fig. 5.
The drift velocity becomes saturated when the electric
field is greater than 1 MV/m. As illustrated in Fig. 12, the
influence of electric field on the movements of carriers
becomes exiguous when the electric field is greater than
1 MV/m. The influence of the electric field on CCE is
illustrated in Fig. 13. For all the four incident protons, the
saturated values of CCE are derived when the electric
field is greater than 1 MV/m.

3 4.5MeV proton
i Electron Concentration
1013: —=-t=10ps
E —e-1t=100 ps
a 1 —a-t=500 ps
§ 10°; —~t=1ns
= ] —t=10ns
) 1
10%]
]
102 :
0 50 100 150 200 250 300
Depth in the diamond (um)
(a)
] 45MeVproton  _g t=10ps
10%3 Hole Concentration _g_t=100 ps
+t:i00 ps
31 —v-1=1ns
— 10°) —t=10ns
; 1
&
=
10°3
10'2: ] :
0 50 100 150 200 250 300

Depth in the diamond (um)
(b)

Fig. 9. The charge concentrations at different time. The
energy of the incident particle is 4.5 MeV. The lifetimes
of carriers are 1 ns. The electric field in the diamond is
1 MV/m: (a) the electron concentrations and (b) the hole
concentrations.
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o1 4.5MeV proton
1074 Electron Concentration
1
1 -a-1=10ps
10°; ~e-1=50ps
— 1 —4-7=100 ps
' 3
5 " ~v-1=500ps
- : —1=1ns
< —+-1=10ns
10']
3
3
10% et L
0 50 100 150 200 250 300
Depth in the diamond (um)
(a)
1 4.5MeV proton
1 Hole Concentration
10123 —=-1=10ps
i —-o-1=50ps
i —4-1=100 ps
T 10 -v1=500 ps
g5 i —1=1lns
CD_ ] —+-1=10ns
10°]
|
3
3
10°!

0 50 100 150 200 250 300
Depth in the diamond (um)
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Fig. 10. The charge concentrations with various carrier
lifetimes. The energy of the incident particle is 4.5 MeV.
The electric field in the diamond is 1 MV/m. The time is
1 ns after the proton penetrated into the diamond: (a) the
electron concentrations and (b) the hole concentrations.

80 e 4 A A A A A
CCE of 4.5 MeV proton

60 90
3
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20 e
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0 20 40 60 80 100
7 (ns)

Fig. 11. CCE of the diamond with various lifetimes of
carriers. The energy of the incident particle is 4.5 MeV.
The electric field in the diamond is 1 MV/m.

D. Verification of the method

In the case of a perfect and uniform distribution of
space charges, the CCE can be theoretically derived [15,
26], and can be written as a function of charge collection
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distance (CCD) as:

7=Zl-Za-e P ). (39

where L is the distance between cathode and anode.
A is the incident depth of radiation particles. In the
penetrating-through case, 4 is set to be equal to L. The
CCD is defined as:

O':( lun + ’LlP
1+ p,Elvg, 1+ u,Elvg
where v, is the electron velocity and v, is the hole
velocity, as mentioned in (11). 7 is the average carrier

lifetime. The values of 7 are reported to be in a range of
102~10% ps [15] to 30 ns [27].

J7E = (v, +V,)7. (34)

i 4.5MeV proton
1 Electron Concentration at 1 ns

3

104 —a-E=0.167 MV/m
—e-E=0.333MV/m
—+E=05MV/im
——E=0.667 MV/m
—-<+E=1MV/m
—+>-E=2MV/m
10°1 —-E=3MV/m

3

|
] W
10° ,

0 50 100 150 200 250 300
Depth in the diamond (um)

Np (cm®)

(a)
1 4.5MeV proton
A Hole Concentration at 1ns
1074
3
1
— 3
5 1073
o ! )
< g1 || -E=0867Mvim
107§ «E=1Mvim
1 -»-E=2MVIm
4 [ -E=3Mmvim
10

0 50 100 150 200 250 300
Depth in the diamond (um)
(b)

Fig. 12. The charge concentrations with various electric
fields. The energy of the incident particle is 4.5 MeV.
The lifetime of carriers is 1 ns: (a) the electron
concentrations and (b) the hole concentrations.

The theoretical results derived from (34) is based on
the physical hypothesis: carriers, both electrons and
holes, distribute uniformly in the whole the diamond.
However, as shown in Fig. 6, this ideal hypothesis is hard
to achieve in a real case. Carrier concentrations in the
case of 9.71 MeV proton can be treated as uniform
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approximately as shown in Fig. 6. Comparisons of
simulated results based on this multi-physics method and
theoretical results from (33) are illustrated in Fig. 14. In
the case of small CCE, which means the length of the
trace for a single carrier is short, the heterogeneity during
the trace is also small and can be ignored. In that case, the
difference between the simulated results and the results
from (33) is small. In the case of large CCE, which
means the length of the trace for a single carrier is great,
the heterogeneity during the trace becomes great. As a
result, the difference between simulated results and the
results from (33) becomes great.

As shown in Fig. 14, curves in small CCE case and
large CCE case both follow the analysis mentioned
above. This result indicates that this multi-physics
method is physically reliable. Meanwhile, this method is
effective for the complicated case which does not match
the ideal hypothesis.

70
60
g 50
L
8 404 - 45MeV
—o-6.62 MeV
304 —a—7.65 MeV
- 9.71 MeV
20 :

05 10 15 20 25 30
Electric field in diamond (MV/m)

0.0
Fig. 13. CCE of the diamond versus electric field.
Energies of the incident protons are 4.5 MeV, 6.62 MeV,
7.65 MeV and 9.71 MeV respectively. The lifetimes of
the carriers are all 1 ns.

100

9.71 MeV proton
804
S 601 — Theoretical Results
o - 05MV/m
g 404 -+ 1MV/m
20
0

0 200 400 600 800 1000 1200 1400
Charge Collection Distance (um)

Fig. 14. CCE comparisons between the simulated results
and the theoretical results based on (33).



V1. SUMMARY AND CONCLUSION

In this paper, a multi-physics method which
synthesizes the complicated processes of the diamond is
presented. The carrier generation, carrier recombination
and carrier movement are analyzed quantitatively by this
method. Based on the previous analyses, conclusions are
made as follows:

1) The current in the diamond induced by an incident
proton consists of two parts: the displace current part and
the conduction current part. The peak value of the
displace current part is determined by the total amount of
space charges which are generated by the incident
protons.

2) The carrier lifetime and the electric field are
important factors of CCE. The influence of carrier
lifetime is saturated when the value of carrier lifetime
is greater than the flight time for carriers to cover the
diamond. The influence of electric field is saturated when
the value of electric field strength is greater than
1 MV/m.

3) This multi-physics method is verified by the
comparison between the simulated results using this
method and the theoretical results. Good agreements are
presented in both saturated electric field and unsaturated
electric field.

This work brings an effective method for quantitative
analysis of diamond detectors and is useful for further
optimization of diamond detectors and other diamond
devices.
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Abstract — Different approaches have been used for
micro-magnets multipole magnetization like fixed
micro-fixtures, thermomagnetic patterning or laser
machining. With previous techniques, inversion of
magnetic polarizations is only partially achieved. In this
work, a preliminary design of the fixtures for micro-
magnets with 10, 100 and 1000 pum thickness is done.
The magnetizing field dependence in respect to the
geometrical parameter of the fixture is analyzed. Maps
of the required current permit to pre-select an adequate
pulse power source. An experimental test has been done
in order to validate designs. Design recommendations to
optimize the magnetizing field and to minimize the
current, thus the heat, are given.

