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This paper presents a lumped equivalent circuit model of the nonreciprocal magnetoelectric tunable microwave band-
pass filter. The reciprocal coupled-line circuit is based on the converse magnetoelectric effect of magnetoelectric compos-
ites, includes the electrical tunable equivalent factor of the piezoelectric layer, and is established by the introduced lumped
elements, such as radiation capacitance, radiation inductance, and coupling inductance, according to the transmission char-
acteristics of the electromagnetic wave and magnetostatic wave in an inverted-L-shaped microstrip line and ferrite slab.
The nonreciprocal transmission property of the filter is described by the introduced T-shaped circuit containing controlled
sources. Finally, the lumped equivalent circuit of a nonreciprocal magnetoelectric tunable microwave band-pass filter is
given and the lumped parameters are also expressed. When the deviation angles of the ferrite slab are respectively 0° and
45°, the corresponding magnetoelectric devices are respectively a reciprocal device and a nonreciprocal device. The curves
of S parameter obtained by the lumped equivalent circuit model and electromagnetic simulation are in good agreement with
the experimental results. When the deviation angle is between 0° and 45°, the maximum value of the S parameter predicted
by the lumped equivalent circuit model is in good agreement with the experimental result. The comparison results of the
paper show that the lumped equivalent circuit model is valid. Further, the effect of some key material parameters on the
performance of devices is predicted by the lumped equivalent circuit model. The research can provide the theoretical basis
for the design and application of nonreciprocal magnetoelectric tunable devices.
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1. Introduction

For magnetoelectric composite materials consisted of fer-
romagnetic and ferroelectric phases, the strain coupling leads
to the direct/converse magnetoelectric coupling effect!!~"! in
the magnetoelectric composite materials. The magnetoelectric
composite materials and multiferroic film possess the capabil-
ity of controlling magnetism and the ability of tuning ferro-
magnetic resonance by an electric field applied to the piezo-
electric phase through magnetoelectric (ME) coupling. 8131
Due to the magnetization controlled by the electrostatic field
or voltage, the magnetoelectric coupling mechanism may con-
tribute to the formation of a series of RF/microwave mag-
netoelectric devices!!*"'1 in the future, whose frequency
and bandwidth are magnetoelectric tunable. At present,
the magnetoelectric tunable filter,[!”-'8] the magnetoelectric

21-24] 404

resonator, 19201 the magnetoelectric phase shifter, |
antenna>~2"! are representative. The traditional frequency
agility device can be formed by the electrostrictive and magne-
tostrictive materials. However, these devices tend to be bulky,
in slow speed of adjustment, have large energy consumption,
and can only work within a narrow band. The new adjustable
magnetoelectric RF/microwave devices will not only dramati-

cally improve the design method of the military RF/microwave
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radio and radar, but also will greatly enhance the competitive-
ness of the consumer electronics industry.

According to the direction of the magnetic field and the
direction of the wave vector, magnetostatic waves can be di-
vided into magnetostatic surface waves and magnetostatic for-
ward/backward volume waves. Because the magnetostatic sur-
face wave has low transmission loss and the nonreciprocal
transmission characteristic on the upper and lower surfaces of
the ferrite slab, and contributes to the design of nonreciprocal
devices.!?®! At present, there are many studies into the trans-
mission characteristics of magnetostatic surface waves and the
application of microwave devices.?”! The common nonrecip-
rocal ferrite devices are mostly multiport, such as the isola-
tor, the circulator and the directional coupler, 30331 and the
frequency band usually does not have the adjustability. There-
fore, Wu et al.3* firstly changed the placement angle of ferrite
slab in two inverted L-shaped microstrip lines and put forward
a microwave band-pass filter which has nonreciprocity and ad-
justability of magnetic field.

Using the magnetoelectric composite materials composed
of ferrite and ferroelectric materials, magnetoelectric mi-
crowave devices which have nonreciprocity and magnetoelec-
tric adjustability have been successfully designed. For the de-
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sign of microwave devices containing ferrite or magnetoelec-
tric materials, the electromagnetic field simulation is a kind
of important mean. However, due to the introduction of func-
tional materials, the electromagnetic field simulation is time-
consuming and has low-efficiency. The lumped equivalent cir-
cuit method, which is applied for the aided analysis of the
performance of microwave devices, can greatly improve the

35361 firstly proposed the

designed efficiency. Marcelli et al.!
equivalent circuit model of the magnetostatic wave straight
edge resonator. After Tsai et al.’7! established the equivalent
circuit model of the double stop-band filter which consisted of
two cascaded band-stop filters. In recent years, for the recip-
rocal dual-tunable microwave magnetoelectric device, Zhou et
al. 334 treated the voltage of the piezoelectric layer as a mag-
netic field and established the lumped circuit models of the
direct conduction band, the coupled band and T-type magne-
toelectric microwave devices, which greatly promoted the ap-
plication of the equivalent circuit model. However, the above
lumped equivalent circuit models focus on the reciprocal two-
port devices, and the lumped equivalent circuit model of non-
reciprocal frequency band tunable microwave devices is not
correlatively researched.

