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ABSTRACT

Recon�gurable and tunable designs which provide multi-functionality are highly desirable

in wireless communication systems. Amongst di�erent methodologies to design RF switching, a

directly connected biasing circuitry is not required for Static Field Micro-Particle Components

(SFM-PCs); therefore, not only power consumption is lowered but also these particle-based switches

can be used in complex geometries. However, the traditional structure has low-frequency bandwidth

for both ON and OFF states and fails to operate correctly when undergoing rotation, these result

in di�culties in using them in portable higher band applications. To address these issues, here

two new techniques to increase the frequency bandwidth of ON and OFF states were proposed.

Furthermore, a novel 360-degree rotatable structure was developed. The e�cacy of these structures

were evaluated by embedding them into discontinuous microstrip transmission lines. Both HFSS

simulations and measurements show the accuracy of the analysis and the e�cacy of the proposed

designs.
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1. INTRODUCTION

Multi functionality of a single device can be achieved by turning ON/OFF the embedded RF

switches. These RF switches, which can be components such as PIN diodes [1] [2] [3], RFMEMS, and

Field E�ect Transistors (FETs), enable the designs of recon�gurable antennas/arrays [4] and �lters.

While they provide bene�ts to the RF systems, each of these methodologies pose limitations in terms

of frequency response, power consumption, and isolation loss. PIN diodes are one of the common

building blocks in RF systems; however, they exhibit relatively high insertion loss, low linearity,

and high power consumption [5] [6] [7]. RF MEMS switches are another switching methodology

which have low power consumptions but they su�er from expensive manufacturing techniques [8]

[9] [10] [11] [12]. Finally, FET based switches not only require extra power but also are susceptible

to overload voltages [13]. While using RF switches allows for more than one operational mode for

each design, their embodiment into the host structure might either lead to performance degradation

or increase the overall power consumption. Thereby, based on the requirements of an application

such as -3 dB frequency, isolation loss, and power consumption, the type of the switch should be

chosen. Hence, devoting e�orts to design new switching techniques is a must.

The need for a biasing network or lumped elements including RF chokes and bypass capac-

itors in order to control the ON or OFF states of these components, not only increases the overall

power consumption of RF systems, but also requires careful design to prevent performance degra-

dation. In order to address these challenges, recently a particle-based switch has been developed

[14] and has been used in di�erent applications including transmission lines [14], recon�gurable an-

tennas [15], and �lters [16]. This particle-based switch does not require DC biasing circuitry for its

operation [14] [17] [18] and addresses the main challenges of other methodologies such as the need

for an RF choke in PIN diodes [19], high manufacturing cost and electrical noise in MEMS [19],

and extra power consumption in FETs; however, not only the frequency band for the ON and OFF

states of the traditional SFM-PC based switches are limited to only few hundred megahertz but

also they fail to operate correctly when they undergo rotations, making it di�cult to embed these

switches into the products where rotation is inevitable. Therefore, in order to address the needs

1



of the growing communication market, SFM-PC switches featuring high-frequency bandwidth for

both ON and OFF states as well as reliable operation for 360-degree rotation should be developed.

2



2. ANALYSIS OF TRADITIONAL SINGLE SWITCH

SYMMETRIC COPPER (SSWSC) STATIC FIELD

MICRO-PARTICLE COMPONENT (SFM-PC)

Fig. 2.1 illustrates the traditional Single Switch Symmetric Copper (SSwSC) Switch embed-

ded on a host substrate with the relative permittivity of εsb and thickness of hsb; note that the host

substrate can be a discontinuous microstrip printed transmission line (TL) [14], a recon�gurable

�lter, or a recon�gurable antenna. The switch, made of the dielectric material with the relative

permittivity εsw, width wsw, length lsw, and height hsw, consists of a cylindrical cavity drilled out

of it and is �lled with micron-sized silver-coated magnetite core particles up to the height αhsw

where 0 < α < 1. The switch is placed on part PR1 of the host and its top side is connected to the

part PR2 of the host using symmetric copper foil with the widths of w1 = w2 = w3 as labeled in

Fig. 2.1(a). The two parts of the host structure, PR1 and PR2, are isolated by a gap with a length

lg.

In order to understand the functionality of the traditional particle based switch, the ON

and OFF states will be analyzed separately.

2.1. ON State

As can be seen from Fig. 2.1(b), upon applying a static magnetic �eld, the particles stack

on top of each other to create columns in the direction of the �eld lines. These columns connect
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Figure 2.1. (a) Placement of traditional Single Switch Symmetric Copper SFM-PC with symmetric
copper foil (w1 = w2 = w3) on a host substrate, (b) main signal path for the ON state, and (c)
N-segment approximation for the second region, labeled from 2 to N + 1.
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the two parts PR1 and PR2 of the host together to increase the propagation area of the antenna,

to transfer the signal from the input port to the output port of the transmission line [14] or the

�lter [16]. Considering quasi-TEM mode, when the switch turns on, the signal travels through the

substrate material between the GND plane and the main signal path consisting of PR1, stacked

micron-sized particles, copper foil, and PR2 as shown by a green arrow in Fig. 2.1(b). Note that

it is assumed that the coupling signal through the shaded area of the switch is negligible compared

to the main signal path.

Due to the embodiment of the switch on the substrate, two regions called 1 and 2 with

characteristic impedances of Z0,1 and Z0,2 were created; the dotted lines in Fig. 2.1(b) show the

boundary between di�erent regions. When the signal travels through the substrate and reaches the

boundary between the ith and jth regions, one of the following cases will occur

• Z0,i = Z0,j → all of the signal transfers to the jth region, in other words, Γi = 0.

• Z0,i 6= Z0,j → fraction of the signal re�ects from the boundary, making |Γi| > 0.

Therefore, to obtain ΓSSwSC
1 = 0, the characteristic impedances of di�erent regions should

have the same values as that of the substrate. Assuming a lossless medium along the signal path,

the characteristic impedance of the �rst and second region can be expressed as

Z0,i =

√
Li

Ci
i = 1 and 2, (2.1)

where Li represents the series inductance per unit length of the signal path in the ith region and Ci

is the shunt capacitance per unit length in ith region between the signal path and GND plane. The

capacitance and inductance per unit length for each region were extracted: 1) using the characteristic

impedance of the microstrip transmission line for the width to the height ratio greater than or equal

to unity [20] and 2) assuming ε = c
√
LiCi, where ε is the dielectric constant and c = 3e8 m/sec.

For simplicity in expressing the equations, the function f(x, y) = x
y + 1.393 + 0.667 ln(xy +

1.444) was de�ned and used in order to formulate the parameters in the ith region which are Li,

Ci, and Z0,i. Utilizing function f , for the host microstrip transmission line, the following equations

4



can be calculated for inductance per unit length, capacitance per unit length, and characteristic

impedance, respectively.

L0 =
120π

f(wt, hsb)c
, (2.2)

C0 =
εsbf(wt, hsb)

120πc
, (2.3)

and

Z0 =

√
L0

C0
=

120π
√
εsbf(wt, hsb)

, (2.4)

where wt is the trace width and hsb is the height of the transmission line (TL), respectively.

2.1.1. Region 1

As illustrated in Fig. 2.1(c), this region consist of two capacitances in series; Csw
1 and Csb

1

which can be de�ned as

Csw
1 =

εswf(wsw, hsw)

120πc
, (2.5)

and

Csb
1 =

εsbf(wsw, hsb)

120πc
. (2.6)

The total capacitance per unit length in this region, which is Csw
1 and Csb

1 in series can be

obtained from

C1 =
Csw
1 Csb

1

Csw
1 + Csb

1

=
εswf(wsw, hsw)f(wsw, hsb)

f(wt, hsb)
(
εswf(wsw, hsw) + εsbf(wsw, hsb)

)C0, (2.7)

where C0 is from (2.3).

The inductance per unit length in the �rst region can be calculated from the equation given

below in which L0 is from (2.2).

L1 =
120π

f(wsw, hsb + hsw)c
=

f(wt, hsb)

f(wsw, hsb + hsw)
L0. (2.8)

5



Using (2.7) and (2.8), the characteristic impedance in region 1 can be formulated as

Z0,1 =

√
L1

C1
= Z0 ×D1, (2.9)

where D1 is the ratio of the characteristic impedance of region 1 to that of the host and is given by

D1 =

√√√√f2(wt, hsb)
(
εswf(wsw, hsw) + εsbf(wsw, hsb)

)
εswf(wsw, hsw)f(wsw, hsb)f(wsw, hsb + hsw)

(2.10)

2.1.2. Region 2

Unlike the �rst region which has the constant height over the length l1 = lsw−2r
2 , in the

second region, the height of the copper foil ranges from hsw to zero along lc. In order to analyze

this region and consequently provide an intuitive understanding about the functionality of the

switch, the copper foil in this region was approximated with N segments with length ∆lc = lc
N

and height ∆hsw = hsw
N as shown in Fig. 2.1(c). Note that 2-segment, 3-segment, and 4-segment

approximations could be found in the appendix.

The series combination of Ck,air
2 and Csb

2 creates the total capacitance per unit length in the

kth segment which can be calculated from

Ck
2 =

Ck,air
2 Csb

2

Ck,air
2 + Csb

2

=
f(wsw, h

k
2)f(wsw, hsb)

f(wt, hsb)
(
f(wsw, hk2) + εsbf(wsw, hsb)

)C0 (2.11)

The inductance per unit length and the characteristic impedance of the kth segment in the

second region are given by (2.12) and (2.13), respectively.

