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Abstract

This thesis examines the properties of novel transmission lines and waveguides as well as 

their practical applications. The research begins with a discussion of metamaterial 

transmission lines. Two new composite right/left-handed designs formed in shielded 

striplines are presented and shown to have great left-handed bands.

In the waveguides research, we demonstrate the multilayer, narrowband and half-mode 

folded waveguide with the benefit of guide miniaturization. Due to the almost half metallic 

surface reduction of half-mode waveguide, a novel planar half-mode substrate integrated 

waveguide is presented and its properties are analyzed. It has the great integration with 

planar components and stops the radiation of conventional open waveguides. One 

application based on this medium is a novel switchable substrate waveguide that can be 

switched between two types of mode via the biasing of pin diodes. Another application is a 

tunable phase shifter that has a maximum phase shift of 50 degrees with acceptable 

insertion loss.

A theoretical method for the analysis of planar half-mode waveguides using transverse 

resonance technique is introduced in this thesis. This method is used to locate the cut-off 

frequency of the waveguide and analyse the equivalent circuit loaded with discrete 

components. This novel technique has the advantage of simplicity and compares well with 

results of electromagnetic simulation and measurement.
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1. Introduction

The fundamental theory of electromagnetics was developed over 100 years ago. The 

microwave engineering benefits resulting from the properties of electromagnetic waves at 

higher frequencies which correspond to short wavelengths are well known [1], The great 

advantages of small size, good performance and modern fabrication procedures make the 

applications of microwave systems very extensive. These include wireless communication 

systems, radar systems and intelligent transportation systems. Typically microwave circuits 

containing active devices are fabricated using planar transmission lines such as microstrip 

and coplanar waveguide. However, the large conductive, radiation loss and low power 

handling capability limit microstrip lines and coplanar waveguides to lower microwave 

frequencies.

Rectangular waveguides (RWG) have very low losses and high power-handling capability. 

They solve the radiation and crosstalk problem in the transmission lines and have the 

applications in high-power systems and millimeter wave systems. The RWGs can 

propagate TM and TE modes. Unfortunately traditional RWGs are bulky three-dimensional 

structures that are often referred to as “plumbing” due to their unwieldy nature. The 

techniques to fabricate RWGs using circuit and monolithic fabrication techniques have 

been proposed, such as bulk micromachining of silicon [2] and photoimageable spin-on 

materials [3]. However, the fabrication procedures are complicated and the guided 

wavelength is large because of the air-fdled nature of guides. Furthermore, they are 

difficult to integrate with planar circuits and the size is too large.

Over years’ developments, an alternative method is to use dielectric-filled RWG. Dielectric 

materials can be gases, liquids and solids, for example ceramics^ glasses, plastics, nitrogen 

etc. A dielectric-filled waveguide by spray coating a dielectric rod with metal had been 

demonstrated by Hinken [4] in 1980. In 1995, Lucyszyn first presented the monolithic
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dielectric-filled metal-pipe RWG [5] [6]. Dielectric-filled RWGs can be fabricated 

photolithographically by employing multilayer processing and using photoimageable thick 

film materials [7], This new technique achieved improvements in the edge definition and 

smaller sizes. To solve the large conductive loss issues, Kinayman [8] demonstrated a low 

loss glass filled waveguide which is formed by etching pedestals from a silicon glass wafer. 

However, due to the many processing steps, the cost was not cheap.

Quite a few new waveguides have been investigated to overcome the problem of size 

reductions and cost, such as the substrate integrated waveguide (SIW) which is embedded 

into a microwave substrate. A generic SIW report which introduced a rectangular 

waveguide integrated into a substrate was first proposed in 1998 by Lucyszyn [9]. The SIW 

is a very promising microwave and millimeter-wave medium. And techniques have been 

developed to fabricate SIWs, using low-temperature co-fired ceramic (LTCC) [10], and 

standard microwave integrated circuit (MIC) [11] etc. In these techniques, series of vias are 

used to form the sidewall of the guides with metallization on the top and bottom substrates. 