In this paper, considering transmission characteristics of
magnetostatic waves of the filter, the lumped equivalent circuit
model of a nonreciprocal magnetoelectric tunable band-pass
filter is established, which is consisted of the reciprocal cou-
pled band circuit and the nonreciprocal T-shaped circuit. The
comparison of the predicted results and the experimental re-
sults of S parameters in the reciprocal and nonreciprocal cases
confirms the validity of the established lumped equivalent cir-
cuit model. Then, the electric tunable performance of the mag-
netoelectric tunable filter, the impact of the thickness of ferrite
slab and the width of the coupled microstrip line on devices are
separately predicted by the lumped equivalent circuit model.
It is found that these key parameters have a very significant
effect on the band-pass center frequency, bandwidth, and the
isolation, so the lumped equivalent circuit model will benefit
the design and application of new microwave devices which
have nonreciprocity and magnetoelectric adjustability.

Sy
port 1

input microstrip line

2. The nonreciprocal ME tunable filter

A typical reciprocal magnetoelectric (ME) tunable band-
pass filter is shown in Fig. 1, which consists of the laminated
ME composites, the dielectric substrate, and two inverted L-
shaped microstrip lines. Laminated ME composites are com-
posed of piezoelectric and ferromagnetic phases. The ferrite
is selected as the ferromagnetic phase with the dimensions
s X we X tr and saturation magnetization Mg. The piezoelec-
tric material with the thickness 1, is selected as the ferroelec-
tric phase, and the piezoelectric material has the same length
and width as the ferromagnetic phase. Two metal films used as
electrodes are plated on both sides of the piezoelectric material
in order to apply the external electric field E to the piezoelec-
tric material. The dielectric material with the thickness 7, is se-
lected as the substrate. For two L-shaped microstrip lines, mi-
crostrip lines along the x direction are respectively defined as
the input microstrip line and the output microstrip line, which
have the same thickness #y,, and the widths are respectively wi,
and woy. The input and output ports and the dielectric sub-
strate satisfy the matched characteristic impedance of 50 Q.
Two microstrip lines along the y direction are respectively de-
fined as the coupled microstrip lines S and S, which have the
same width wy, and thickness ¢,,. The distance between S; and
S» is wy. The external magnetic field H is applied along the y
direction. The laminated ME composites are placed in the two
L-shaped microstrip lines, wherein the longitudinal direction
of the laminated ME composites is along the y direction (as
shown in Fig. 1). Then the reciprocal ME band-pass filter is
formed, that is, the S parameter curve of the situation where
the signal is inputted from port 1 and outputted from Port 2 is
consistent with that of the opposite situation. When ME lam-
inated structure is rotated by an angle 6 in the x—y plane (see
Fig. 2, 6 € (0,45°)), the S parameter curve of the situation
where the signal is inputted from port 1 and outputted from
port 2 is different from that of the opposite situation. There-
fore, a novel nonreciprocal ME tunable filter is formed when

the ME laminated structure is rotated by an angle 6 in Fig. 1.

ferrite slab
S

dielectric substrate

Fig. 1. (color online) Schematic structure of the reciprocal ME tunable band-pass filter.
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For the nonreciprocal ME tunable band-pass filter, when
the external magnetic field H is applied along the direction
parallel to the plane of microstrip lines (i.e., the y direction in
Fig. 1), the ferromagnetic resonance phenomenon is produced
by ferrite materials. Considering the anisotropic magnetic
field Hy, and demagnetizing field Hyep, the effective inside
magnetic field of ferrite materials is Hy = H + Hyy + Hgery - Ob-
viously, the effective inside magnetic field has been changed
due to the changed external magnetic field and then the ferro-
magnetic resonance frequency (FMR) has also been changed.
Then the bandwidth of the nonreciprocal ME tunable filter
formed in Figs. 1 and 2 has been ultimately adjusted. When
the piezoelectric layer is spliced onto the ferrite layer, the ME
laminated composite is formed. The external electric field
is applied to the piezoelectric layer to generate the in-plane
stress produced by the inverse piezoelectric effect, the in-plane
stress will be transferred to the piezomagnetic layer through
the binding effect of the laminate structure, and then magnetic
performance of the piezomagnetic layer will be changed. That
is to say the applied external electric field changes the fer-
romagnetic resonance frequency of the piezomagnetic layer.
Therefore, an equivalent magnetic field §Hg = AE is intro-
duced to describe the change, where A is the ME voltage co-
efficient. Meanwhile, the effective inside magnetic field Hy of
the ferrite includes the DC bias magnetic field, the anisotropic
magnetic field, the demagnetizing field, and the equivalent
magnetic field induced by the converse magnetoelectric effect,
namely, Hy = H + Hyy + Hgem + 0 Hg. Obviously, when the ex-
ternal electric field varies, the effective magnetic field is corre-
spondingly changed. Therefore, the ferromagnetic resonance
frequency and working frequency range of the nonreciprocal
ME filter will be changed.