Lk
2 =

f(wt, hsb)

f(wsw, hk2 + hsb)
L0 (2.12)

and

Z0,2|k =

√
Lk
2

Ck
2

= Z0D
k
2 , (2.13)

where

Dk
2 =

√√√√f2(wt, hsb)
(
f(wsw, hk2) + εsbf(wsw, hsb)

)
f(wsw, hk2 + hsb)f(wsw, hk2)f(wsw, hsb)

(2.14)
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Using the characteristic impedance values of the �rst region plus the N segments of the

second region, Z0,1 and Z0,2|k (where k = 2, · · · , N+1) , the voltage re�ection coe�cient (Fig.

2.1(b)) can be written as

ΓSSwSC
1 =

Zin1 − Z0

Zin1 + Z0
=

ΓSSwSC
1 |Num.

ΓSSwSC
1 |Den.

, (2.15)

where its numerator and denominator are given by (2.16) and (2.17):

ΓSSwSC
1 |Num. =

N+1∑
i=1

j
( ∏

bp∈B1
i

Dbp

)( ∏
aq∈A1

i

tan(βaq laq)
)(

(Daq)2 − 1
)

+

N∑
m=2

( (N+1
m )∑
i=1

jm
( ∏
bp∈Bm

i

Dbp

)( ∏
aq∈Am

i

tan(βaq laq)
)( ∏

q odd
aq∈Am

i

(Daq)2 −
∏

q even
aq∈Am

i

(Daq)2
))

+ jN+1
( ∏
aq∈AN+1

i

tan(βaq laq)
)( ∏

q odd

aq∈AN+1
i

(Daq)2 −
∏

q even

aq∈AN+1
i

(Daq)2
)

(2.16)

ΓSSwSC
1 |Den. = 2×

(∏
i∈U

Di

)
+

N+1∑
i=1

j
( ∏

bp∈B1
i

Dbp

)( ∏
aq∈A1

i

tan(βaq laq)
)(

(Daq)2 + 1
)

+
N∑

m=2

( (N+1
m )∑
i=1

jm
( ∏
bp∈Bm

i

Dbp

)( ∏
aq∈Am

i

tan(βaq laq)
)( ∏

q odd
aq∈Am

i

(Daq)2 +
∏

q even
aq∈Am

i

(Daq)2
))

+ jN+1
( ∏
aq∈AN+1

i

tan(βaq laq)
)( ∏

q odd

aq∈AN+1
i

(Daq)2 +
∏

q even

aq∈AN+1
i

(Daq)2
)
, (2.17)

where{
Am

i

}
: is the collection of i(=

(
N + 1

m

)
) subsets of U = {1, 2, · · · , N + 1} with size m

Am
i =

{
a1, · · · , aq, · · · , am

}
in which aq < aq+1{

Bm
i

}
: is the collection of i subsets of U = {1, 2, · · · , N + 1} with size N + 1−m

Bm
i =

{
b1, · · · , bp, · · · , bN+1−m

}
such that Bm

i ∪Am
i = U and Bm

i ∩Am
i = ∅

From (2.16), it can be concluded that in order to reduce the voltage re�ection coe�cient,

the coe�cient D in each region should go to 1.0.
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Figure 2.2. Coupling voltage to the output though the capacitance for the OFF state.

2.2. OFF State

Fig. 2.2 shows the side view of the traditional SFM-PC on the host structure for the OFF

state [18]. When the magnetic �eld intensity (H) becomes zero, the particles settle at the bottom

of the cavity due to gravitational force. In other words, the two parts of the host, PR1 and PR2,

become disconnected as the SFM-PC switch is o�. However, due to the coupling capacitance, a

high-frequency input signal might appear in the output port of an RF system, resulting in low

isolation.

Based on the equivalent circuit shown in Fig. 2.2, the relationship between the output and

input signals can be written as

V SSwSC
out =

Ccoupling

Ccoupling + Csblsw
× Vin (2.18)

and from [14]

Ccoupling = Csw + Ch + Cf ' Csw + Ch, (2.19)

where Cf is the fringing capacitance between the edge of the PR1 and the copper foil; this capaci-

tance can be neglected due to its small value [14]. By substituting the capacitance of hole and the

switch, the coupling capacitance can be calculated as

Ccoupling =
ε0
hsw

(
εswwswlsw + πr2(

1

1− α
− εsw)

)
, (2.20)
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Traditional SSwSC

trace 1 trace 2

Figure 2.3. Fabricated prototype of the traditional Single Switch Symmetric Copper (SSwSC)
embedded on a TL.

where

Ch = ε0
πr2

(1− α)hsw
(2.21)

and

Csw =
ε0εsw
hsw

(wswlsw − πr2). (2.22)

While the second term in the parenthesis of (2.20) can be negative or positive depending on

the dielectric constant of the switch (εsw) and the amount of the micron-sized particle (α), in either

case, its value is negligible with respect to the �rst term. From (2.20), it can be concluded that,

while increasing the height of the switch (hsw) reduces the capacitively coupled voltage, decreasing

the dielectric constant of the switch (εsw), the width of the switch (wsw), and the length of the

switch (lsw) improves the performance in the OFF state [21].

2.3. Simulation and measurement results

The e�ects of the physical characteristic of the particle-based switch were evaluated by

embedding SFM-PC on a host printed microstrip transmission line (TL). The TL was designed

from Rogers TMM4 material with the relative permitivity εr = 4.7, thickness hsb = 1.524 mm,

top and bottom copper cladding of tcu = 0.5 oz , and area of 80 mm × 80 mm. The width of

the transmission line traces were calculated as 2.79 mm using Advanced Design System (ADS)

software; with gap length lg = 2 mm in order to minimize the fringing capacitance, caused by the

noncontinuous TL on the performance of the design.

The traditional Single Switch Symmetric Copper (SSwSC) with the height hsw = 1.524 mm

and dimension wsw × lsw = 3.0 mm × 3.0 mm was designed from di�erent dielectric materials
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Figure 2.4. HFSS simulation and measurement results of the traditional SSwSC for various dielectric
materiels including Rogers TMM3, Rogers TMM4, and Rogers TMM6 (a) |S11| for ON state, (b)
|S12| for ON state, (c) |S11| for OFF state, and (d) |S12| for OFF state.

including Rogers TMM3 (εsw = 3.45 and tan δ = 0.002), TMM4 ( εsw = 4.7 and tan δ = 0.002) and

TMM6 (εsw = 6.3 and tan δ = 0.0023). Fig. 2.4 shows the |S11| and |S12| of the embedded switch

on the transmission line for both ON and OFF states. As can be seen from these, while the -10 dB

frequency of |S11| and -3 dB of the |S12| of the ON state for all the dielectric materials are the same,

TMM3 has a higher frequency bandwidth for the OFF state compared to other dielectric materials.

This is because Rogers TMM3 material has lower relative permittivity than others, resulting in

lower coupling capacitance and higher frequency bandwidth.

The e�ect of switch height (hsw) on the performance was examined by considering three

di�erent heights: 0.762 mm, 1.524 mm, and 3.18 mm. The switch for all the heights was made of

Rogers TMM4 dielectric material with the dimension wsw × lsw = 3.0 mm × 3.0 mm. Fig. 2.5

shows the performance of the switch for di�erent heights. While hsw= 0.762 mm shows higher

frequency bandwidth for the ON state compared to the others, its -3 dB frequency of |S11| and -10

10
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Figure 2.5. HFSS simulation and measurement results of the traditional SSwSC for hsw = 0.762
mm, 1.524 mm, and 3.18 mm (a) |S11| for ON state, (b) |S12| for ON state, (c) |S11| for OFF state,
and (d) |S12| for OFF state.

dB frequency of |S12| for the OFF state are the lowest. We can conclude that there is a tradeo� for

the height of the switch; while reducing the height improves the frequency bandwidth of the ON

state, increasing hsw causes higher frequency bandwidth for the OFF state.

The traditional SFM-PC switch made of Rogers TMM4 with the height hsw= 1.524 mm was

used to evaluate the e�ects of the switch length on the performance of both ON and OFF states.

Fig. 2.6 depicts the S-parameters of the ON and OFF states for three di�erent lengths: lsw = 2

mm, 3 mm, and 4 mm. As can be seen from the �gures, reducing the length of the switch improves

the frequency bandwidths of both ON and OFF states.

Finally, the e�ects of the width of the switch on the performance of the ON and OFF states

were evaluated. Three traditional SFM-PC switches with length 3 mm, height 1.524 mm, and

widths 2.0 mm, 3.0 mm, and 4.0 mm were made of Rogers TMM4 material. Illustrated in Fig. 2.7,

while changing the width of the switch does not have any e�ect on its ON state performance, the
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Figure 2.6. HFSS simulation and measurement results of the traditional SSwSC for lsw = 2.0 mm,
3.0 mm, and 4.0 mm (a) |S11| for ON state, (b) |S12| for ON state, (c) |S11| for OFF state, and (d)
|S12| for OFF state.

frequency bandwidth of the switch for the OFF state is reduced for large widths due to the larger

coupling capacitance.

2.4. Conclusion

In this chapter, it was shown that reducing the height and length of the switch increases

the frequency bandwidth of the ON state, whereas decreasing the dielectric constant, width, and

length, as well as increasing the height of the switch, provide better isolation during the OFF state.