Index Terms — Magnetic polarization patterning,
magnetizing fixtures, micro-magnets.

I. INTRODUCTION

Electromechanical systems miniaturization of has
become one of the pillars for microelectronics
development. Motors [1]-[4], clutches/brakes [5]-[8],
micro-magnetic gears [9], [10], vibrational energy
harvesters/dampers [11] and other micro-electromagnetic
devices [12] have inspired growing interest in recent
years.

Up to now, if micro-magnetic assemblies are
required, the most common approach is to machine small
magnets out of larger bulks and then axially magnetize
the individual micro-magnets and subsequently assembly
them into the micro-system. This is a cost-intensive
manufacturing process because magnets are mostly
magnetized before assembly and handling and positioning
such micro-magnets is not straightforward. Post-assembly
magnetizations are also possible [13],[14]. Alternatively,
multipole magnetization of assembled micro-magnets
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2018 Accepted On: May 6, 2019

may provide a solution to previous technical problems.

In general, multi-pole magnetic structures can be
created by pulse magnetization [15]. A magnetizing
fixture with copper wire is used. If a high pulse current
passes through the fixture, it produces a magnetizing
field strong enough to permanently magnetize the micro-
magnet. Special considerations have to be taken when
operating at low temperatures because materials magnetic
properties may vary significantly [16], [17]. Pulsed
magnetization is a macroscale standard process [18].
However, for micro-magnets, this cannot be easily done
because fixture has to be smaller than micro-magnets
themselves, complicating the whole process [19].

Different approaches have been used for micro-
magnets multipole magnetization. Previous developments
have demonstrated the creation of multipole in hard
magnetic films [20] using a combination of fixed electrical
conductors and soft magnetizing heads to imprint smm
period of magnetic north/south poles.

Moreover, thermomagnetic patterning has been also
used to make patterns with lateral dimensions down to
~70 um but only in the relative surface of the layer (1-
um deep) [21]. Additionally, a technique based on the
use of a single laser-machined soft magnetic head to
selectively reverse the magnetization direction in a hard
magnetic layer was developed [22]. The main limitation
of previous described techniques is that the inversion of
the magnetic polarizations is only superficially achieved,
thus the magnetic product remaining in the polarized
volumes is smaller than the potential achievable one.

A radical different technique has been proposed for
magnetization patterning in macroscale magnets [23].
This new technique generates magnetization patterns by
magnetizing locally the magnet bulk with north or south
polarization. The circular fixture is small but strong
enough to magnetize a small portion of the magnet, then
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the fixture is moved X-Y to a next location over the
magnet and it magnetizes the next volume as desired.
In this way, pixelated magnetization patterns can be
created. This technique has been successfully used for
macroscale magnets providing a magnetic pixel size as
small as 4 mm [24] and a thicknesses larger than 3 mm.

The novelty of the present work is to use 2D
multipole magnetization printing applied to micro-
magnets. Such small moving magnetizing fixtures need
to be carefully designed and optimized to reduce the
necessary current, because the generated heat may
damage the fixture. The first approach presented in this
article is a trade-off analysis oriented to minimize the
needed current for a certain magnetizing field level while
keeping a good pixel size.

In this work, a preliminary design of the fixtures
applied to micro-magnets of 10, 100 and 1000 um thick
is done. The magnetizing field dependence in respect to
the geometrical parameter of the fixture is analyzed.
Maps of the required current for normalized magnetizing
fields are also given. These maps permit to pre-select
an adequate pulse power source. An experimental test
has been done in order to validate designs. Design
recommendations to optimize the magnetizing field and
to minimize the current, thus the heat, are given.

I1. DESIGN OF FIXTURE FOR 2D
MAGNETIC PATTERNING

As already stated, 2D magnetic patterning consists
of one pair of movable magnetizing coils, with or
without inner core, located above and below the
permanent magnet bulk that locally magnetize it creating
the sou97 hght pattern. This allows magnetization of
shapes such as hollowed cylinders or plates with
alternative polarization, Fig. 1.

>
-

Fig. 1. 2D magnetic pattern: hollow cylinder and plate.

Figure 2 shows the diagram used for denomination
of the different geometric parameters. The diagrams
depicts the sample to be magnetized (1), top and a
bottom cylindrical coils (2) and coil inner core (3). Both
coils are connected in series generating the magnetizing
field in the same direction. Five geometrical parameters
have been defined: e — thickness of the permanent magnet
bulk, Rint — inner radius of the coil, Rext — outer radius
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of the coil and Hc — height of the coil.

No magnetic material is considered in the inner core
either, just vacuum. Although a ferromagnetic material
in the inner core could increase the final magnetizing
field, there are several drawbacks that prevent from its
inclusion. The main pitfall is the magnetic interaction
that would appear between a ferromagnetic inner core
and those volumes previously magnetized. In addition,
from the electrical point of view the coils inductance
would be orders of magnitude larger, thus the speed of
the 2D patterning would be much lower.

! T
+X IBM
'Rext
1 HAXIS+ . e w
HRINTHREXT
|
2— |
3.

Fig. 2. Parameters of the axil-symmetrical model.

Current density perpendicular to the cross-section
circulates through each coil. This current is considered
uniformly distributed throughout the cross-section in all
calculations. The space between coils, corresponding
with the sample, will be considered as vacuum.

Magnetic field intensity generated by the designed
fixtures has two symmetries: axial and middle section
plane, Fig. 3 (a). It can be noticed that the lowest values
are achieved in the middle section of the sample. Figure
3 (b) shows the magnetic field intensity along a radius of
the middle section. This magnetic field has a maximum
located at the axis and then it decreases as long as it
approaches radially to the end of the coil. Just around the
end of the coil, the magnetic field intensity vector is
inverted to negative values. These negative values have
typically an order of magnitude lower than the maximum
so the effect on the adjacent magnetizations is small
outside the outer radius of the coil. The variation in
respect to the radius depends on the coil geometry so
it is necessary to relate the shape of the applied
magnetizing field for each coil geometry.

Analyzing geometrical parameters with magnetizing
field cannot be practically done for any point radial
points. In consequence, the magnetic field intensity (H)
will be only calculated at three key points: point Haxis,
located at the middle section of the sample in the
symmetry axis; point Hrint, located at the middle section
of the sample and radially at the start of the coil and



HgrexT, located at the middle section of the sample and
radially at the end of the coil. Magnetizing field at first
point Haxis will represent the minimum magnetizing
field that will be available in the axis. In a simplified
manner, it is considered that if this Haxis is larger than
the magnetic coercivity of the material, the sample
would be 100% magnetized in the axis.
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2, 5280+
2,3175e+
2,18766+

W Lcorzevee

1. 4770400
1,2665e+
1,85666+

8. 4645e+
6. 3626+
4. 2607400
2,1585e+
5. 68576

(b)

H - Magnetic Field Intensity (A/m)
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Fig. 3. (a) H - magnetic field intensity distribution (e =
100 pm, Rint = 100 pm, Rexr = 200 um); (b) H - magnetic
field intensity along a middle section radius.