k 1,bwd

K fwd

magnetoelectric
laminate material

Fig. 2. Schematic diagram of the rotated ME laminated structure.

According to the electrically tunable FMR frequency
shifting model established by Zhou ez al.,'3! a concise expres-
sion of the coefficient A is written as

A= 3lspd31tp
Mt (PS11 +PS12) + ket (MS11 +™S12)

)

where Ag represents the saturation magnetostriction constant;
Pdsy, PS)1, and PS|, are material parameters of the piezoelec-
tric layer; ™S; and ™S, are material parameters of the piezo-
magnetic layer; and k. is the coupling coefficient. For the non-
reciprocal magnetoelectric resonator formed in Figs. 1 and 2,
an electromagnetic wave signal is inputted from port 1, which
firstly transmits on the input microstrip line and then trans-
mits on the microstrip line S;. When the external magnetic
field H is applied to the piezomagnetic layer along the y direc-
tion or the electric field H is applied to the piezoelectric layer,
the magnetostatic surface wave is generated and then transmits
under the joint action of the external magnetic field and elec-
tromagnetic waves. When the lower surface wave transmits to
the other side, the magnetostatic surface wave transmits along
the y direction due to the reflex action of hypotenuse of the
ferrite, and magnetostatic backward volume waves are gener-
ated, namely, the magnetostatic surface wave and magneto-
static backward volume waves are simultaneously generated.
For the magnetostatic surface wave, when the magnetostatic
lower surface wave transmits to the hypotenuse along the di-
rection of the x axis, magnetostatic upper surface waves are
restrained owing to reflex action. When 6 = 45°, the restrain-
ing action reaches the maximum. Therefore, the magnetostatic
surface wave could not form a circular wave, which results in
the nonreciprocal characteristic of the filter. Meanwhile, k.
and k_ respectively are the wave numbers of magnetostatic
upper and lower surface waves in the ferrite slab and meet the
following equations:

(ky +k_)cos6 = ZZ—E, n=1,2,3...,
2mn @
(ky+k_)sin6 = o m=1,2,3,...

When 6=0°, the magnetostatic surface wave is induced
in the ferrite slab and transmits along the lower surface of fer-
rite slab. The magnetostatic surface wave is reflected on the
other straight edge of the ferrite slab and transmits along the
upper surface of the ferrite slab. Then the upper surface wave
Meanwhile,
due to the coupling effect between the magnetostatic surface

and lower surface wave form a circular wave.

wave and microstrip line S, the magnetostatic surface wave
is translated into the electromagnetic wave, transmits on the
microstrip line and the output microstrip line, and then is out-
putted through the output port. When 6 = 0° in Eq. (2), k1 and
k_ are the wave numbers of the upper and lower surface waves
of the reciprocal ME device and meet the following equation:

2nmw
[
wf

n=1,273,... A3)

The transmission characteristic of the magnetostatic wave
mainly depends on the mode of wave. The transmission char-
acteristic is related with the included angle ¢ between the nor-
mal vector n of the external magnetic field and the vector k of
the transmissive wave. As is shown in Fig. 2, kj fwq and ky, fwa
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are the components of the lower surface wave in the length and
width directions, kjpwa and ky pwa are the components of the
upper surface wave in the length and width directions. Mean-

while, the included angles ¢ between the vector n and four
components are respectively 90° 4+ 6, 180° — 6, 90° — 6, and
6. Therefore, the dispersion equation'*?! is as follows:

o represents the angular frequency; wy = —YHp, and oy, =

tanh(/tkty) = Vay(1+ tanh(kt,)) @
(k2 — x2)cos @ — x sin® @ + K cos @(tanh(kz,) — 1) — tanh(kz, )’
\
where i
R L C | R R, G
o =cos2¢ +sin2¢/y, Pin I i MW Poy
= 7?% 2 = 76;)0%27 Ll L2 i Il R;;

of — w5 — @ !

|

|

—y4nMs; v = 2.8 MHz/Oe is the gyromagnetic ratio. Obvi-
ously, the amplitude of the wave vector is k = k. = k_ ac-
cording to Eq. (2). Then k is substituted into Eq. (4) and the
effective magnetic field Hy induced by the external magnetic
field and electric field is also substituted into Eq. (4). Ulti-
mately, the shifting amount of the FMR angular frequency @
is obtained for the ME nonreciprocal filter.