Therefore, the requirement of the high-speed devices can be satis�ed by properly adjusting the

physical characteristic of the switch.
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Figure 2.7. HFSS simulation and measurement results of the traditional SSwSC for wsw = 2.0 mm,
3.0 mm, and 4.0 mm (a) |S11| for ON state, (b) |S12| for ON state, (c) |S11| for OFF state, and (d)
|S12| for OFF state.
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3. NEW EMBODIMENTS OF STATIC FIELD

MICRO-PARTICLE COMPONENTS (SFM-PCS)

In the previous chapter, the e�ects of the physical characteristics of the switch were formu-

lated. Table I compares the performance of both ON and OFF states with respect to the dielectric

constant εsw, height hsw, width wsw, and length lsw of the switch. As can be seen from this table,

there is a trade-o� between the OFF and ON states for the height of the switch. In other words,

while reducing the height increases the frequency bandwidth of the ON state, it degrades the fre-

quency band of the OFF state. In addition, due to fabrication limitations, reducing the length and

the width of the switch in order to lower the isolation loss for the desired frequency range in not

possible. Therefore, developing new techniques that can either improve the frequency bandwidth of

both states or improve the frequency bandwidths of one state without degrading the performance of

the other one is a must. Hence, in this chapter, two novel techniques, Asymmetric Copper (AC) and

Double Switch (DSw) will be introduced. By employing these methods, the frequency bandwidth

of the SFM-PC can increase up to 7.0 GHz, several times of the previously reported values.

Table 3.1. E�ects of the physical characteristics of the SFM-PC
switch on both ON and OFF states.

Physical characteristic Value ON state OFF state

Switch

dielectric constant (εsw)
high

low
√

height (hsw)
high

√

low
√

width (wsw)
high

low
√

length (lsw)
high

low
√ √

√
symbol was used to show the improvement in the frequency

bandwidth.
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Figure 3.1. Structure of the Single Switch Asymmetric Copper (SSwAC).

3.1. Single Switch Asymmetric Copper (SSwAC)

Fig. 3.1 shows the proposed Asymmetric Copper (AC) technique applied to a single switch

in order to improve the frequency bandwidth of the switch for the ON state without compromising

the performance of the OFF state. Unlike the traditional SFM-PC, in this method, an asymmetric

copper foil is used to connect the top side of the switch to PR2 of the host. In other words, the

widths of the copper foil, w1 and w2, could have di�erent values from the width of the switch, wsw.

It will be shown that by properly adjusting the widths of the copper foil, the re�ection coe�cient

can be reduced considerably resulting in increased frequency bandwidth for the ON state.

3.1.1. ON state

As discussed in the previous chapter, because of impedance mismatch, some part of the

signal re�ects at the boundaries between di�erent regions, reducing the feedforward transmission

coe�cient, |S12|, and increasing the voltage re�ection coe�cient, |S11|. Similar to the traditional

structure, the Single Switch Asymmetric Copper (SSwAC) structure creates two regions called 1

and 2 with characteristic impedances of Z0,1 and Z0,2, respectively.

3.1.1.1. Region 1

As w1 ≥ wsw, air covers the wy = w1 − wsw part of the copper foil in the �rst region.

Using the methodology described for the traditional Single Switch Symmetric Copper (SSwSC), the

capacitance per unit length and the inductance per unit length in the �rst region can be calculated

from the following equations:

C1 =
εswf(wsw, hsw) + 2f(wy, hsw)

εswf(wsw, hsw) + 2f(wy, hsw) + εsbf(wsw + 2wy, hsb)

f(wsw + 2wy, hsb)

f(wt, hsb)
C0 (3.1)
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and

L1 =
120π

f(wsw + 2wy, hsb + hsw)c
, (3.2)

where εsw is the dielectric constant of the switch, wsw is the width of the switch, hsw is the height

of the switch, hsb is the height of the substrate, and wt is the width of the trace. Using (3.1) and

(3.2), the characteristic impedance in the �rst region can be obtained from

Z0,1 =

√
L1

C1
= Z0D1, (3.3)

in which the coe�cient D1 is from (3.4).

D1 =

√√√√√ f2(wt, hsb)
(
εswf(wsw, hsw) + 2f(wy, hsw) + εsbf(wsw + 2wy, hsb)

f(wsw + 2wy, hsb)f(wsw + 2wy, hsb + hsw)
(
εswf(wsw, hsw) + 2f(wy, hsw)

) (3.4)

3.1.1.2. Region 2

Assuming the width of the copper foil in the kth segment of the second region is wk
2 , the

capacitance per unit length, inductance per unit length, and the characteristic impedance in this

region can be calculated from the equations shown below.

Ck
2 =

f(wk
2 , hsb)f(wk

2 , h
k
2)

f(wt, hsb)
(
f(wk

2 , h
k
2) + εsbf(wk

2 , hsb)
)C0, (3.5)

Lk
2 =

f(wt, hsb)

f(wk
2 , h

k
2 + hsb)

L0, (3.6)

and

Zk
2 = Z0D

k
2 , (3.7)

where

hk2 =
N − k + 2

N
hsw (3.8)

and

Dk
2 =

√√√√f2(wt, hsb)
(
f(wk

2 , h
k
2) + εsbf(wk

2 , hsb)
)

f(wk
2 , hsb)f(wk

2 , h
k
2)f(wk

2 , h
k
2 + hsb)

. (3.9)
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Using the characteristic impedances, the voltage re�ection coe�cient for the Single Switch

Asymmetric Copper (SSwAC) can be written as

ΓSSwAC
1 =

ΓSSwAC
1 |Num.

ΓSSwAC
1 |Den.

, (3.10)

in which its numerator and denominator are given by

ΓSSwAC
1 |Num. =

N+1∑
i=1

j
( ∏

bp∈B1
i

Dbp

)( ∏
aq∈A1

i

tan(βaq laq)
)(

(Daq)2 − 1
)

+
N∑

m=2

( (N+1
m )∑
i=1

jm
( ∏
bp∈Bm

i

Dbp

)( ∏
aq∈Am

i

tan(βaq laq)
)( ∏

q odd
aq∈Am

i

(Daq)2 −
∏

q even
aq∈Am

i

(Daq)2
))

+ jN+1
( ∏
aq∈AN+1

i

tan(βaq laq)
)( ∏

q odd

aq∈AN+1
i

(Daq)2 −
∏

q even

aq∈AN+1
i

(Daq)2
)

(3.11)

ΓSSwAC
1 |Den. = 2×

(∏
i∈U

Di

)
+

N+1∑
i=1

j
( ∏

bp∈B1
i

Dbp

)( ∏
aq∈A1

i

tan(βaq laq)
)(

(Daq)2 + 1
)

+

N∑
m=2

( (N+1
m )∑
i=1

jm
( ∏
bp∈Bm

i

Dbp

)( ∏
aq∈Am

i

tan(βaq laq)
)( ∏

q odd
aq∈Am

i

(Daq)2 +
∏

q even
aq∈Am

i

(Daq)2
))

+ jN+1
( ∏
aq∈AN+1

i

tan(βaq laq)
)( ∏

q odd

aq∈AN+1
i

(Daq)2 +
∏

q even

aq∈AN+1
i

(Daq)2
)
, (3.12)

where{
Am

i

}
: is the collection of i(=

(
N + 1

m

)
) subsets of U = {1, 2, · · · , N + 1} with size m

Am
i =

{
a1, · · · , aq, · · · , am

}
in which aq < aq+1{

Bm
i

}
: is the collection of i subsets of U = {1, 2, · · · , N + 1} with size N + 1−m

Bm
i =

{
b1, · · · , bp, · · · , bN+1−m

}
such that Bm

i ∪Am
i = U and Bm

i ∩Am
i = ∅

While the formulas for the re�ection coe�cient of the SSwAC is the same as the SSwSC,

the ratio of the characteristic impedance of each region to that of the host (Di =
Z0,i

Z0
) is di�erent

for them. In SSwAC, the Di's are dependent on ww and wk
2 which are unknown and their values

should be adjusted to reduce the re�ection coe�cient.
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3.1.2. OFF state

The circuit equivalent of SSwAC for the OFF state is the same as the traditional SSwSC.

For this circuit, Ccoupling = Csw +Ch +Cf where Cf is the fringing capacitance between the copper

foil and PR2. Because the size of the copper foil of SSwAC is larger compared to the traditional

one, it might cause a slight reduction in the frequency bandwidth of the OFF state.

3.2. Double Switch Symmetric Copper (DSwSC)

For improving the frequency bandwidth of the OFF state, the Double Switch (DSw) tech-

nique was developed. Fig. 3.2 illustrates the Double Switch Symmetric Copper SFM-PC. It con-

sists of two SFM-PC switches with the same physical characteristic (εsw, hsw, wsw, and lsw) placed

on both edges of the gap; connected together using a symmetric copper foil with the widths of

w1 = w2 = w3. Each of these switches was �lled with the same amount of the micron-sized silver

coated particles.

3.2.1. ON state

The main signal path for the DSwSC technique for the ON state is illustrated by a green

arrow in Fig. 3.2(b). Due to the embodiment of the switches, three regions called 1, 2, and 3 were

created.

3.2.1.1. Region 1 and 3

The physical characteristics of both switches are the same; hence, the �rst and third re-

gions have equal capacitance and inductance per unit length, resulting in the same characteristic

impedance values, in other words, Z0,1 = Z0,3. The capacitance per unit length, the inductance
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Figure 3.2. Double Switch Symmetric Copper (DSwSC) (a) structure, (b) signal path for the ON
state, and (c) circuit equivalent for OFF state.
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per unit length, and the characteristic impedance in these regions can be calculated from equations

shown below;

C1 =
Csw
1 Csb

1

Csw
1 + Csb

1

=
εswf(wsw, hsw)f(wsw, hsb)

f(wt, hsb)
(
εswf(wsw, hsw) + εsbf(wsw, hsb)

)C0, (3.13)

L1 =
120π

f(wsw, hsb + hsw)c
=

f(wt, hsb)

f(wsw, hsb + hsw)
L0, (3.14)

and

Z0,1 = Z0,3 =

√
L1

C1
= Z0 ×D1, (3.15)

where

D1 =

√√√√f2(wt, hsb)
(
εswf(wsw, hsw) + εsbf(wsw, hsb)

)
εswf(wsw, hsw)f(wsw, hsb)f(wsw, hsb + hsw)

(3.16)

3.2.1.2. Region 2

For the second region of the Double Switch Symmetric Copper (DSwSC), C2, L2, and Z0,2

can be found from the following equations.