I11. FINITE ELEMENT MODEL
All calculations have been done using a finite
element model (FEM) software for electromagnetic
fields. The solver chosen is the magnetostatic solver. The
magnetostatic field solution verifies the following two
Maxwell's equations:
VxH=Jand V-B=0. (1)
With the following relationship applicable at each
material:
B=to(H+M)=pt- 11, - H+ - M, )
Where H is the magnetic field intensity, B is the
magnetic field density, J is the conduction current
density, M, is the permanent magnetization, Mo is the
vacuum permeability and pr is the relative permeability.
For nonlinear materials, the dependence between
H and B fields is nonlinear and can be isotropic or
orthotropic (in the case of anisotropic behavior, is a
tensor). If nonlinearity occurs in soft materials, the
software requires that BH curves for the principal
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directions in the respective material(s) are provided. From
these curves, energy dependence on H is extracted for
each of the respective principal directions and it is used
in the process of obtaining the nonlinear permeability
tensor used in the Newton-Raphson iterative solution
process.

There are major advantages of this formulation
over other ones, including using considerably fewer
computational resources (due to the scalar nature of the
DOFs), not requiring gauge due to numerical stability,
that significantly reduces cancellation errors and capably
of automatically multiply connected iron regions [25].

The design model for the FEM is shown in Fig. 4. It
is an axil-symmetrical 2D model. Z-axis is the axial
symmetry axis. In this model, all the geometrical
parameters from Fig. 2 can be modified automatically by
software. Mesh model size is proportional to the main
geometrical parameters e and Rint, being finer in the
surroundings interfaces.

Fig. 4. Detail of the model with the initial mesh (e = 100
UM, Rint = 100 pum, Rext = 200 pm, He = 50 pm).

Materials considered in the simulation are two:
vacuum and copper. The values chosen for the properties
are: magnetic permeability of vacuum po= 4n 107 H/m,
relative permeability of copper pcy = 0.99991 and
conductivity of copper at 20°C ocy = 5.8:107 S/m.

As boundary conditions a “Balloon” type condition
has been applied in the external edges. Balloon condition
models the region out-side the model space as being
nearly “infinitely” large. Moreover, axisymmetric
condition around Z axis has been imposed.

The external excitation of the model is a constant
current density uniformly distributed in the copper coil
cross section, pointing perpendicular outside of the
XZ plane. Value for this current density is j=1 A/mm?,
allowing a result normalization since the magnetizing
field depends directly on current density.

V. SIMULATION DESCRIPTIONS AND

POST-PROCESSING
Each simulation corresponds to a single combination
of the four geometrical parameters described in Fig. 2.
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The solver uses an adaptive meshing solver process.
Typically, three to four iterations from the initial mesh
have been enough for a correct convergence of the
simulation. The total number of triangular elements is
around 20000 elements. The mesh has been designed
for achieving less than 0.03% of energy error within a
simulation time of less than 5 seconds per simulation.

Table 1: List of simulations

N | e Hc RinT Rext
sim. | (um) | (pm) (Hm) (Hm)
1110 5 | (s | aommon
N
3 | 100150 ﬁféiéﬁ? (12.2":8;00)
o s | Te
5 10001 500 1(2152530;8;30 (125RtlgT2+OOO)

The simulations have been done in a workstation
with an Intel Core i5-4690 with 8Gb of RAM memory.

Three different sample thicknesses have been
analyzed: 10 pm, 100 pm and 1000 pm. For each, a
combination of the rest of parameters has been done.
Combinations are listed in Table 1.

The simulation plan has been proposed in order to
assess how the coil width affects to the magnetizing field
and to determine the point where increasing the coil
height is not efficient anymore. Each simulation returns
the magnetic field intensity in the points described in
Section 2, Haxis, Hrext and Hrint. Some analysis can be
done from the magnetic field in those three key points.
For example, magnetic field at second point Hrint
divided by magnetic field at Haxis indicates the amount
of magnetizing field at the beginning of the coil,
representing the magnetized pixel width (% Pixel).
Magnetic field at third point Hrext in respect to the
magnetic field at Haxis (% Out) indicates the type of
transition between magnetized pixels. Expressions for
those calculations are:

% Pixel = ZEINT. 10, 3)
Haxis

% Out = ZEEXT. 10, (4)

AXIS
Furthermore, voltages can be calculated as:

. r .
V=I'R=]'S'p'§=]'p'T['(RINT+REXT)' ®)

Where | is the total current circulating across the
fixture cross-section, R is the total resistance of the
cylindrical coil considered as a complete cylinder; j is the
current density, as default 1 A/mm?; S = H, - (Rgxr —
R;n7) is the cross-section surface; | is the length, in this
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case considered as [ = 2m - (R;yr + M); and p

is the copper resistivity. Copper resistivity value is
critical for the right determination of voltage. However,
as the cylinder will heat up by joule effect, the resistivity
property varies with time. Indeed, the maximum
admissible current, thus the maximum magnetizing field,
will depend on this temperature rise. As a first
approximation, the chosen value is the one considering
operation at intermediate temperature between 20°C and
copper fusion temperature which is 1085 °C. Therefore,
p=p 1+a AT)=171-10"8(1+3.9-1073-
(545 — 20)) = 5.13 - 1078 Qm.

In this calculation, skin effect has been considered
negligible. This assumption is fairly valid provided that
pulse duration is longer than 10 ms for copper conductors
[26].

In terms of thermal behavior, the power density
generated by the coil can be expressed as:

p = 12-R _ S .
Vol ™ k¢ m(Rexr?-Rint?) ~ He m(Rexr?-RINT?)
j¥spil _
He m(RexT?-RINT?)
}'2'P'Hc'(REXT—RINT)'ZTE'(RINT+REXT2ﬂ) -
He m(RexT’—RINT?) =j%-p. (6)
It implies that power density, and thus volumetric
temperature raise, is independent of coil geometry. But,
as current density needs to be large for achieving a
magnetizing field, geometries with lower magnetizing
field capacity would suffer a higher temperature.

V. RESULTS AND DISCUSSION

A. Thickness e = 10 pm - Simulation number 1 and 2

Next Figs. 5-7 present the results from simulation
number 1. In this simulation, the magnetizing field has
been analyzed by varying Rint and Rexr for a single
height of the coil value Hc =5 pum.

T T T T T T T T T
2 4 6 8 10 12 14 16 18 20
Riyr (um)

Fig. 5. Haxis in respect to Rint and Rexr for e = 10 um
and Hc =5 pm.



Figure 5 shows magnetizing field contour map
Haxis for different combinations of Rint and Rexr, with
a thickness e and a fixed coil height Hc. The values vary
from 0.12 to 4.52 A/m for a current density of 1 A/mm?.
The maximum values are achieved at Rint =5 pum and
Rext = 25 pym. The minimum values are achieved at
Rint = 1.25 pm and Rexr = 2.5 um. For any Ryt value,
magnetizing field increases when increasing Rexr, i.e.,
the thicker is the coil, the larger the magnetizing field
is. Haxis behavior is almost linear with respect to Rint
and Rexrt. This means that it can be worth in terms of
magnetizing field to use thick coils. However, by using
thicker coils the pixel will also be larger, decreasing the
pattern resolution.

Pixel (%)

105,0

95,00

85,00

Rexr(um)

75,00

65,00

55,00

45,00

T T T T T T T T T T
2 4 6 8 10 12 14 16 18 20
Ryt (nm)

Fig. 6. % Pixel in respect to Rint and Rexr for e = 10 um
and Hc =5 pum.