3. The lumped models of nonreciprocal ME tun-
able filter

The nonreciprocal ME tunable filter is shown in Figs. 1
and 2 and the nonreciprocal characteristic of the filter depends
on the deviation angle 6 of the ME laminated material. When
6 = 0°, the nonreciprocal ME tunable device is degraded into
the reciprocal ME tunable device. Therefore, it is convenient
for the establishment of the lumped equivalent circuit model
for nonreciprocal ME tunable filter that the lumped equivalent
circuit is decomposed into a lumped circuit unit of the recip-
rocal device and a lumped circuit unit which reflects the non-
reciprocal characteristic. According to the research of Zhou et
al.,’®! the reciprocal coupling ME device is shown in Fig. 1.
The different coupling inductances are introduced to indicate
the coupling effect among the ferrite layer, the input and out-
put microstrip lines, and then a typical RLC resonance circuit
is used to describe the FMR effect induced by the electromag-
netic wave via the ferrite layer. Ultimately, a simple II-shaped
lumped equivalent circuit is established to describe the recip-
rocal ME device (a IT-shaped lumped circuit is shown on the
left side of the dashed line of Fig. 3). Subsequently, according
to the microwave engineering, a T-shaped lumped circuit with
the controlled sources can be used to describe the nonrecipro-
cal characteristic (a T-shaped lumped circuit is shown on the
right side of the dashed line of Fig. 3). Therefore, combin-
ing a II-shaped lumped circuit of the reciprocal device and a
T-shaped lumped circuit of the nonreciprocal unit, a concise
lumped equivalent circuit model of nonreciprocal ME tunable
filter is established (see Fig. 3).

Fig. 3. The lumped equivalent circuit model of the nonreciprocal ME
tunable band-pass filter.

For the reciprocal coupling circuit, the radiation
impedance per unit length is introduced to indicate the interac-
tion between the magnetostatic wave and the electromagnetic
wave according to the interaction principle between the mag-
netostatic wave and the electric current. Therefore, the radia-
tion impedance per unit length®*! is written as

2

) &)

rV::uow M E
T 2kt [(14vk)2—pui] |1

where L is the vacuum permeability, uj=1+ y, v=+1, and
v = —1, respectively represent the positive direction and the
negative direction of x axis, F = Ie *Jy(kwy, /2) denotes the
array factor for the current flowing on microstrip lines. Where
Jo is the Bessel function of zeroth-order; wy, is the width be-
tween the microstrip lines S1 and S,; and s is the vertical spac-
ing between the transmission line and ferrite interface. Obvi-
ously, the FMR angular frequency o is solved by Eq. (4).

For the effective length of the microstrip line covered by
ferrite slab, the total radiation impedance is calculated by the
unit element integration principle and is written as

1 ol
R=R; R, = [ rasic’(By)dy+ [ rsin(By)dy, (6)

where [ is the length of the microstrip line covered by fer-
rite slab, which changes with the deviation angle 6; B =
/€& Uo; & represents the permittivity of the substrate.
After the radiation impedance is obtained, and RLC se-
ries resonant circuit, which contains the radiation inductance
L and the radiation capacitance C, is introduced to indicate the
inside FMR effect of the ferrite. The unloaded quality fac-
tor Qo = fo/(YAH) is obtained by the resonance line width
AH, and then the radiation impedance and the radiation capac-
itance are got by the definition of the unloaded quality factor
of the series resonant circuit. But Marcelli et al.*>! pointed
out that the coupling effect between microstrip lines and the
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laminated ME composites is necessarily considered to get the
effective radiation inductance and radiation capacitance when
the ferrite layer is located in the middle of two microstrip lines.
Therefore, the coupling factor k| = (2/Qext) exp(—kD) is in-
troduced to describe the coupling effect between microstrip
lines and the laminated ME composites, where D is the dis-
tance between the ferrite layer and the current flowing on the
microstrip line; Qex is the external quality factor!®®! and is
written as