C2 =
Cair
1 Csb

1

Cair
1 + Csb

1

=
f(wsw, hsw)f(wsw, hsb)

f(wt, hsb)
(
f(wsw, hsw) + εsbf(wsw, hsb)

)C0, (3.17)

L2 =
120π

f(wsw, hsb + hsw)c
=

f(wt, hsb)

f(wsw, hsb + hsw)
L0, (3.18)

and

Z0,2 =

√
L2

C2
= Z0 ×D2, (3.19)

in which the coe�cient D2 is given by (3.20).

D2 =

√√√√f2(wt, hsb)
(
f(wsw, hsw) + εsbf(wsw, hsb)

f(wsw, hsw)f(wsw, hsb)f(wsw, hsb + hsw)
. (3.20)
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Using Z0,1 and Z0,2, the voltage re�ection coe�cient for the Double Switch Symmetric Cop-

per (DSwSC) can be calculated from the following equation in which its numerator and denominator

are given by (3.22) and (3.23), respectively.

ΓDSwSC
1 =

ΓDSwSC
1 |Num.

ΓDSwSC
1 |Den.

(3.21)

ΓDSwSC
1 |Num. = 2jD1D2 tan(β1l1)

(
(D1)

2 − 1
)

+ j(D1)
2 tan(β2lg)

(
(D2)

2 − 1
)

− j
(
tan(β1l1)

)2
tan(β2lg)

(
(D1)

4 − (D2)
2
)

(3.22)

ΓDSwSC
1 |Den. = 2jD1D2 tan(β1l1)

(
(D1)

2 + 1
)

+ j(D1)
2 tan(β2lg)

(
(D2)

2 + 1
)

− 2D1 tan(β1l1) tan(β2lg)
(
(D1)

2 + (D2)
2
)

+ 2(D1)
2D2

(
1− (tan(β1l1))

2
)

− j
(

tan(β1l1)
)2

tan(β2lg)
(
(D1)

4 + (D2)
2
)
. (3.23)

3.2.1.3. OFF state

In order to evaluate the e�ects of the proposed Double Switch technique on the OFF state,

the equivalent circuit illustrated in Fig. 3.2(c) was used. The relationship between the output and

input can be obtained as

V DSwSC
out =

Ccoupling

Ccoupling + 2Csblsw + C2lg(1 + Csblsw
Ccoupling

)
× Vin, (3.24)

where lg is the length of the gap and lsw is the length of the switch. Comparing (3.24) to that for

the traditional SSwSC, it can be concluded that the Double Switch (DSw) technique reduces the

output coupling voltage and consequently improves the frequency bandwidth of the OFF state.

3.3. Double Switch Asymmetric Copper (DSwAC)

Combining both Asymmetric Copper (AC) and Double Switch (DSw) techniques results in

Double Switch Asymmetric Copper (DSwAC) structure illustrated in Fig. 3.3. Unlike the DSwSC

in which w1 = w2 = w3, in this technique the widths of the copper foil are di�erent from the width

of the switch wsw. Both ON and OFF states of DSwAC are evaluated separately in the following

subsections.
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Figure 3.3. Structure of the Double Switch Asymmetric Copper (DSwAC).

3.3.1. ON state

Similar to the Double Switch Symmetric Copper, the embodiment of the switch on the host

creates three regions called 1, 2, and 3. As both switches have the same physical characteristics

and �lled with equal amount of micron-sized particles, the total capacitance per unit length, the

inductance per unit length, and the characteristic impedance in the �rst and third regions are the

same. These parameters can be found as follows:

C1 =
εswf(wsw, hsw) + 2f(wy, hsw)

εswf(wsw, hsw) + 2f(wy, hsw) + εsbf(wsw + 2wy, hsb)

f(wsw + 2wy, hsb)

f(wt, hsb)
C0, (3.25)

L1 =
120π

f(wsw + 2wy, hsb + hsw)c
, (3.26)

and

Z0,1 =

√
L1

C1
= Z0D1, (3.27)

in which the coe�cient D1 is given by (3.28).

D1 =

√√√√√ f2(wt, hsb)
(
εswf(wsw, hsw) + 2f(wy, hsw) + εsbf(wsw + 2wy, hsb)

)
f(wsw + 2wy, hsb)f(wsw + 2wy, hsb + hsw)

(
εswf(wsw, hsw) + 2f(wy, hsw)

) (3.28)
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For the second region which has a �xed width along the gap, the capacitance per unit length

C2, the inductance per unit length L2, and the characteristic impedance Z0,2 are given by

C2 =
f(w2, hsw)

f(w2, hsw) + εsbf(w2, hsb)

f(w2, hsb)

f(wt, hsb)
C0, (3.29)

L2 =
120π

f(w2, hsb + hsw)c
=

f(wt, hsb)

f(w2, hsb + hsw)
L0, (3.30)

and

Z0,2 = Z0D2, (3.31)

where

D2 =

√√√√f2(wt, hsb)
(
f(w2, hsw) + εsbf(w2, hsb)

)
f(w2, hsw)f(w2, hsb)f(w2, hsb + hsw)

. (3.32)

For the DSwAC, the voltage re�ection coe�cient, ΓDSwAC
1 , can be de�ned by (3.33) in which

its numerator and denominator are represented by (3.34) and (3.35), respectively.

ΓDSwAC
1 =

ΓDSwAC
1 |Num.

ΓDSwAC
1 |Den.

(3.33)

ΓDSwAC
1 |Num. = 2jD1D2 tan(β1l1)

(
(D1)

2 − 1
)

+ j(D1)
2 tan(β2lg)

(
(D2)

2 − 1
)

− j
(
tan(β1l1)

)2
tan(β2lg)

(
(D1)

4 − (D2)
2
)

(3.34)

ΓDSwAC
1 |Den. = 2jD1D2 tan(β1l1)

(
(D1)

2 + 1
)

+ j(D1)
2 tan(β2lg)

(
(D2)

2 + 1
)

− 2D1 tan(β1l1) tan(β2lg)
(
(D1)

2 + (D2)
2
)

+ 2(D1)
2D2

(
1− (tan(β1l1))

2
)

− j
(

tan(β1l1)
)2

tan(β2lg)
(
(D1)

4 + (D2)
2
)
. (3.35)

For the re�ection coe�cient to be zero, D1 and D2 should go to unity. By solving D1 = 1

and D2 = 1, the widths of the copper foil, w1 and w2 can be obtained.
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Figure 3.4. Fabricated prototypes for traditional SSwSC, SSwAC, DSwSC, and DSwAC.

3.3.2. OFF state

The relationship between input and output of Double Switch Asymmetric Copper(DSwAC)

can be derived from

V DSwAC
out =

Ccoupling

Ccoupling + 2Csblsw + C2lg(1 + Csblsw
Ccoupling

)
× Vin. (3.26)

While Vout/Vin for both DSwAC and DSwSC seems similar, the denominator of V DSwAC
out /Vin

is larger because of C2. This implies higher frequency bandwidth of DSwAC for the OFF state.

3.4. Simulation and measurement results

The e�ects of the proposed Asymmetric Copper (AC) and the Double Switch (DSw) tech-

niques on the frequency bandwidth of both ON and OFF states were evaluated using the HFSS

simulation as well as by measurements in the anechoic chamber. All the switches for di�erent

methodologies were designed from Rogers TMM4 with the height 1.524 mm, length 3.0 mm, width

3.0 mm, and cavity radius 0.5 mm. Fig. 3.4 shows the fabricated prototypes embedded on a dis-

continuous host transmission line (TL) with height 1.524 mm and dimension 80 mm × 80 mm. The

simulation and the measurement results were illustrated in Figs. 3.5, 3.6, 3.7, and 3.8 for the tra-

ditional Single Switch Symmetric Copper (SSwAC), Single Switch Asymmetric Copper (SSwAC),

Double Switch Symmetric Copper (DSwSC), and Double Switch Asymmetric Copper (DSwAC).

As expected, the Asymmetric Copper (AC) technique increase the frequency bandwidth of the ON

state, the Double Switch (DSw) improve the frequency bandwidths of the OFF state considerably.