Figure 6 presents a contour map of % Pixel for
different combinations of Rint and Rexr, with a thickness
e and a fixed coil height Hc. The values vary from 46.8%
to 106.2%. The maximum values are achieved at Rint =
20 um and Rext = 40 um. In this case, the magnetizing
field in the coils proximities is even larger than in the
axis because the pixel diameter, given by Rnr, is very
large. The minimum values are achieved at Ryt = 10 um
and Rext = 13.75 um. This case has a sharp decrease
from axis to coil beginning. There is a wide number of
combinations where % Pixel remains between 85-95%.

Combining Fig. 5 and Fig. 6, we can determine that
a combination around Rint = 12.5 pm and Rexr = 25 pum
is a good trade-off between high magnetizing field, high
% Pixel and pixel diameter without excessive coil
thickness.

Figure 7 displays a contour map of the % Out for
different combinations of Rint and Rexr, with a thickness
e and a fixed coil height Hc. The values vary from 0% to
53%. The maximum values are achieved at Rint = 1.25
pm and Rexr = 2.5 um. In this case, the magnetizing field
outside the coil is very large for an adequate pixel
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resolution, significantly affecting to adjacent volumes.
Minimum values are achieved at Rint = 1.5 um and
Rext = 20 um. This combination has a negligible effect
on the adjacent volumes. Again, there is a vast number
of combinations where % Out remains between 0-10%.

Out (%)

Rexr(um)

T T T T T T T T T
2 4 6 8 10 12 14 16 18 20
Ry (um)

Fig. 7. % Out in respect to Rint and Rexr for e = 10 um
and Hc =5 pum.

For the pre-selected combination of Rint = 12.5 pm
and Rexr = 25 pum, the % Out is 5% which reinforces the
benefits of this combination selection.

Next Figs. 8-9 show the results from simulation
number 2. In this simulation, the magnetizing field has
been analyzed by varying the height of the coil Hc, for
three specific combinations of Ryt and Rext (Rint = 2.5
pm combined with Rext = 3.75, 12.5 and 22.5 pm).
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£ —4— Rext=225
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Fig. 8. Haxis in respect to Hc for e = 10 um, Rint = 2.5
um combined with Rexr = 3.75, 12.5 and 22.5 um.

Figure 8 displays three plots of the magnetizing field
Haxis as a function of coil height Hc with Rint and e
fixed, and for different coils width given by Rext — RinT.
It can be observed that all the plots have an asymptotic
behavior. This means that for a certain coil value of coil
height it will not be worth to continue increasing Hc.
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Increasing Hc will also raise the total resistance and
therefore the voltage needed for a certain current

It has been selected % of maximum magnetizing
field as the optimal point for coil height. For the cases of
Rext = 12.5 and 22.5 pm the coil height corresponding
with % of maximum magnetizing is Hc ~ (Rext — Rint).
In the case of Rext=3.75 um, the ratio Hc/(Rext — Rint)
=0.85, slightly lower than for larger coil width. Therefore,
a design guideline for coil height is to choose a similar
height than coil thickness.

100

80

60

40

% Pixel and % Out(%)

He (um)

Fig. 9. % Pixel and % Out in respect to Hc for e = 10 um,
Rint = 25 Hm with Rext = 3.75, 125 and 22.5 um.

Figure 9 shows three plots of % Pixel and % Out as
a coil height Hc function with Ryt and e fixed, and for
different coils width given by Rexr — Rint. Regarding
% Pixel, asymptotic value is quickly achieved. No
significant variation from the initial value and the
asymptotic one is found. Therefore, coil height does not
affect to % Pixel. On the contrary, % Out varies from
initial values to asymptotic ones. This variation can be
more than 10% of the absolute value of % Out. Thus,
values of % Out from Fig. 8, where Hc was just 5 um,
should be corrected for the case of larger height coils.

Current(nAmp)

2 3 6 8 10 12 14 16 18 20

Riyr (km)

Fig. 10. Currents in respect to Rint and Rexr for e = 10
pmand Hc =5 pm.
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Current depends directly on current density and on
the cross section. Hence, total current flowing through a
cross section is directly proportional to (Rext — RinT),
i.e., coil width. This behavior is described in Fig. 10.
Minimum values for total current are found in those
combinations with thinner section while maximums are
for the thicker ones. The order of magnitude in Fig. 10 is
micro-ampere. This figure can be used to determine the
current to be provided by the pulse power source.

B. Thickness e = 100 um - Simulation n° 3 and 4

Next Fig. 11 shows the results from simulation
number 3. In this simulation, the magnetizing field has
been analyzed by combining Rint and Rext for a single
height of the coil value Hc = 50 um.

Rexr(um)

T T T T T
100 120 140 160 180 200

Riyr (um)

T T u T
20 40 60 80

Fig. 11. Haxis in respect to Rint and Rexr for e = 100 pm
and Hc =50 pm.

Figure 11 presents a magnetizing field Haxis
contour map for different combinations of Rint and Rexr,
with a thickness e and a fixed coil height Hc. Values vary
from 1.2 to 45.2 A/m for a current density of 1 A/mm?,
ten times larger than for e = 10 um. Maximum values are
achieved at Ryt = 50 um and Rext = 250 um. Minimum
values are achieved at Ryt = 12.5 pm and Rexr = 25 um.
This result is almost the same presented in Fig. 5 but one
order of magnitude larger in the magnetizing field and
in geometrical values. It makes sense since all the
geometrical parameters have been scaled one order of
magnitude so volume does. % Pixel and % Out for
simulation 3 results are also similar to those presented in
Figs. 6-7 and so do conclusions.

Next Figs. 12-13 show the results from simulation
number 4. In this simulation, magnetizing field has been
analyzed by varying the coil height Hc, with three specific
combinations of Rint and Rext (Rint = 25 pm combined
with Rexr = 375, 125 and 225 um).

Figure 12 presents three plots of the magnetizing
field Haxis as a function of coil height Hc with Rint
and fixed e, and for different coils width given by
Rext — Rint. It can be observed that all the plots have



an asymptotic behavior. It means that for a certain coil
height value, it will not be worth to continue increasing
Hc. Increasing Hc will also raise the total resistance and
therefore the voltage needed for a certain current.
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Fig. 12. Haxis in respect to Hc for e = 100 um, Rint = 25
pm combined with Rext = 375, 125 and 225 um.
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Fig. 13. % Pixel and % Out in respect to Hc for e = 100
pum, Rint =25 um with Rext = 375, 125 and 225 um.

Figure 13 gathers three plots of % Pixel and % Out
as a function of coil height Hc with Ryt and fixed e, and
for different coils width given by Rexr — Rint. Regarding
% Pixel the asymptotic value is quickly achieved. No
significant variation from the initial value and the
asymptotic one is found. Therefore, coil height does not
affect to % Pixel. On the contrary, % Out varies from
initial values to asymptotic ones. This variation can be
more than the 10% of the absolute value of % Out. Thus,
% Out values from figure 13, where Hc was just 50 pm,
should be corrected in larger height coils cases.

The behavior described in Fig. 10 is the same than
described in Fig. 14 but currents are two order of
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magnitude larger according to its dependence on cross-
section size.

Current(unAmp)
10000

Rexr(um)

T T T T T T T T T
20 40 60 80 100 120 140 160 180 200
Riyr (um)

Fig. 14. Currents in respect to Rint and REXT for e =
100 pum and Hc =50 pum.

C. Thickness e = 1000 um - Simulation number 5

Next Fig. 15 displays the results from simulation
number 5. In this simulation, the magnetizing field has
been analyzed by combining Ryt and Rext for a single
height of the coil value Hc = 500 pum.