Oexi = Zo/ (HoowVers (K)?) )

where K = In[(wm +tm +2t,) / (Wm +tm)]/4t4; Zy is the char-
acteristic impedance; wy = 4wyM;; and Vg is the volume of
ferrite layer. In the establishment process of the model, the
input and output ports exist in the reciprocal characteristic for
the reciprocal coupling circuit, and then Qext = Qext,1 = Qext,2
is obtained. In a particular case, when the filter meets the elec-
tric matching, the coupling factor is written as

ki = 2/Qext ~ 2/Q07 (8)

so the equivalent capacitance and inductance are modified as

L=R(1—k)*/(yAH). (10)

Meanwhile, the coupling inductances L; and L, are used
to describe the coupling effect between microstrip lines and
ferrite slab in Fig. 3. The expression is written as

Ly =Ly = Rk; /(YAH). (1)

Therefore, the lumped equivalent circuit is established for
the reciprocal ME device on the left side of the dashed line of
Fig. 3 according to Eqgs. (6) and (9)-(11).

For the nonreciprocal lumped circuit shown on the right
side of the dashed line of Fig. 3, the electromagnetic wave sig-
nal passes through the input microstrip line and then transmits
on the microstrip line S along the y direction. Furthermore,
the magnetostatic wave transmits on the ferrite slab and then
transmits on the microstrip line S, by the coupling effect. Ob-
viously, R; and R, in the right parts of the dashed lines are
independent of the magnetic field and the electric field and are
the impedances of the electromagnetic wave which transmits
on the microstrip lines S and S;. Because the widths of the
microstrip lines S; and S, are the same and the thicknesses
of S1 and S, are also the same. Therefore, according to the

C=1/[w’R/(yAH)], (9)  symmetry, R| = R, is known and the expression is written as
|
60
Ri=Ry=——In (8" +0.25W“‘>,
\/g Wm Iy
g +1 P 1 L -1 W 2 Wm/tagla (12)
ge=——+= 1+122 ) 4004(1—-—2) |,
2 2 Wm fa
120 €
Ri=R,= m/VE ;
w w
—% 4+1.393+0.6671n (m + 1.444>
Ia Iy Wi/t > 1, (13)
&g+1 &—1 t, -1/2
= 1+12—
¢ 2 T ( * wm> ’
\
where &, is the effective permittivity of the microstrip line and  along the x direction is the cotangent,
& is the relative permittivity of the substrate.
R3 =R/ cot@. (14)

When the deviation angle 0 is zero, the upper and lower
magnetostatic surface waves circularly transmit and the device
is reciprocal. When the deviation angle 6 is non-zero, mag-
netostatic backward volume waves are generated due to the
reflection action of the hypotenuse. Nevertheless, the mag-
netostatic backward volume wave cannot be returned, so the
nonreciprocal characteristic is generated. Therefore, the ra-
diation impedance R3 of the lumped equivalent circuit is the
impedance of magnetostatic backward volume waves trans-
mitting on the ferrite slab. According to the direction shown
in Fig. 2, the relationship between the radiation impedance R3
and the radiation impedance R;” of magnetostatic backward

volume waves transmitting on the lower surface of ferrite slab

The gain G of the nonreciprocal unit in Fig. 3 indicates the
difference between the radiation impedance generated by the
electromagnetic wave inputted from port 1 and the radiation
impedance generated by the electromagnetic wave outputted
from port 2. Therefore, the expression is written as

G =2R. (15)

Equations (12)-(15) are lumped parameters of the non-
reciprocal unit in Fig. 3, equations (6), (9)—(11) are lumped
parameters of the reciprocal unit in Fig. 3, and then a lumped
equivalent circuit model of a nonreciprocal ME tunable band-
pass filter is finally established. Further, the external electric
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field, the magnetic field, the size of the device, and material
parameters are substituted into the established model, and the
performance of the device is easily analyzed by the lumped
equivalent circuit model shown in Fig. 3.