3.5. Conclusion

Novel Asymmetric Copper and Double Switch (DSw) techniques to increase the frequency

bandwidth of the Static Field Micro-Particle Component (SFM-PC) were proposed and analyzed
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Figure 3.5. HFSS simulation and measurement results of the traditional SSwSC (a) |S11| for ON
state, (b) |S12| for ON state, (c) |S11| for OFF state, and (d) |S12| for OFF state.

thoroughly. HFSS simulation and measurement results proved the e�ectiveness of the proposed

methods and the accuracy of the presented analysis.
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Figure 3.6. HFSS simulation and measurement results of the SSwAC (a) |S11| for ON state, (b)
|S12| for ON state, (c) |S11| for OFF state, and (d) |S12| for OFF state.
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Figure 3.7. HFSS simulation and measurement results of the DSwSC (a) |S11| for ON state, (b)
|S12| for ON state, (c) |S11| for OFF state, and (d) |S12| for OFF state.
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Figure 3.8. HFSS simulation and measurement results of the DSwAC (a) |S11| for ON state, (b)
|S12| for ON state, (c) |S11| for OFF state, and (d) |S12| for OFF state.
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4. ROTATABLE RF SWITCH BASED ON STATIC FIELD

MICRO-PARTICLE COMPONENTS (SFM-PCS)

Due to the gravitational force, for a magnetic �eld applied from the +z-direction, rotating

the switch θ degree around either x- or y-axes might lead to malfunction of the traditional particle-

based switch. In other words, the top and bottom conducting plates may either be connected

without the presence of the magnetic �eld or be disconnected in the presence of the static magnetic

�eld. Fig. 4.1 illustrates the status of the micro particles inside the switch for both OFF and ON

states for the rotation angle of 0◦ and 90◦. When θ is 0◦, the particles lie at the bottom of the

cavity in the absence of magnetic �eld. Upon introducing the static magnetic �eld to the switch,

the two conducting plates become connected through the stacked particles, acting as an RF switch

in the ON state. However, for θ = 90◦, the switch might turn on when H = 0 and be in the OFF

state for H 6= 0 as illustrated in Fig. 4.1(b).

By analyzing the switch, it can be realized that for a magnetic �eld applied from the +z-

direction, as long as the rotation angle around either x- or y-axes stays within the ranges shown

below, the switch will function correctly.
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Figure 4.1. (a) Cross-sectional cut (zy plane) of the traditional SFM-PC (b) OFF and ON state for
θ = 0 and θ = 90◦ from the z-axis, and (c) rotation circle (`working' and `non-working' angles).
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
− tan−1(α) < θ < + tan−1(α)

180− tan−1(α) < θ < 180 + tan−1(α),

(4.1)

where α = 2r
h and the positive values represent a clockwise rotation while the negative θ is used for

counterclockwise rotation. Therefore, traditional SFM-PC is not a reliable technique to be used in

rotatable RF systems. To address this challenge, in this chapter a novel rotatable structure that

performs correctly while undergoing 360-degree rotations was developed.

4.1. Partial Rotatable Switch (P-RS)

Fig. 4.2 shows a rotatable structure based on the Static Field Micro-Particle Component

(SFM-PC). It is a cube with cylindrical cavities of radius r drilled into the center of all its sides

along x-, y-, and z-axes. The cube is made of dielectric material with the relative permittivity of

εr and edge length of h. Squared copper foils with the length h′ are placed on each cavity in order

to enclose the particles inside the structure. Group of three copper foils that meet at a vertex of

the cube creates the top and bottom copper plates. In other words, the arrangement is in such a

way that the copper foils opposite to each other belong to di�erent plates. It guarantees that when

the structure undergoes any 90◦ rotation, a copper foil from the top and bottom plates always face

each other.
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Figure 4.2. Partial rotatable (P-RS) SFM-PC (a) structure, (b) top and bottom copper plates, (c)
cross-sectional cut (zy-plane) of the ON and OFF states for θ = 0◦ and θ = 90◦ around the x-axis,
and (d) rotation circle (`working' vs `non-working' angles).
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The functionality of the proposed structure can be described using the cross-sectional models

illustrated in Fig. 4.2(c). When a static magnetic �eld is introduced in the +z-direction, the

magnetic particles stack and align in columns in the direction of the �eld lines; connecting two copper

foils which belong to the top and bottom plates, similar to the traditional SFM-PC. Conversely,

when the magnetic �eld is removed, the columns collapse and disconnect the layers. When the

switch undergoes certain rotations around one of the x- or y-axes, due to gravitational force the

particles fall in the adjacent cavity; hence, the switch stays in the OFF state for the magnetic

intensity of zero (H= 0). On the other hand, in the presence of the static magnetic �eld (H 6= 0),

the particles form columns and the two conductive plates become connected, which consequently

turning the rotated switch ON. As a result, the switch performs correctly while rotating any 90±δ

degrees (where δ is a small value); by staying in the OFF and ON states when the magnetic �eld

is absent or present, respectively. The rotation angels in which the switch can perform reliably are

given by



− tan−1(α) < θ < + tan−1(α)

90− tan−1(α) < θ < 90 + tan−1(α)

180− tan−1(α) < θ < 180 + tan−1(α)

270− tan−1(α) < θ < 270 + tan−1(α),

(4.2)

where α = 2r
h .

Fig. 4.2(d) depicts the `working angles' versus the `non-working angles'. From equation

(4.3), it can be realized that by increasing r with respect to h, the `working angles' covers larger

area; however, the distance between the cavity and edge of the cube is reduced. Therefore, for a

�xed h, the size of the copper foil h′ should be increased to enclose the micron-sized particles inside

the cavity with a larger radius. This results in larger perpendicular capacitance between the top

and bottom plates and degrades the frequency bandwidth for the OFF state. In addition, while for

the traditional SFM-PC the height of particles can exceed the minimum required height without

compromising the reliability of the design, hp ≤ h−2r
2 has to be satis�ed for the proposed SFM-PC.

Otherwise, because of the extra particles inside the channels, the switch might become ON when
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H = 0. As can be concluded from the above discussion, this partial rotatable design covers certain

angles and needs to be optimized in order to allow 360-degree rotation.

4.2. 360-degree Rotatable Switch (360-RS)

A 360-degree rotatable SFM-PC switch is illustrated in Fig. 4.3. It is a cube with the edge

length equal to h in which two smaller cubes with the edge length of h′′ are cut out of it in such a

way that when the switch undergoes any rotation, there is always a cavity (opening) between the

top and bottom plates. Similar to the partial rotatable SFM-PC shown in Fig. 4.2, each of the top

and bottom copper plates is created from three squared copper foils with the edge length equal to

h′ such that h′ > h′′. As shown in Fig. 4.3(c), when H = 0, the particles lie either on the top

or bottom plates due to the gravitational force, causing the two copper plates to be disconnected.

Because the area in which the particles can settle during OFF state is larger than that of partial

rotatable (Fig. 4.2), a larger amount of the particles will not cause any reliability issues. When

applying a static magnetic �eld, the top and bottom copper plates become connected through the

stacked columns of micron-sized particles.

The rotation circle for the 360-degree SFM-PC is illustrated in Fig. 4.3(d); it shows that

the `working angle' covers the majority of the rotation circle. The rotation angles for reliable

functionality of the switch can be found from (4.3) or (4.4) depending on the position of the switch

and the direction of the rotation (clockwise or counterclockwise).


− tan−1(α) < θ < 90 + tan−1(α)

180− tan−1(α) < θ < 270(k + 3) + tan−1(α)

(4.3)

or 
90− tan−1(α) < θ < 180 + tan−1(α)

270− tan−1(α) < θ < + tan−1(α),

(4.4)

where α = 2h′′−h
h .

By analyzing these equations, it can be realized that while increasing h′′ with respect to h

reduces the `non-working angles' portion, it results in a larger perpendicular capacitance between

the edges of the top and bottom plates and degrades the frequency bandwidth of the OFF state.
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Figure 4.3. A 360-degree rotatable SFM-PC (a) structure, (b) top and bottom copper plates, (c)
cross-sectional cut (zy-plane) for both ON and OFF states when θ = 0◦ and θ = 90◦, and (d)
rotation circle (`working' vs `non-working' angles).

Alternatively, by combining two 360-degree switches, one is rotated -180◦ around the z-axis with

respect to another, all the rotation angles from z-axis can be covered.

4.2.1. Capacitance between the top and bottom copper plates of 360-degree rotatable

switch

The capacitance of the 360-degree rotatable switch can be estimated by considering a cube

capacitor that is uniformly �lled with a dielectric of relative permittivity εr and capped by two

three-part metal plates as shown in Fig 4.3(b). The capacitance C = ε0εrh c̄(
h′

h ) of the cube

capacitor re�ects its linear dimension h and the plate size h′. Note that c̄(h
′

h ) = 1 for a parallel-plate

capacitance (capacitance between the top and bottom copper plates of the traditional SFM-PC) with

the plate area h2 and plate-to-plate distance h. Using a �nite element method in Mathematica,

the function c̄(h
′

h ) was numerically determined which is illustrated in Fig. 4.4 together with an

approximate analytic expression c̄(η) = πη/[4(1 − η)0.85], where η = h′

h . The latter provides an

excellent �t of the numerical data in the region 0 < η < 0.9. We have obtained the linear part of

the function c̄(η) = πη/4, valid for η � 1, by using spheres of radius h′ as an approximation for

the two three-part metal plates. The denominator(1 − η)0.85 ensures a diverging capacitance for

η → ∞; the scaling exponent 0.85 represents a best �t of the numerical data. The capacitance of

the cube capacitor can be accurately calculated from

C =
π

4

ε0εrh
′

(1− h′/h)0.85
when 0 < h′/h ≤ 0.9. (4.5)
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Figure 4.4. Scaled capacitance c̄(η) = C/(ε0εrh) as function of the ratio η = h′/h. For η = 0.56 the
cube capacitor has the same capacitance as a parallel-plate capacitor. The inset shows a density
plot of the scaled electrostatic potential within the cube capacitor for η = 0.7.