3500

30004 - 400

2500 4

2000

Rexr(um)

1500

1000

T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000
Riyr (um)

Fig. 15. Haxis in respect to Rint and Rext for e = 1000
pm and Hec = 500 pm.

Figure 15 presents a magnetizing field Haxis
contour map for different combinations of Ryt and Rexr,
with a thickness e and a fixed coil height Hc. Values vary
from 12 to 452 A/m with a current density of 1 A/mm?.
The maximum values are achieved at Ryt = 500 um and
Rext = 200 pym. The minimum values are achieved at
Rint = 125 pm and Rexr = 250 pm. For any Rt value,
magnetizing field increases when increasing Rexr, i.e.,
the thicker is the coil, the larger the magnetizing field is.
This result is almost the same presented in Fig. 5 but two
orders of magnitude larger in the magnetizing fields
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and in the geometrical values. The rest of the results for
simulation 5 corresponding to previous Figs. 6-7 are also
similar and so conclusions. In any case, the results are
presented in next Figs. 16-17.

Pixel (%)

1050

95,00

85,00

2000

75,00

Reyr(um)

o
Q
3
3

65,00

55,00

45,00

T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000
Ry (km)

Fig. 16. % Pixel in respect to Rint and Rexr for e = 1000
pm and He = 500 pm.

k((A/m)/pm)

0,020

Rexr(um)

T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000

Rinr (um)

Fig. 17. % Out in respect to Rint and Rext for e = 1000
pm and He = 500 pum.

Combining Fig. 16 and Fig. 17, we can determine
that a combination around Rint = 1250 pm and Rexr =
2000 um is a good trade-off between high magnetizing
field, high % Pixel and pixel diameter without excessive
coil thickness. For the pre-selected combination of Rint
= 1250 pm and Rext = 2500 pm, the % Out is 5% which
reinforces the trade-off benefits of this combination.

Figure 18 presents currents calculations from
simulation number 5.The behavior described in Fig. 18
is the same than described in Fig. 20 but currents are two
orders of larger according to its dependence on cross-
section size.
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Fig. 18. Currents in respect to Ryt and Rexr for e = 1000
pm and He = 500 pm.

D. Coil design model — Experimental validation

An experimental validation of the models has been
done by using two real milimetric size coils. As coils
two air core fixed micro-inductors from electronics
components provider have been mounted on a 3D printed
frame as shown in Fig. 19. More specifically, coils are
two units of model AL12A18N5GTR from AVX RF
Inductors corp. with dimensions are: Ryt = 1000 pum,
Rext = 1500 pum and Hc = 5800 um. Coils are made by
a 0.5 mm diameter wire wrapped around with 5 wire
turns. Separation distance of coils was set for e = 1000

um.
[

Fig. 19. Prototype for model validation: two units of
model AL12A18N5GTR separated e = 1000 pum.

Coils have been connected in serial to an external
power source and mounted on a XY displacement table
as shown in Fig. 20. The magnetic field generated by
the coils has been measured in the middle of the coils
separation empty space, located in the axis. In order to
measure the magnetic field, a GM08 model magnetometer
from Hirst Magnetic Instruments Ltd with transvers hall



probe has been used.

Fig. 20. Prototype coils connected in series and mounted
on the XY displacement table.

The current applied has been 1.01 across a total
section of 0.98 mm?, i.e., an approximate current density
of 1 A/mm? With this current density applied, the
magnetic field obtained has been 325 A/m.

From Fig. 15 and with the combination of Rint =
1000 pm, Rext = 1500 pum, the value of the expected
magnetic field at Haxis is 175 A/m. It is important to
notice that this value is expected if the coil height was
500 um. However, for the experimental case, coil height
was ten times larger which means that values should
be in the asymptotic point. Analyzing Figs. 8 and 12,
(Rint = 12.5 um and 125 um respectively) values at the
asymptotic point are almost twice the value for Hc = 5
and 50 um respectively. Therefore, the expected Haxis
value has to be corrected by a factor of two, reaching 350
A/m, which is in good agreement with the measured
value.

V1. CONCLUSION

This work presents the potential of 2D multipole
magnetization printing applied to micro-magnets is as
a technique for microsystems magnets. The research
shown in this article is a trade-off analysis to minimize
the needed current, and thus voltage, for a certain
magnetizing field level while keeping a good pixel size.

In this work, the technique is oriented to micro-
magnets with 10, 100 and 1000 pm thickness. The
magnetizing field dependence in respect to the fixtures
geometrical parameter is analyzed. Some design
recommendations are:

- The thicker is the coil, the larger the magnetizing
field is. However, by using thicker coils the pixel
will also be larger, decreasing the pattern
resolution.

- There is a vast number of geometrical combinations
where % Pixel remains between 85-95%.

- There is a vast number of combinations where %
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Out remains between 0-10%.

- An optimal coil height selection is to choose a
height similar to the coil thickness.

- The geometrical dependence is the same for the
three orders of magnitude analyzed.

- Current flowing through a cross section is directly
proportional to coil width.

- Volumetric Joule effect heat is independent of the
geometry of the coil.

Maps of the required current for normalized
magnetizing fields are also given. These maps permit to
pre-select an adequate pulse power source.

An experimental test has been done in order to
validate simulation models with a good agreement.

Therefore, the results and conclusions presented in
this work will allow to accelerate significantly trade-off
procedures when designing 2D multipole magnetization
patterning fixtures for specific industry applications.
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Abstract — Helium circulator is the core component of
High Temperature Reactor-Pebblebed Modules (HTR-
PM), and its rotor is supported by active magnetic
bearings (AMBSs). The windings of the motor and AMBs
will generate a great deal of heat due to Ohmic loss,
which increases the temperature of the circulator. The
high temperature will cause the thermal deformation
of AMB-rotor system, leading to the clearance change
between rotor and AMBs. The AMB stiffness and
inductive transducer sensitivity will be affected by the
changed clearance, which decrease the stability of the
AMB-rotor system. In this paper, through theoretical
analysis and finite element analysis (FEA), the influence
of thermal deformation on the AMB stiffness and
transducer measurement is studied. The simulation and
experiment for the AMB-rotor system in the circulator
is carried out to explore the performance of AMB
controllers and the influences of thermal deformation on
the unbalanced response of the AMB-rotor system is
analyzed. The theoretical calculations in this paper has
general applications in the controller improvement of
AMBs under clearance change and provides a reference
for mechanical structure design and controller design of
AMBs.

Index Terms — AMBs, HTR-PM, thermal deformation,
unbalanced response.

I. INTRODUCTION

High Temperature Reactor-Pebblebed Modules
(HTR-PM) is the fourth generation nuclear reactor
developed by the Institute of Nuclear Energy and New
Energy Technology, Tsinghua University [1, 2]. In
HTR-PM, the helium circulates in the first loop driven
by the circulator, which is shown in Fig. 1. The circulator
is mainly composed of the rotor, active magnetic
bearings (AMBS), auxiliary bearings and the cooling
system. The rotor in the circulator is supported by the
AMBs [3, 4]. AMBs are a type of bearing that support
a load using magnetic levitation without physical

Submitted On: November 30, 2018
Accepted On: March 18, 2019

contact, and are widely applied in high-speed rotating
machineries and flexible rotor-dynamic systems [5, 6].
Because AMBs have no friction and need no lubrication,
its application in HTR-PM can effectively avoid the oil
pollution to the helium environment in the circulator.

Fig. 1. 3D model of the circulator in HTR-PM.