4. Results and discussion

In order to verify the validity of the lumped equivalent cir-
cuit model, the experimental results of the magnetic tunable
microwave filter in Ref. [34] were selected as the reference.
Wherein the YIG slab is selected as the ferrite material, the di-
mension Iy X we X tpis 3.6 mm x 2 mm x 0.108 mm, and the
saturation magnetization is 47Mg = 1750 G. The widths of the
input and output microstrip lines are wi, = woy = 0.37 mm,
the width of the coupled microstrip line is wy, = 0.32 mm, the
distance between the microstrip line §; and microstrip line S,
is wqg = 1.2 mm, and the deviation angle is 45°. Here, the
length of the microstrip line covered by YIG slab is about
2.5 mm, the dielectric substrate is Rogers TMM 10i, the thick-
ness is 0.381 mm, the dielectric constant is & = 9.8, and the
loss angle tangent is tan § = 0.002. For the nonreciprocal mag-
netic tunable microwave filter, the electric field is only taken
as 0 in the expression of the effective magnetic field Hy of the
lumped equivalent circuit model, which is shown in Fig. 3.
Now, the predicted results of the lumped equivalent circuit
model and the electromagnetic field simulation and the exper-
imental results of the nonreciprocal magnetic tunable filter are
compared as shown in Fig. 4. As can be seen from Fig. 4,
the predicted center frequency and the predicted insertion loss
values are qualitatively in good agreement with the experimen-
tal results, when the static magnetic field is set to 1100 Oe,
1300 Oe, 1500 Oe, and 1700 Oe. In order to analyze the pre-
dicted results more clearly, the predicted center frequency of
Fig. 4 and the predicted insertion loss of the center frequency
point and the experimental results are shown in Fig. 5. From
Fig. 5, it can be found that the predicted results of the lumped
equivalent circuit and the electromagnetic field simulation are
basically consistent in the central frequency point. The de-
viations of the predicted results and experimental results are
about 10 MHz. In terms of the maximum insertion loss, the
predicted results of the lumped equivalent circuit and the elec-
tromagnetic field simulation are basically consistent, which
are smaller 2 dB than the experimental results. In summary,
the predicted results of the lumped equivalent circuit model
and the electromagnetic field simulation are in good agree-
ment with the experimental results. Therefore, the validity of
the lumped equivalent circuit model is verified.

Meanwhile, the insertion loss S}, predicted by the equiva-
lent circuit model is compared with the experimental results in
Fig. 6 (in order to improve the recognition degree, the results
of electromagnetic field simulation are not placed in Fig. 6).
When the magnetic field changes from 1100 Oe to 1700 Oe,

the maximum insertion loss obtained by the equivalent circuit
model is below —15 dB, which has a high isolation degree
and can achieve the same isolation effect as the experimental
results. From Figs. 4-6, the lumped equivalent circuit model
can effectively predict the basic characteristics of the nonre-
ciprocal filter.

H=1.5 kOe
K @ =1.7 kOe

—10}
m —20t
o
>
N 30
—40F . . 1
lumped equivalent circuit
— - — EM field simulation
—50p —o— experiment
15 55 65 75 85
Frequency/GHz

Fig. 4. (color online) The contrast diagram of the predicted insertion
loss curves of the lumped equivalent circuit model and the experiment
values for the deviation angle 45°.

7.5
M b7 0 T
7.0
3 2
2 16.5 §
z :
o
S —12 16.0 ‘f
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S| o
= —16 —~ -EM field simulation 155 ©
4 —e— experiment ]
90 —e— hllmped quuiva:lent Cilrcuit 50
1100 1300 1500 1700
H/Oe

Fig. 5. (color online) The contrast diagram of the predicted insertion
loss S»1 and the predicted center frequency and the experiment values
under different magnetic fields.
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m —20
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w —30f

—40

_50/

4‘.5 . 5..5 . 6‘.5 . 7..5
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Fig. 6. (color online) The contrast diagram of the predicted insertion
loss S1» of the lumped equivalent circuit model and the experiment val-
ues for the deviation angle 45°.
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Keep the thickness # = 0.108 mm of YIG unchanged, ad-
just the deviation angle of YIG to be 0°. Then magnetostatic
upper surface waves will not be suppressed and this filter will
present the reciprocal characteristics from the above analysis.
Exploiting the experimental results'>*! in the reciprocal case,
the comparison results of the S»; curve and the Sy, curve ob-
tained by the lumped equivalent circuit model and the experi-
mental results are respectively shown in Figs. 7(a) and 7(b) in
the magnetic field 1600 Oe. As can be seen from Figs. 7(a) and
7(b), the S»; and the Sy, curves, the center frequency and the
insertion loss of the center frequency, which are obtained by
the lumped equivalent circuit model and the electromagnetic
field simulation, are in good agreement with the experimental
results and can effectively describe the reciprocal character-
istic of the device. The band-pass ripple of the experimen-
tal insertion loss is smaller, the predicted curve obtained by
the lumped equivalent circuit model is relatively smooth, and
the predicted curve of the electromagnetic field simulation has
a larger ripple. From this point of view, the lumped equiva-
lent circuit model is better than the electromagnetic field sim-
ulation. Meanwhile, from Figs. 4-7, it can be seen that the
model can well describe the experimental results of the non-
reciprocal magnetoelectric tunable microwave bandpass filter
(see Figs. 4-6) and also describe the experimental results un-
der the degenerated reciprocal condition (see Fig. 7). In fact,
when the model degenerates into the reciprocal model, the de-
generated equivalent circuit is consistent with the model of
Ref. [39]. Therefore, the research work of this paper extends
the lumped circuit model of the reciprocal microwave mag-
netoelectric device to more general nonreciprocal devices and
provides a theoretical basis for the design and application of
the nonreciprocal magnetoelectric microwave devices in high
performance.