4.3. Simulation and measurement results

The functionality of the proposed rotatable switches was evaluated using both HFSS simu-

lations and measurements in an anechoic chamber. A discontinuous transmission line (TL) made of

Rogers TMM4 with εr = 4.7, thickness 1.524 mm, and dimensions 80 mm × 80 mm was used as a

host substrate to embed the SFM-PC switches. The traces of the TL have the widths of 2.79 mm

and the gap between them was designed to be 2.0 mm in order to minimize the fringing capacitance

between them and considering the e�ect of the parasitic capacitance introduced solely by the switch

on the performance [14]. The TL was placed in the zy plane and rotated around the x-axis while

the static magnetic �eld was being applied from the positive z-direction using a small permanent

magnet. Figure 4.5 illustrates the schematic of the measurement setup and the embodiment of the

360-RS on the host TL made of Rogers TMM4.
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Figure 4.5. Measurement set-up and fabricated prototype of 360-RS made of Rogers TMM3 with h
= 3.18 mm and h′′ = 2.09 mm embedded on a TL.
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Figure 4.6. HFSS simulation and measurement results for the 360-RS for various dielectric materiels
including Rogers TMM3, Rogers TMM4, and Rogers TMM6 when θ = 0◦ (a) |S11| for ON state,
(b) |S12| for ON state, (c) |S11| for OFF state, and (d) |S12| for OFF state.

The 360-degree rotatable SFM-PC switches were designed from Rogers TMM3 (ε = 3.45

and tan δ = 0.002), TMM4 (ε = 4.7 and tan δ = 0.002), and TMM6 (ε = 6.3 and tan δ = 0.0023)

with h = 3.18 mm and h′ = 2.09 mm; these dimensions were chosen for ease of fabrication at NDSU

Applied EM lab and can be scaled to smaller values. The copper foils with thickness of 0.5 oz and

length of 2.7 mm were used to cover the cavities. Fig. 4.6 depicts the simulated and the measured

results of both |S11| and |S12| for θ = 0◦ when the TL with embedded switch is in the xy plane. The

static magnetic �eld was applied from the positive z direction using a small permanent magnet. As

can be seen from the �gure, while for the ON state, the -10 dB frequency of |S11| and the -3 dB

frequency of |S12| for di�erent dielectric materials are slightly di�erent, the lower dielectric constant

of Rogers TMM3 results in a higher frequency bandwidth for the OFF state compared to others.

A partial rotatable switch and a traditional SFM-PC made of Rogers TMM3 with edge

length of 3.18 mm and cavity radius of 0.5 mm were also designed for comparison. The performance
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of the 360-RS, partial rotatable (P-RS), and traditional SFM-PC was evaluated for the rotation

angle of 0◦, 90◦, 180◦, and 270◦ from the z-axis when the transmission lines with the embedded

switches were in the xy plane. Figures 4.7 and 4.8 show both |S11| and |S12| of all designs versus

the frequency for the rotation angle of 0◦ and 90◦, respectively. As can be seen from the �gures,

while both the 360-RS and P-RS work correctly for 0◦ and 90◦, the traditional SFM-PC fails while

undergoing a 90◦ rotation. In other words, the traditional switch turns ON when it should stay OFF

(H= 0) and becomes OFF in the presence of the static magnetic �eld (H 6= 0). Additionally, while

the frequency bandwidth of all designs is almost the same for the ON state, the frequency bandwidth

of the traditional SFM-PC for the OFF state is higher compared to the rotatable structures. The

lower frequency bandwidth of the rotatable structure is the result of larger coupling capacitance

between its plates; as can be seen from Fig. 4.4, when η = h′

h = 0.85, c̄(η) of the cube capacitance

is around 3 while for the parallel-plate capacitance c̄(η) = 1.

35



Traditional, Sim. P-RS, Sim. 360-RS, Sim. 360-RS, Meas.

O
N

 s
ta

te

0.3 1.9 8

Frequency (GHz)

-30

-20

-10

-3

|S
1
1
| (

d
B

)

0.3 3.7 4.8 8

Frequency (GHz)

-30

-20

-10

-3

|S
1
2
| (

d
B

)
(a) (b)

O
F

F
 s

ta
te

0.3 2.8 5.9 8

Frequency (GHz)

-15

-10

-3

0

|S
1
1
| (

d
B

)

0 1.1 3.5 8

Frequency (GHz)

-40

-20

-10

-3

|S
1
2
| (

d
B

)

(c) (d)

Figure 4.7. Simulation and measurement results for the 360-RS, P-RS, and traditional SFM-PC
when θ = 0◦ (a) |S11| for ON state, (b) |S12| for ON state, (c) |S11| for OFF state, (d) |S12| for
OFF state.
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Figure 4.8. Simulation and measurement results for the 360-RS, P-RS, and traditional SFM-PC
when θ = 90◦ (a) |S11| for ON state, (b) |S12| for ON state, (c) |S11| for OFF state, (d) |S12| for
OFF state.

Furthermore, the host transmission line with embedded 360-RS, made of Rogers TMM3,

was rotated around the x-axis and its performance (ON state: -10 dB for |S11| and -3 dB for |S12|,

OFF state: -3 dB for |S11| and -10 dB for |S12|) for di�erent angles from the z-axis is illustrated

in Fig. 4.9. For h = 3.18 mm and h′′ = 2.09 mm, the `non-working' angles ranges from 17◦-72◦

and 197◦-252◦ as shown by the grey area in this �gure. As can be realized from this �gure, the

performance of the switch stays the same for di�erent angles implying the reliability and the e�cacy

of the proposed design. Additionally, it illustrates that the switch and circuit can be rotated after

fabrication.

4.4. Conclusion

Novel 360-degree rotatable and partial rotatable radio frequency (RF) switches based on

Static Field Micro-Particle Components (SFM-PCs) were proposed. The performance of these
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Figure 4.9. Simulated and measured performance of the 360-degree rotatable SFM-PC embedded
on the microstrip transmission line (TL).

rotatable SFM-PC switches was evaluated by embedding them on a host microstrip transmission

line (TL). HFSS simulation and measurement results reveal that the presented structures perform

correctly while undergoing any rotations, making these rotatable particle-based switches a key

building block for future RF systems where reducing power consumption is important.
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5. OVERALL CONCLUSION

In this research work, the traditional particle-based RF switches were analyzed thoroughly.

Based on the developed model, it was shown that the physical characteristic of the switch (dielectric

constant, height, width, and length) a�ect the performance of the ON and OFF states. While

reducing the height and length of the switch increases the frequency bandwidth of the ON state,

decreasing the dielectric constant, width, and length as well as increasing the height of the switch,

provide better isolation during the OFF state. Because meeting the requirement of very high-speed

devices by controlling only the physical characteristic of the switch is not possible due to fabrication

limitations as well as the tradeo�s, two novel techniques were developed in order to improve the

frequency bandwidth of the ON and OFF states. The simulation and measurement results revealed

that by employing Asymmetric Copper (AC) and Double Switch (DSw), the frequency bandwidth

can reach up to 7.0 GHz several times the previously reported values. Finally, the rotation issue

of the traditional particle-based switches, was addressed by proposing a new 360-degree rotatable

structure. The performance of the developed rotatable structure was evaluated by embedding it into

microstrip transmission line (TL) and both HFSS simulations and measurements in the anechoic

chamber proved the e�ectiveness of the new design.
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APPENDIX

The re�ection coe�cients of the traditional SSwSC when the slopped part of the copper foil

approximated by 2-segment, 3-segment, and 4-segment were calculated in the appendix. Note that

the extracted formulas can be applied for SSwAC with Di from (3.9).

A 2-segment approximation: The slopped part of the copper foil was approximated using

two equally-spaced segments with the lengths ∆lc = lc
2 and heights hsw and hsw

2 as illustrated in

Fig. A.1. Assuming the lossless line, the characteristic impedances in each of the regions are given

by

Region 3 : Z0,3 =

√
L3

C3
= Z0 ×D3, (A.1)

Region 2 : Z0,2 =

√
L2

C2
= Z0 ×D2, (A.2)

and

Region 1 : Z0,1 =

√
L1

C1
= Z0 ×D1. (A.3)
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Figure A.1. 2-segment approximation of the copper foil.
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Using the characteristic impedances, the input impedances Zin1, Zin2, and Zin3 can be

calculated as

Zin3 = Z3
Z0 + jZ3 tan(β3∆lc)

Z3 + jZ0 tan(β3∆lc)
= Z0 ×D3

1 + jD3 tan(β3∆lc)

D3 + j tan(β3∆lc)
, (A.4)

Zin2 =Z2
Zin3 + jZ2 tan(β2∆lc)

Z2 + jZin3 tan(β2∆Lc)
=

Z0 ×D2
D3 + j(D3)

2 tan(β3∆lc) + jD2D3 tan(β2∆lc)−D2 tan(β2∆lc) tan(β3∆lc)

D2D3 + jD2 tan(β3∆lc) + jD3 tan(β2∆lc)− (D3)2 tan(β2∆lc) tan(β3∆lc)
, (A.5)

and

Zin1 = Z0 ×D1
Zin2 + jZ0D1tan(β1l1)

Z0D1 + jZin2tan(β1l1)
. (A.6)

The voltage re�ection coe�cient can be obtained using the input imepadnces which is given

by

Γ1 =
Zin1 − Z0

Zin1 + Z0
=

Γ1|numer.