When the circulator is running, the windings of the
motor and AMBs will generate a great deal of heat due
to Ohmic loss, which increases the temperature of the
circulator. The components in the circulator, especially
for bearings and the rotor, will deform due to the high
temperature. For sliding and rolling bearings, in addition
to the influence of ambient temperature, the friction
between bearings and the rotor will also generate a great
deal of heat, which aggravates the deformation of
bearings and the rotor.

The main influence of thermal deformation is
causing the clearance change between bearings and the
rotor, which has influence on the dynamic performance
of the bearing-rotor system. As for sliding and rolling

1054-4887 © ACES
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bearings, clearance change will affect the contact force
between bearings and the rotor and change the system
mode. However, clearance change affects the AMB-
rotor system in different ways. AMBs are open-loop
unstable systems, so the rotor position must be
accurately measured by displacement transducers in real
time to achieve closed-loop feedback control. Therefore,
in the AMB-rotor system, the thermal deformation
will not only change the AMB-rotor clearance but also
the displacement transducer-rotor clearance. Since the
electromagnetic force of AMBs and the voltage signals
of displacement transducers are all related to the
clearance, the clearance change will directly affect the
performance of the AMB controller and the stability of
the AMB-rotor system [7, 8].

In this paper, the influence of thermal deformation
on the unbalanced response of the AMB-rotor system is
studied, which provides a reference for the mechanical
design of AMBs. Section Il introduces and calculates
the electromagnetic force of AMBs, and explores the
influence of the clearance change on the AMB stiffness.
The principle of inductive transducers and the influence
of clearance change on the transducer measurement are
analyzed. In Section Ill, the finite element analysis
(FEA) of the circulator and transducer is carried out, and
based on which the AMB-rotor system is simulated in
MATLAB Simulink. Combined with theoretical analysis
and FEA results, the influences of thermal deformation
on the unbalanced response of the AMB-rotor system is
analyzed in the experiment.

I1. ANALYSIS OF THE INFLUENCE OF
THE CLREANCE CHANGE

A. Influence on the AMB stiffness

In this section, the influence of the clearance change
caused by thermal deformation on the electromagnetic
force and AMB controller is calculated and discussed.

The AMB-rotor system is nonlinear, so it is necessary
to linearize the electromagnetic force at an equilibrium
point of the AMB-rotor system to simplify the AMB
model and controllers design. Therefore, both the
electromagnetic force and the AMB stiffness has the
relationship with the clearance in the AMB-rotor system.

In aradial AMB of the circulator, as is shown in Fig.
2, there are four electromagnets (an electromagnet is
composed of four magnetic poles) arranging in a ring and
a pair of electromagnets in opposite directions control
one degree of freedom of the rotor. Therefore, the
electromagnetic force in one degree of freedom is [9,
10]:

1 (io+ix)? _ (ig=ix)?
F = $uoN 24, (e - S, €y

(so—x)?2 (so+x)?
whose parameters are shown in Table 1.
Equation (1) can be linearized ati, = 0andx =0
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by Taylor expansion. Ignoring higher-order items,
Equation (1) can be rewritten as:

F = kyx + ki, )
where k, = uoN24,i2/s3 is the force-displacement
stiffness and k; = ugN2A4yio/sé is the force-current
stiffness, all of which are directly related to the clearance
Sp-

Fig. 2. A radial AMB in the circulator.

Table 1: Parameters of the electromagnetic force

Parameter Meaning
Ug Magnetic permeability
A Magnetic pole area
N Coil number
So Clearance
ig Bias current
X Rotor displacement
iy Control current

When the circulator is running, AMBs and the rotor
will deform due to the high temperature. The thermal
deformation will cause the clearance change between
AMBs and the rotor, so the notation s, can be rewritten
as:

s = 5o(1 + 4s), 3)
where As is the change of clearance and s is the
clearance after thermal deformation. Therefore, the
relationship between the variation ratio of the k,,, k; and
As is:

Aky = [ky () = kx(s0)]/kx(s0)
=1/(1+4s)° -1

Ak; = [ki(s) = ki(so)]/ki(so)
=1/(1+4s)* -1

Figure 3 shows the change of Ak, and Ak; when As
varies from —0.1 mm and 0.1 mm. As the clearance
decreases, Ak, and Ak; become larger and vice versa.
And Ak, is more sensitive to the clearance than Ak;.
In the AMB-rotor system, the stiffnessk, and k; are
constant parameters in the AMB controller. Therefore,
the clearance change caused by thermal deformation
eventually change the AMB stiffness, which will affect
the performance of the AMB controller and the stability
of the AMB-rotor system.
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Fig. 3. The relationship between Ak, Ak; and 4s.

B. Influence on the transducer sensitivity

AMBs are open-loop unstable systems, so the rotor
position must be accurately measured by displacement
transducer in real time to achieve closed-loop feedback
control. Inductive transducers and eddy current
displacement sensors are widely applied to the AMB
system with their characteristics of high precision and
non-contact measurement [11, 12]. In the AMB-rotor
system of the circulator, differential inductive transducer
is used to monitor the axis orbit of the rotor and provide
feedback signal for the AMB controller.

The magnetic field generated by transducer coils
will pass through transducer cores (stator), the rotor and
the air-gap between the rotor and stator to form a closed
magnetic circuit. The coil inductance will be affected by
the air-gap length. Therefore, by measuring electrical
parameters of the transducer circuit, the coil inductance
can be measured, and then the rotor displacement can be
obtained.

Ignoring the magnetic flux leakage and magnetic

hysteresis, the magnetic circuit can be calculated:

NI
(D = ?, (5)

with @ the magnetic flux, N the total coil number, I

the coil current and R the reluctance. The relationship
between @ and the coil inductance L is:

N = LI, (6)
and the reluctance is:
26
R = . 7
HoBo ( )

Uy is the permeability of vacuum, ¢ is the air-gap length
and B, is magnetic pole area of the transducer. So
according to Equations (5), (6) and (7), the cail
inductance is:

N2poBg

L= ©)

26
Similar to AMBs, two transducers in opposite
directions measure 8; and &, in one direction to
obtain the rotor displacement, which is the differential
measurement, as is shown in Fig. 4. Therefore, the
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clearanceis sq = (81 + 8,)/2 and the rotor displacement
isx = (6, — 62)/2. In the measurement, a resistance-
balanced bridge circuit is applied to convert the
inductance into a voltage output, which is transmitted to
the AMB controller.

Trans;

Ui
o

"\
Y
N

L=

Trans,

P

Fig. 4. Differential measurement and the resistance-
balanced bridge circuit for transducer measurement.

The output voltage of the circuit is:
=% g R g
Uo = Z1+Z; ' Ry{+R; U,

VARYA) U (9)

- 2(z1+22) Y
where Z; = jwL; + R} (i = 1, 2) isthe impedance of the
transducer coils under alternating currents, R; (i = 1, 2)
is the coil resistance, R; (i = 1,2) is the balancing
resistance, U, and U, are the input and output voltage
respectively. Ignoring the coil resistance, the relationship
between the output voltage and rotor displacement can
be obtained according to Equations (8) and (9):

U, = = U,. (10)

25p

It can be seen that the output voltage of the transducer is
proportional to the rotor displacement. During designing
the AMB controller, transducers need to be calibrated to
obtain the transducer sensitivity, which is the relationship
between the sensor output voltage and the actual rotor
displacement:

Uy U,
So == Py (11)
As shown in Equation (11), the transducer sensitivity
&y is directly related to the clearance s,. Therefore,
according to Equations (3) and (11), if the clearance
changes, the error caused by the sensor sensitivity is:
£ 1
n=e-l=g (12)
In the AMB controller, the transducer sensitivity is
a constant parameter. Therefore, Equation (12) shows
that once the thermal deformation changes the
transducer-rotor clearance, the transducer sensitivity and
the measurement accuracy of rotor displacement will be
affected, which will reduce the performance of the AMB
controller AMB-rotor stability.
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I11. FEA OF THE CIRCULATOR SYSTEM

A. Temperature-deformation coupled FEA for the
circulator

To obtain the temperature field and thermal
deformation of the circulator, the circulator model is built
and analyzed in ANSYS using temperature-deformation
coupled FEA. The model material is the mild steel whose
parameters are shown in Table 2. The coefficients of
thermal deformation, thermal conductivity and specific
heat capacity can be obtained from Figs. 5-7.