For the validity of the equivalent circuit model at the dif-
ferent deviation angles of ferrite slab, the experimental results
in Ref. [34] are still selected. Select the 0.5 mm thick YIG
slab and change the included angle between the YIG slab and
the y axis to do the prediction by the model. Keeping the
bias magnetic field H = 1600 Oe unchanged, the impact of
the reflecting hypotenuse on the backward surface wave and
the S parameter gradually increases when the deviation angle
changes from 0° to 45°. As shown in Fig. 7, the S>; curve
is basically consistent with the S1o curve when the deviation
angle is 0°. When the deviation angle gradually increases,
the nonreciprocal characteristic gradually appears according
to the above analysis. When the deviation angle is 45°, the
nonreciprocal characteristic becomes the most obvious. By
changing the placement angle of the YIG slab, the comparison
of the predicted results obtained by the lumped equivalent cir-
cuit model and the experimental results is shown in Fig. 8. As
can be seen from Fig. 8, the insertion loss S>; and Sy, curves

obtained by the equivalent circuit model are qualitatively in
good agreement with the experimental results and can well re-
flect the nonreciprocal characteristic which increases with the
increase of the deviation angle.

Sa1/dB

—— lumped equivalent circuit
—--EM field simulation

—40} —6— experiment
6.2 6.6 7.0 7.4
Frequency/GHz

S15/dB

—— lumped equivalent circuit
—-- EM field simulation
—6— experiment

—40F

6.2 6.6 7.0 7.4
Frequency/GHz
Fig. 7. (color online) The contrast diagram of the predicted insertion

loss S21 (a) and Sy2 (b) of the lumped equivalent circuit model and the
experiment values for the deviation angle 0°.

0 0
—10} {1—10
m jas)]
2 3
@A <)
20} {—20
—6— experiment
—=— lumped equivalent circuit
—30 - . - - . . - —30
0 10 20 30 40
Angle/(°)

Fig. 8. (color online) The insertion loss S»; and Sy, curves under the
influence of deviation angles.

An equivalent magnetic field is introduced to describe
the applied electric field on the piezoelectric layer adjust-
ing the frequency band of devices, and then the lumped pa-
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rameters of the lumped equivalent circuit model are calcu-
lated under the condition of the applied voltage. Choose PZT
as the piezoelectric layer, substitute the material parameters
into the magnetoelectric conversion coefficient in Ref. [13],
and then get the magnetoelectric conversion coefficient A =
5.2 0e-cm-kV~! (i.e., the applied electric field can be equiv-
alent to 0Hg = 5.2E). After the external bias field 1600 Oe
remains unchanged, figure 9 shows the device performance
predicted by the lumped equivalent circuit model and the elec-
tromagnetic simulation when the external electric field varies
from —10 kV/cm to 10 kV/cm at the two ends of piezoelec-
tric layer. As can be seen from Fig. 9(a), the Sy curves ob-
tained by the equivalent circuit model and the electromagnetic
field simulation are qualitatively consistent at the center fre-
quency point under different electric fields. The bandwidth
obtained by the electromagnetic field simulation is wider than
that obtained by the lumped equivalent circuit model, because
the given boundary conditions of the device are more close
to the actual situation in the electromagnetic field simula-
tion. The S}» curves obtained by the lumped equivalent circuit
model and the electromagnetic field simulation are shown in
Fig. 9(b). As can be seen from Fig. 9(b), the insertion loss S2
is below —12 dB under different electric fields and has a dis-
tinct band-stop characteristic. Therefore, it can be found that
the electric field can adjust the working frequency of the de-
vice and the nonreciprocal characteristic still exists in Fig. 9.

S1/dB

——lumped equivalent circuit
—o— EM field simulation

1% 6.5 7.0 7.5

Frequency/GHz
0
— lumped equivalent circuit  (b)
| —=— EM field simulation
—10}
m E=-10kV/cm g—g kV/cmEZlO kV/cm
<
g
0
—20}
—30

6.2 6.4 6.6 6.8 7.0 7.2
Frequency/GHz

Fig. 9. (color online) The insertion loss Sz (a) and Sy, (b) curves under
different electric fields (for the deviation angle 45°).