Γ1|denom.
, (A.7)

where its numerator and denominator are from

Γ1|numer. =jD1D2 tan(β3∆lc)× [(D3)
2 − 1] + jD1D3 tan(β2∆lc)[(D2)

2 − 1]

+jD2D3 tan(β1l1)[(D1)
2 − 1] +D3 tan(β1l1) tan(β2∆lc)[(D2)

2 − (D1)
2]

+D2 tan(β1l1) tan(β3∆lc)[(D3)
2 − (D1)

2] +D1 tan(β2∆lc) tan(β3∆lc)[(D3)
2 − (D2)

2]

+j tan(β1l1) tan(β2∆lc) tan(β3∆lc)[(D2)
2 − (D1)

2(D3)
2] (A.8)

and

Γ1|denom. =2D1D2D3 + jD1D2 tan(β3∆lc)[(D3)
2 + 1] + jD1D3 tan(β2∆lc)[(D2)

2 + 1]

+jD2D3 tan(β1l1)[(D1)
2 + 1]−D1 tan(β2∆lc) tan(β3∆lc)[(D2)

2 + (D3)
2]

−D2 tan(β1l1) tan(β3∆lc)[(D1)
2 + (D3)

2]−D3 tan(β2∆lc) tan(β1l1)[(D1)
2 + (D2)

2]

−j tan(β1l1) tan(β2∆lc) tan(β3∆lc)[(D2)
2 + (D1)

2(D3)
2]. (A.9)
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Figure A.2. 3-segment approximation of the copper foil.

A 3-segment approximation: For a 3-segment approximation, the second region was approx-

imated using three segments with the lengths ∆lc = lc
3 and heights hsw,

2hsw
3 , and hsw

3 shown in

Fig. A.2. The characteristic impedances of the created regions can be obtained by

Region 4 : Z0,4 = Z0 ×D4, (A.10)

Region 3 : Z0,3 = Z0 ×D3, (A.11)

Region 2 : Z0,2 = Z0 ×D2, (A.12)

and

Region 1 : Z0,1 = Z0 ×D1. (A.13)

Based on the equations above, the input impedances can be calculated from the below

equations.

Zin4 = Z4
Z0 + jZ4 tan(β4∆lc)

Z4 + jZ0 tan(β4∆lc)
= Z0 ×D4 ×

1 + jD4 tan(β4∆lc)

D4 + j tan(β4∆lc)
, (A.14)
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Zin3 =Z3
Zin4 + jZ3 tan(β3∆lc)

Z3 = jZin4 tan(β3∆lc)
=

Z0 ×D3 ×
D4 + j(D4)

2 tan(β4∆lc) + jD3D4 tan(β3∆lc)−D3 tan(β3∆lc) tan(β4∆lc)

D3D4 + jD3 tan(β4∆lc) + jD4 tan(β3∆lc)− (D4)2 tan(β4∆lc) tan(β3∆lc)
,

(A.15)

Zin2 = Z2
Zin3 + jZ2 tan(β2∆lc)

Z2 + jZin3 tan(β2∆lc)
= Z0D2

Zin2|numer.

Zin2|denom.
, (A.16)

where its numerator and denominator are given by (A. 17) and (A.18).

Zin2|numer. =D3D4 + jD3(D4)
2 tan(β4∆lc) + j(D3)

2D4 tan(β4∆lc)− (D3)
2 tan(β3∆lc)

+jD2D3D4 tan(β2∆lc)−D2D3 tan(β2∆lc) tan(β4∆lc)−D2D4 tan(β2∆lc) tan(β3∆lc)

−jD2(D4)
2 tan(β2∆lc) tan(β3∆lc) tan(β4∆lc) (A.17)

Zin2|denom. =D2D3D4 + jD2D3 tan(β4∆lc) + jD2D4 tan(β3∆lc)−D2(D4)
2 tan(β4∆lc)

+jD3D4 tan(β2∆lc)−D3(D4)
2 tan(β2∆lc) tan(β4∆lc)− (D3)

2D4 tan(β2∆lc)

−j(D3)
2 tan(β2∆lc) tan(β3∆lc) tan(β4∆lc) (A.18)

Zin1 = Z1
Zin2 + jZ1tan(β1l1)

Z1 + jZin2tan(β1l1)
= Z0D1

Zin1|numer.

Zin2|denom.
. (A.19)

Using the input impedances Zin1, Zin2, and Zin3, the re�ection coe�cient in Fig. A.2 is

given by

Γ1 =
Zin1 − Z0

Zin1 + Z0
=

Γ1|numer.

Γ1|denom.
, (A.20)

where its numerator and denominator are from

Γ1|numer. =jD1D2D3 tan(β4∆lc)[(D4)
2 − 1] + jD1D2D4 tan(β3∆lc)[(D3)

2 − 1]

+ jD1D3D4 tan(β2∆lc)[(D2)
2 − 1] + jD2D3D4 tan(β1l1)[(D1)

2 − 1]

+D1D2 tan(β3∆lc) tan(β4∆lc)[(D4)
2 − (D3)

2]
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+D1D3 tan(β2∆lc) tan(β4∆lc)[(D4)
2 − (D2)

2]

+D1D4 tan(β2∆lc) tan(β3∆lc)[(D3)
2 − (D2)

2]

+D2D3 tan(β1l1) tan(β4∆lc)[(D4)
2 − (D1)

2]

+D2D4 tan(β1l1) tan(β3∆lc)[(D3)
2 − (D1)

2]

+D3D4 tan(β1l1) tan(β2∆lc)[(D2)
2 − (D1)

2]

+ jD1 tan(β2∆lc) tan(β3∆lc) tan(β4∆lc)[(D3)
2 − (D2)

2(D4)
2]

+ jD2 tan(β1l1) tan(β3∆lc) tan(β4∆lc)[(D3)
2 − (D1)

2(D4)
2]

+ jD3 tan(β1l1) tan(β2∆lc) tan(β4∆lc)[(D2)
2 − (D1)

2(D4)
2]

+ jD4 tan(β1l1) tan(β2∆lc) tan(β3∆lc)[(D2)
2 − (D1)

2(D3)
2]

+ tan(β1l1) tan(β2∆lc) tan(β3∆lc) tan(β4∆lc)[(D1)
2(D3)

2 − (D2)
2(D4)

2] (A.21)

Γ1|denom. =2D1D2D3D4 + jD1D2D3 tan(β4∆lc)[(D4)
2 + 1] + jD1D2D4 tan(β3∆lc)[(D3)

2 + 1]

+ jD1D3D4 tan(β2∆lc)[(D2)
2 + 1] + jD2D3D4 tan(β1l1)[(D1)

2 + 1]

−D1D2 tan(β3∆lc) tan(β4∆lc)[(D4)
2 + (D3)

2]

−D1D3 tan(β2∆lc) tan(β4∆lc)[(D4)
2 + (D2)

2]

−D1D4 tan(β2∆lc) tan(β3∆lc)[(D3)
2 + (D2)

2]

−D2D3 tan(β1l1) tan(β4∆lc)[(D4)
2 + (D1)

2]

−D2D4 tan(β1l1) tan(β3∆lc)[(D3)
2 + (D1)

2]

−D3D4 tan(β1l1) tan(β2∆lc)[(D2)
2 + (D1)

2]

− jD1 tan(β2∆lc) tan(β3∆lc) tan(β4∆lc)[(D3)
2 + (D2)

2(D4)
2]

− jD2 tan(β1l1) tan(β3∆lc) tan(β4∆lc)[(D3)
2 + (D1)

2(D4)
2]

− jD3 tan(β1l1) tan(β2∆lc) tan(β4∆lc)[(D2)
2 + (D1)

2(D4)
2]

− jD4 tan(β1l1) tan(β2∆lc) tan(β3∆lc)[(D2)
2 + (D1)

2(D3)
2]

+ tan(β1l1) tan(β2∆lc) tan(β3∆lc) tan(β4∆lc)[(D1)
2(D3)

2 + (D2)
2(D4)

2] (A.22)
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Figure A.3. 4-segment approximation of the copper foil.

A 4-segment approximation: The second part of the copper foil was approximated using

four segments with the lengths ∆lc = lc
4 and heights hsw,

3hsw
4 , hsw

2 , and hsw
4 . The characteristic

impedances in each of these regions are given by

Region 5 : Z0,5 =

√
L5

C5
= Z0 ×D5, (A.23)

Region 4 : Z0,4 =

√
L4

C4
= Z0 ×D4, (A.24)

Region 3 : Z0,3 =

√
L3

C3
= Z0 ×D3, (A.25)

Region 2 : Z0,2 =

√
L2

C2
= Z0 ×D2, (A.26)

and

Region 1 : Z0,1 =

√
L1

C1
= Z0 ×D1. (A.27)

Based on calculated characteristic impedances, the input impedances can be obtained from

the following equations.

Zin5 = Z5
Z0 + jZ5 tan(β5∆lc)

Z5 + jZ0 tan(β5∆lc)
= Z0D5

1 + jD5 tan(β5∆lc)

D5 + j tan(β5∆lc)
(A.28)
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Zin4 =Z4
Zin5 + jZ4 tan(β4∆lc)

Z4 + jZin5 tan(β4∆lc)

=Z0D4
D5 + j(D5)

2 tan(β5∆lc) + jD4D5 tan(β4∆lc)−D4 tan(β4∆lc) tan(β5∆lc)

D4D5 + jD4 tan(β5∆lc) + jD5 tan(β4∆lc)− (D5)2 tan(β4∆lc) tan(β5∆lc)
(A.29)

Zin3 = Z3
Zin4 + jZ3 tan(β3∆lc)

Z3 + jZin4 tan(β3∆lc)
= Z0D3

Zin3|numer.

Zin3|denom.
, (A.30)

where its numerator and denominator are given by (A.31) and (A.32).