Table 2: The material parameters of the mild steel

Material Parameter Unit Value
Density t/mm3 7.85e-9
Young’s modulus MPa 210000
Poisson’s ratio - 0.26
Thermal deformation 1/°C Fig. 5
Thermal conductivity J/mm°Cs Fig. 6
Specific heat capacity JneC Fig. 7
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Fig. 5. Relationship between the thermal deformation
and the temperature.
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The circulator model is built as shown in Figs. 1 and
8. In the FEA, the bottom of the rotor and housing
constrained the freedoms of X, Y and Z directions, and
the top of the rotor constrained the freedoms of X and Z
directions. The original clearance s, is 1 mm.

The actual size model is used for simulation. Since
the structure of the circulator is simple and there are no
complicated components, the adaptive algorithm is used
for automatic meshing. In the FEA of temperature field,
stable heat sources are applied to the circulator to
simulate the heat source caused by the windings of
the motor, AMBs and the heat transferred by the high-
temperature helium gas through the circulator components.
Parameters of heat sources are obtained based on the data
measured by the temperature sensor in the experiment.

Fixed X, Z DOFs

b'J

t

Fixed X, Y, Z DOFs

Fig. 8. The circulator model for FEA.



A forty-minute stable operation is simulated, at the
beginning of which the rotor speed increase from 0 rpm
to 3200 rpm. The temperature of the different components
in the circulator gradually rises from 25 degrees Celsius
to a steady value. The steady temperatures at different
positions are listed in Table 3 and the temperature field
is shown in Fig. 9.

Table 3: The steady temperatures at different positions

Position (From Top to Bottom) Temperature/°C

Top part of auxiliary impeller 62.4
Bottom part of auxiliary impeller 69.0
Axial bearings 67.1

Top radial bearing 64.7

Top part of motor chamber 78.3
Motor winding 73.5

Bottom part of motor chamber 69.7
Bottom radial bearing 73.0
Outer surface of motor housing 65.0
Impeller chamber 250.0

It can be seen from the FEA results, that the heat
from the motor and AMBs lead to the thermal deformation
of the rotor and stator. Due to different geometrical
dimensions, material properties and different stable
temperature, the rotor and stator have different
deformation ratios, which leads to clearance change of
AMBs and transducers (both in the top and bottom radial
AMBS). The thermal deformation of the structure can be
obtained as shown in Fig. 10.

Fig. 9. The stable temperature field of the circulator.

The expansion of the stator is greater than the rotor,
so the clearance is increased. It shows that the clearance
increases 4.3% in the top radial AMB and 5.12% in the
bottom radial AMB. The inconsistency of the clearance
change in the top and bottom AMBSs is because the high-
temperature helium gas. When the circulator is running,
the bottom AMB is close to the high-temperature helium
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gas, so it has a larger clearance change under higher
temperature.

U, Ul (CSYS 1)

Fig. 10. The thermal deformation of the circulator
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According to the calculation and analysis of Section
I1, the increasing clearance reduces the AMB stiffness
and transducer sensitivity, which are listed in Table 4.

Table 4. The parameter variation

Top Bottom
As; 4.3% As, 5.1%
Ak, —-11.9% Ak,, —-13.9%
Ak;, -8.1% Ak;, —-9.5%
Ne —4.1% Mp —4.9%

B. Electromagnetic field FEA for the inductive
transducer

Based on the clearance change calculated in the
Section 111 (A), the electromagnetic field FEA is carried
out to explore the influence of clearance change on
inductive transducers.

The 3D model of the inductive transducer is built as
shown in Fig. 11. Since the transducer use differential
measurement in the circulator, the inductance of upper
and lower transducers is calculated in FEA. The FEA is
carried out with the rotor displacement of +0.1 mm in
vertical direction. The clearance is obtained in Section
111 (A). The original clearance is s, = 1 mm, and the
clearance change is 4s, = 4.3% in the top radial AMB
and 4s;, = 5.1% in the bottom radial AMB.

In the model, the rotor and stator are assembled with
silicon steel sheets to reduce the effects of eddy current.
Because the mechanical design of the model is simple
and there are no complicated structural components, the
adaptive algorithm is used to automatic meshing. The
inductive transducer uses an alternating current (AC)
excitation source, so the current in the coils is 20 KHz in
the simulation. The simulation runs for one cycle of the
excitation source in every project.
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Fig. 11. 3D model of the inductive transducer.

The results of magnetic flux density in FEA are
shown in Fig. 12. The picture shows the electromagnetic
field distribution in the silicon steel sheets (transducer
and rotor) when the current is maximum. With the
same rotor displacement, the magnetic field changes
significantly due to the clearance change, which directly
affects the calculation of the transducer inductance.

It can be seen from the results that the increase
of the clearance increases the magnetic resistance of
the inductive transducer, which reduce the magnetic
induction intensity inside the rotor and the stator and
reduce the inductance value. The results are consistent
with the analysis in Section I1.
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Fig. 12. The magnetic flux density in the transducer: (a)
the original clearance sy = 1 mm, (b) 4s; = 4.3% in
the top AMB, and (c) 4s;,, = 5.1% in the bottom AMB.
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Because the transducer inductance can be obtained
easily, the measurement error caused by the sensor
sensitivity can be substituted by:

X

== (13)

50'

which has the same changing trend with 5. According
to FEA results and Equations (8), (12) and (13), the
transducer inductance and measurement error are shown
in Table 5. Due to the clearance change, the transducer
sensitivity changes significantly, leading to measurement
error of the rotor displacement. The measurement error
in the top AMB is —4.31% and the bottom is —4. 87%,
which are consistent with the theoretical calculation in
Table 4.

Table 5: The transducer inductance and measurement
error

S Lup Ldown 9 n

(mm) (mL) | (mL) | (%) | (%)

So 1.0 | 0.0658| 0.0565| 7.604 | 0.00
So + 4s; | 1.043 | 0.0634| 0.0548| 7.276 | —4.31
So + 4s, | 1.051 | 0.0630| 0.0545| 7.234 | —4.87

According to the simulation results, the AC
excitation source of the inductive transducer leads to the
changing magnetic induction intensity, which generates
the eddy current in the rotor, as shown in Fig. 13.
According to reference [13], the eddy current also affects
the measurement accuracy of the inductive transducer.
As shown in the Table 6, due to the change of the
clearance, the maximum Eddy current density on rotor
surface is significantly increased, which will further
affect the measurement accuracy of the transducer.
However, due to the complex relationship between the
distribution of the eddy-current magnetic field and the
rotor speed, the calculation is difficult and further
theoretical analysis is needed.