0 T - -
— 0.008 mm —> 0.2 mm (a)
0.02 mm i
— 0.04 mm
_10 | 0.1 mm 0.04 mm 0.5 mm |
— 0.2 mm
—0.3mm 0.02 mm 0.1 mm

0.3 mm
0.4 mm

Ss1/dB

5 6 7 8
Frequency/GHz

- (].()0;% mm ' ' ' ' (b)

0.02 mm —>» 0.2 mm
—0.04 mm

0.1 mm
0.04 mm \

0.02 mm 7

0.008 mm

0.1 mm
— 0.2 mm
—20

— 0.3 mm
— 0.4 mm

0.3 mm

.4 mm
0.5 mm 0

0.5 mm i

S12/dB

—40

—60 4

5 6 7 8
Frequency/GHz

Fig. 10. (color online) The insertion loss S>; (a) and Si, (b) curves
under different thicknesses of YIG (for the deviation angle 45°).

Next, the designed nonreciprocal device has several im-
portant parameters, such as the thickness of ferrite layer and
the width of the coupled microstrip lines, and the impact of
several important parameters on the performance of the de-
vice is predicted. Firstly, considering the impact of the thick-
ness of ferrite layer, keep static magnetic field H = 1600 Oe
unchanged, and the thickness of YIG slab changes from
0.008 mm to 0.5 mm. The insertion loss S>; and Si» curves
predicted by the lumped equivalent circuit model are shown
in Fig. 10. When the thickness changes from 0.008 mm to
0.2 mm, the Sy; curve is easily influenced by the thickness
and the center frequency sharply increases in Fig. 10(a) (the
increments are approximately 500 MHz). When the thick-
ness changes from 0.2 mm to 0.5 mm, the center frequency
of the S7; curve becomes gradually smaller, but the change is
relatively small. As can been seen from Fig. 10(b), the iso-
lation degree becomes gradually low and the isolation degree
at the center frequency has been greater than —10 dB in the
0.2 mm thickness when the thickness changes from 0.008 mm
to 0.2 mm. When the thickness continuously increases and
then the isolation degree rapidly decreases. Figures 10(a) and
10(b) show that ferrite layer with the optimal thickness can
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improve the band-pass effect and also increase the isolation
degree.

The insertion loss curves predicted by the equivalent cir-
cuit model are shown in Fig. 11 under the different widths of
the coupled microstrip line. As can be seen from Fig. 11(a),
the maximum insertion loss S»; gradually decreases with the
increase of the width of the microstrip line resulting in the dif-
ference of 2 dB. Because the increase of the width of the mi-
crostrip line leads to the decrease of the radiation impedance,
and the coupling effect between ferrite slab and the microstrip
line becomes weak resulting in the decrease of the insertion
loss. Meanwhile, the center resonant frequency slightly off-
sets to the left and the drift amount remains unchanged. With
the increase of the width, the insertion loss gradually decreases
and the isolation effect becomes better.

—2
a wy, = 0.28 mm
b wy =0.30 mm
_4lc¢ Wy =0.32 mm

d wy =0.34 mm

o H=1600 Oe
(a)

Sy,/dB
|
[oe]

6.60 6.65 6.70 6.75 6.80 6.85

Frequency/GHz
a wy, =0.28 mm _ ]
b Wm = 0.30 mm H=1600 Oe
—8F c wy=0.32 mm (b) 1
d Wm = 0.34 mm

e wy =0.36 mm ]

—12¢ 4

S12/dB

—20¢t

—24 : : :
6.60 6.65 6.70 6.75 680 6.85

Frequency/GHz

Fig. 11. (color online) The insertion loss S>; (a) and Sj, (b) curves
under different widths of the coupled microstrip line (for the deviation
angle 45°).

5. Conclusion

In this paper, for the nonreciprocal magnetoelectric dual
tunable microwave band-pass filter, a lumped equivalent cir-
cuit model is established, which is based on the lumped equiv-
alent circuit of the reciprocal coupled band-pass filter and the
introduced nonreciprocal circuit with the controlled sources.

Change the deviation angle of YIG slab to make the device re-
spectively be in the reciprocal and nonreciprocal case. For the
S»1 curve predicted by the equivalent circuit model, its band-
pass frequency, bandwidth, and the insertion loss are in good
agreement with the experimental results. The predicted and
measured insertion loss Sy, results are below —15 dB under
the nonreciprocal state, which have a higher isolation degree.
Then, based on some important parameters of the nonrecip-
rocal device, the lumped circuit model is used to do the pre-
diction. It is found that the thickness of the ferrite layer has
a complex effect on the center frequency and the isolation de-
gree. YIG slab with the optimal thickness may simultaneously
enhance the band-pass effect and the isolation degree. The
width of the coupled microstrip line monotonically impacts
on the device performance and the insertion loss S»; and Si»
monotonically decrease with the increase of the width of the
microstrip line.
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