Zin3|numer. =D4D5 + jD4(D5)
2 tan(β5∆lc) + j(D4)

2D5 tan(β4∆lc)− (D4)
2 tan(β4∆lc) tan(β5∆lc)

+jD3D4D5 tan(β3∆lc)−D3D4 tan(β3∆lc) tan(β5∆lc)−D3D5 tan(β3∆lc) tan(β4∆lc)

−jD3(D5)
2 tan(β3∆lc) tan(β4∆lc) tan(β5∆lc) (A.31)

Zin3|denom. =D3D4D5 + jD3D4 tan(β5∆lc) + jD3D5 tan(β4∆lc)−D3(D5)
2 tan(β4∆lc) tan(β5∆lc)

+jD4D5 tan(β3∆lc)−D4(D5)
2 tan(β3∆lc) tan(β5∆lc)

−(D4)
2D5 tan(β3∆lc) tan(β4∆lc)− j(D4)

2 tan(β3∆lc) tan(β4∆lc) tan(β5∆lc) (A.32)

Zin2 = Z2
Zin3 + jZ2 tan(β2∆lc)

Z2 + jZin3 tan(β2∆lc)
= Z0D2

Zin2|numer.

Zin2|denom.
(A.33)

Zin1 = Z1
Zin2 + jZ1 tan(β1l1)

Z1 + jZin2 tan(β1l1)
= Z0D1

Zin1|numer.

Zin1|denom.
(A.34)

Using the input impedances, the voltage re�ection coe�cient can be formulated as (A.35),

where its numerator and denominator are from (A.36) and (A.37).

Γ1 =
Zin1 − Z0

Zin1 + Z0
=

Γ1|numer.

Γ1|denom.
(A.35)

Γ1|numer. =jD1D3D4D5 tan(β2∆lc)[(D2)
2 − 1] + jD2D3D4D5 tan(β1l1)[(D1)

2 − 1]

+jD1D2D3D4 tan(β5∆lc)[(D5)
2 − 1] + jD1D2D3D5 tan(β4∆lc)[(D4)

2 − 1]
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+jD1D2D4D5 tan(β3∆lc)[(D3)
2 − 1] +D1D3D4 tan(β2∆lc) tan(β5∆lc)[(D5)

2 − (D2)
2]

+D1D3D5 tan(β2∆lc) tan(β4∆lc)[(D4)
2 − (D2)

2]

+D2D3D4 tan(β1l1) tan(β5∆lc)[(D5)
2 − (D1)

2]

+D2D3D5 tan(β1l1) tan(β4∆lc)[(D4)
2 − (D1)

2]

+D2D4D5 tan(β1l1) tan(β3∆lc)[(D3)
2 − (D1)

2]

+D1D2D3 tan(β4∆lc)tan(β5∆lc)[(D5)
2 − (D4)

2]

+D1D2D4 tan(β3∆lc) tan(β5∆lc)[(D5)
2 − (D3)

2]

+D1D2D5 tan(β3∆lc) tan(β4∆lc)[(D4)
2 − (D3)

2]

+D3D4D5 tan(β1l1) tan(β2δlc)[(D2)
2 − (D1)

2]

+D1D4D5 tan(β2∆lc) tan(β3∆lc)[(D3)
2 − (D2)

2]

+jD1D3 tan(β2∆lc) tan(β4∆lc) tan(β5∆lc)[(D4)
2 − (D2)

2(D5)
2]

+jD1D4 tan(β2∆lc) tan(β3∆lc) tan(β5∆lc)[(D3)
2 − (D2)

2(D5)
2]

+jD1D5 tan(β2∆lc) tan(β3∆lc) tan(β4∆lc)[(D3)
2 − (D2)

2(D4)
2]

+jD2D3 tan(β1l1) tan(β4∆lc) tan(β5∆lc)[(D4)
2 − (D1)

2(D5)
2]

+jD2D4 tan(β1l1) tan(β3∆lc) tan(β5∆lc)[(D3)
2 − (D1)

2(D5)
2]

+jD2D5 tan(β1l1) tan(β3∆lc) tan(β4∆lc)[(D3)
2 − (D1)

2(D4)
2]

+jD1D2 tan(β3∆lc) tan(β4∆lc) tan(β5∆lc)[(D4)
2 − (D3)

2(D5)
2]

+jD3D5 tan(β1l1) tan(β2∆lc) tan(β4∆lc)[(D2)
2 − (D1)

2(D4)
2]

+jD3D4 tan(β1l1) tan(β2∆lc) tan(β5∆lc)[(D2)62− (D1)
2(D5)

2]

+jD4D5 tan(β1l1) tan(β2∆lc) tan(β3∆lc)[(D2)
2 − (D1)

2(D3)
2]

+D1 tan(β2∆lc) tan(β3∆lc) tan(β4∆lc) tan(β5∆lc)[(D2)
2(D4)

2 − (D3)
2(D5)

2]

+D2 tan(β1l1) tan(β3∆lc) tan(β4∆lc) tan(β5∆lc)[(D1)
2(D4)

2 − (D3)
2(D5)

2]

+D3 tan(β1l1) tan(β2∆lc) tan(β4∆lc) tan(β5∆lc)[(D1)
2(D4)

2 − (D2)
2(D5)

2]

+D4 tan(β1l1)tan(β2∆lc) tan(β3∆lc) tan(β5∆lc)[(D1)
2(D3)

2 − (D2)
2(D5)

2]

+D5 tan(β1l1)tan(β2∆lc) tan(β3∆lc) tan(β4∆lc)[(D1)
2(D3)

2 − (D2)
2(D4)

2]

+j tan(β1l1) tan(β2∆lc) tan(β3∆lc) tan(β4∆lc) tan(β5∆lc)[(D1)
2(D3)

2(D5)
2
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− (D2)
2(D4)

2] (A.36)

Γ1|denom. =2D1D2D3D4D5 + jD1D3D4D5 tan(β2∆lc)[(D2)
2 + 1]

+jD2D3D4D5 tan(β1l1)[(D1)
2 + 1]

+jD1D2D3D4 tan(β5∆lc)[(D5)
2 + 1] + jD1D2D3D5 tan(β4∆lc)[(D4)

2 + 1]

+jD1D2D4D5 tan(β3∆lc)[(D3)
2 + 1]

−D1D3D4 tan(β2∆lc) tan(β5∆lc)[(D5)
2 + (D2)

2]

−D1D3D5 tan(β2∆lc) tan(β4∆lc)[(D4)
2 + (D2)

2]

−D2D3D4 tan(β1l1) tan(β5∆lc)[(D5)
2 + (D1)

2]

−D2D3D5 tan(β1l1) tan(β4∆lc)[(D4)
2 + (D1)

2]

−D2D4D5 tan(β1l1)tan(β3∆lc)[(D3)
2 + (D1)

2]

−D1D2D3 tan(β4∆lc) tan(β5∆lc)[(D5)
2 + (D4)

2]

−D1D2D4 tan(β3∆lc) tan(β5∆lc)[(D5)
2 + (D3)

2]

−D1D2D5 tan(β3∆lc) tan(β4∆lc)[(D4)
2 + (D3)

2]

−D3D4D5 tan(β1l1) tan(β2∆lc)[(D2)
2 + (D1)

2]

−D1D4D5 tan(β2∆lc) tan(β3∆lc)[(D3)
2 + (D2)

2]

−jD1D3 tan(β2∆lc) tan(β4∆lc) tan(β5∆lc)[(D4)
2 + (D2)

2(D5)
2]

−jD1D4 tan(β2∆lc) tan(β3∆lc) tan(β5∆lc)[(D3)
2 + (D2)

2(D5)
2]

−jD1D5 tan(β2∆lc) tan(β3∆lc) tan(β4∆lc)[(D3)
2 + (D2)

2(D4)
2]

−jD2D3 tan(β1l1) tan(β4∆lc) tan(β5∆lc)[(D4)
2 + (D1)

2(D5)
2]

−jD2D4 tan(β1l1) tan(β3∆lc) tan(β5∆lc)[(D3)
2 + (D1)

2(D5)
2]

−jD2D5 tan(β1l1) tan(β3∆lc) tan(β4∆lc)[(D3)
2 + (D1)

2(D4)
2]

−jD1D2 tan(β3∆lc) tan(β4∆lc) tan(β5∆lc)[(D4)
2 + (D3)

2(D5)
2]

−jD3D5 tan(β1l1) tan(β2∆lc) tan(β4∆lc)[(D2)
2 + (D1)

2(D4)
2]

−jD3D4 tan(β1l1) tan(β2∆lc) tan(β5∆lc)[(D2)
2 + (D1)

2(D5)
2]
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−jD4D5 tan(β1l1) tan(β2∆lc) tan(β3∆lc)[(D2)
2 + (D1)

2(D3)
2]

+D1 tan(β2∆lc) tan(β3∆lc) tan(β4∆lc) tan(β5∆lc)[(D2)
2(D4)

2 + (D3)
2(D5)

2]

+D2 tan(β1l1) tan(β3∆lc) tan(β4∆lc) tan(β5∆lc)[(D1)
2(D4)

2 + (D3)
2(D5)

2]

+D3 tan(β1l1) tan(β2∆lc) tan(β4∆lc) tan(β5∆lc)[(D1)
2(D4)

2 + (D2)
2(D5)

2]

+D4 tan(β1l1) tan(β2∆lc) tan(β3∆lc) tan(β5∆lc)[(D1)
2(D3)

2 + (D2)
2(D5)

2]

+D5 tan(β1l1) tan(β2∆lc) tan(β3∆lc) tan(β4∆lc)[(D1)
2(D3)

2 + (D2)
2(D4)

2]

+j tan(β1l1) tan(β2∆lc) tan(β3∆lc) tan(β4∆lc) tan(β5∆lc)[(D1)
2(D3)

2(D5)
2

+ (D2)
2(D4)

2] (A.37)
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