Table 6. The Eddy current on the rotor surface.

s(mm) Jz (A/m"2)

So 1 -8.317e+5

So + 4sy 1.051 -8.680e+5
So + 4s; 1.043 -8.684e+5

I[A_per_n2]

1,5263e+

1. 2185+
8. 947 4eBD

5. 7895+

-5, 26326+

-3, 6842+

-6, 542184

-1, BEERE
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Fig. 13. The eddy current density in the transducer: (a)
the original clearance s = 1 mm, (b) 4s, =4.3% in
the top AMB, and (c) 4s;, = 5.1% in the bottom AMB.

V. UNBALANCED RESPONSE OF THE
AMB-ROTOR SYSTEM UNDER THERMAL
DEFORMATION

A. Simulation of the AMB-rotor system

Due to the material inhomogeneity and machining
error, the rotor possesses unbalanced mass inevitably,
which will cause unbalance force for the rotor. When the
circulator is running, the rotor unbalanced vibration
caused by the unbalanced force will increase with the
increasing rotor speed, but the AMB controller will
suppress the rotor unbalanced vibration via active
electromagnetic force [14-16]. However, the AMB
controller is designed based on the original AMB-rotor
system, which means the clearance change will change
the controller parameters and affect the unbalanced
response of the AMB-rotor system. In this section, the
simulation of AMB-rotor system is carried out to study
the influence of thermal deformation on the unbalanced
response of the AMB-rotor system.

Based on the FEA of the thermal deformation and
transducer measurement, the AMB-rotor system in
circulator is built and simulated in MATLAB Simulink,
as is shown in Fig. 14. The system includes the rotor
module that considers the gyroscopic effect and
unbalanced mass, the cross-feedback module, and the
AMB controller module. The system is under cross-
feedback PID control and the rotor speed is 60 Hz.
Based on the data in Table 4, change the parameters of
the system and runs the simulation.

W Fx t Xt b
P Fx b x b e
Rotor Crossfeedback
> Fzt zt PR |
P Fz b zZ b1 T

AMB controller

el B

YYYYVYYYY

Fig. 14. The AMB-rotor system in circulator.
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In the simulation, the rotor speed increase from 0 to
60 Hz and runs stably. The unbalanced vibration of the
rotor is simulated by applying a periodic external force
at Fx_t and Fx_b. The output of x-t and y-t compose the
axis orbit of the top AMB, and x-b and y-b compose the
bottom. The clearance change is simulated by changing
the force-displacement coefficient and force-current
coefficient of the AMB and the transfer coefficient of the
transducer.

The axis orbits of the rotor at the top and bottom
AMBs are shown in Fig. 15, where the horizontal axis
represents the rotor displacement in the X direction and
the vertical axis represents Z direction. The solid blue
line and red dotted line are the axis orbits of the rotor in
original clearance and changed clearance, respectively.

0.1

Displacement/mm
o

-0.05

0.1
-0.1 -0.05 0 0.05 0.1
Displacement/mm
(@)
0.1
As=0 T -
————— As,=5.1% =,
0.05

Displacement/mm
o

-0.05
-0.1
0.1 -0.05 0 0.05 0.1
Displacement/mm
(b)

Fig. 15. Axis orbit of the rotor under different clearance
change: (a) top AMB and (b) bottom AMB.

Under the influence of the unbalanced mass, the
rotor vibrates when the rotor speed is fixed. However,
after the thermal deformation, the clearance change leads
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to the axis orbit expand both in the top and bottom AMB.
The results show that the clearance change will reduce
the performance of the AMB controller and aggravate
the rotor vibration.

B. Operation experiment of the circulator

The experiment for circulator is carried out to
explore the performance of AMB controller and stability
of AMB-rotor system under high temperature
environment. In the experiment, the rotor speeds up to
3200 rpm in 7 min and the axis orbit of the rotor is
obtained at time A. After the circulator temperature is
stable, the axis orbit of the rotor at time B is recorded.
The temperatures at different position of the circulator
are measured by the temperature sensor, which are the
reference of the heat sources in the FEA.

Figure 16 shows the experimental result. The
vertical axis on the left shows the ratio of the radial
vibration amplitude to clearance and the right one shows
the rotor speed. It can be seen that the rotor speed can be
well controlled. Before 7 min, the vibration amplitude of
the rotor increases as the rotor speeds up. This is due to
the unbalanced force resulting from the unbalanced mass
of the rotor. The unbalanced vibration is proportional to
the rotor speed, but when the rotor speed is fixed at
3200 rpm after 7 min, the vibration amplitude of the
rotor continues to increase. At this point, the factor that
affect the vibration amplitude is not the rotor speed, but
the clearance change caused by the thermal deformation.
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Fig. 16. Rotor speed and vibration amplitude.

In Figs. 17 and 18, the horizontal and vertical axis
represents the rotor displacement. It can be seen that at
time A, the axis orbit and the vibration amplitude of the
rotor is small, while at time B, the vibration amplitude
significantly increases.

The experimental results show that with a fixed
rotor speed, the vibration amplitude of the rotor
gradually increases with the increasing temperature of
the circulator. And when the temperature is stable, the
vibration amplitude of the rotor tends to be stable. The
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experiment shows that the unbalanced vibration of the
rotor increases with the increasing temperature of
the circulator after long-term operation. The thermal
deformations affect the clearance, and then reduce the
performance of the AMB controller and affect the
unbalanced response of the AMB-rotor system. This is
consistent with theoretical analysis and simulation.

£ 0. 1 0. E
Fig. 17. Axis orbit of the top AMB at time A.
0. 0 0 0
0 1 1 1 1 1 0
0. 1 : o

E0. 1

Fig. 18. Axis orbit of the top AMB at time B.

V. CONCLUSION

In this paper, the influence of thermal deformation
on the unbalanced response of the AMB-rotor system is
studied, which provides a reference for the mechanical
design of AMBs.

According to the theoretical analysis, clearance
change caused by thermal deformation eventually change
the AMB stiffness. As the clearance decreases, Ak,
and Ak; become larger and vice versa. And Ak, is



more sensitive to the clearance than Ak;. The thermal
deformation will also change the transducer-rotor
clearance, and the transducer sensitivity and the
measurement accuracy of rotor displacement will be
affected, which lead to the measurement error of the
rotor displacement.

From the FEA results, the heat from the motor and
AMBs contribute to the deformation of the circulator.
The clearance increases 4.3% in the top radial AMB and
5.12% in the bottom radial AMB. Due to the clearance
change, the transducer sensitivity changes significantly,
leading to measurement error of the rotor displacement.
The measurement error in the top AMB is —4.31% and
the bottom is —4.87%, which are consistent with the
theoretical calculation.

The simulation and experiment shows that with
the influence of the unbalanced mass, the rotor vibrates
when the rotor speed is fixed. However, after the thermal
deformation, the clearance change leads to the axis orbit
expand both in the top and bottom AMB. The thermal
deformation will reduce the performance of the AMB
controller and affect the unbalanced response of the
AMB-rotor system. The experiment shows that the
thermal deformations affect the clearance, and then
reduce the performance of the AMB controller and affect
the unbalanced response of the AMB-rotor system. This
is consistent with theoretical analysis and simulation.

The influence of the clearance changing on the
electromagnetic force, AMB stiffness and transducer
measurement is discussed with the theoretical
electromagnetic calculations, including the AMB force,
transducer and eddy current. The theoretical calculations
in this paper has general applications in the controller
improvement of the AMBs under clearance change and
provides a reference for mechanical structure design and
controller design of AMBs.
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