In [12], a 2D lattice of plated via holes are used to form the sidewalls of a RWG using 

microwave laminates [13]. While keeping the advantages of conventional rectangular 

waveguides, the dielectric filled waveguides have low cost, easy integration and size 

reduced by a factor of er ' , where sr is the permittivity of the dielectric material. 

However, these waveguides are still large for some applications at lower microwave 

frequencies.

In recent years, two size reduction methods have become popular. The first one is the 

substrate integrated folded waveguide (SIFW) [14]. Maintaining all the advantages of SIW, 

it has a further reduction on the transverse size. Another one is the half-mode substrate 

integrated waveguide (HMSIW) [15], which have the size reduction on the total metallic 

cross sectional area.

The SIFW has a smaller package, compared with RWGs. In fact, since the height of the 

guide is not important, the volume of SIFW can be much smaller. It can be easily integrated 

with other planar devices and used at low millimeter-wave frequency range. This technique 

has been widely used in antenna systems [16], filter systems [17] and couplers [18] etc.
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The HMSIW almost reduced the width and total metallic surface of the SIW by half. For 

the dominant mode of a SIW, it has the maximum E-field value in the symmetric central 

plane along the transmission direction. Thus, if the waveguide is cut into half along the 

vertical middle direction, the cutting plane can be considered as a magnetic wall. With the 

large width-to-height ratio (WHR), the HMSIW can still keep the original field distribution 

in order to propagate the half guided waves [15]. Based on this new technique, some 

components have been designed such as couplers [19], filters [20] and the propagation 

properties have been analyzed [21].

On the other hand, in recent years, electromagnetic metamaterials (MTMs) have been 

demonstrated with the properties of negative permittivity and permeability, backward-wave, 

left-handed propagation, etc [22], The most popular application of the MTMs is the left- 

handed (LH) structure, in which the electric field, magnetic field and wave vector follow a 

left-hand rule rather than the conventional right-handed propagation. A practical 

transmission line is the composite right/left-handed (CRLH) line, which contains two pass 

bands - right and left-handed regions. A stop band may occur between them. Under the 

loss-less condition, the complex propagation constant of CRLH transmission line y can be 

purely imaginary y = jfi in the pass band and be purely real y = a in the stop band. 

Dispersion and attenuation curves of CRLH line are shown in figure 1.1. For a given phase 

shift 0 [figure 1.1 (a)], the signals can propagate at the lower frequency/ /  in the left-handed 

range, rather than the higher frequency f 2 in the right-handed range. Due to the frequency 

dependant wavelength X (T = v / f ,  v is the constant phase velocity of materials, /  is the 

frequency), the size of the structure can be reduced corresponding to the reduced 

wavelength in LH region. In figure 1.1 (b), an example of group velocity (Vg) curves versus 

phase constant is shown. The group velocity presents the slope of the phase velocity ( Vp), 

In left-handed range of CRLH line, the phase velocity becomes negative and the group 

velocity keeps positive. This causes the backward-wave propagation.
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(a)

........... Left-handed range

— — Right-handed range

(b)

Figure 1.1. CRLH transmission line (a) dispersion and attenuation curves, (b) group 

velocity curves

In this thesis, we introduce the stripline CRLH lines, multilayer substrate integrated folded 

waveguides, half-mode substrate integrated waveguides and their novel applications.
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Furthermore, theoretical analyses based on the transverse resonance technique are proposed 

to build up mathematical models for systematic researches.

1.1 Outline of thesis

The aim of this thesis is the development of miniaturized guided wave structures and 

applications.

Chapter 2 introduces the metamaterials line. Two novel types of CRLH transmission line 

formed in the shielded stripline have been simulated and fabricated. In the same chapter, a 

transmission matrix analysis is applied to define the equivalent circuit of the structure.

In chapter 3, a general discussion of multilayer substrate integrated folded waveguides is 

proposed, including the designs of transitions to microstrip transmission. Furthermore, the 

narrowband and half-mode waveguides are introduced.

In chapter 4, a novel planar half-mode substrate integrated waveguide is presented. We 

discussed the propagation properties and how the configuration of the structure affects the 

loss and bandwidth of the waveguide. Then, the determination of cut-off frequency of 

planar half-mode SIW is described by using transverse resonance technique.

Chapter 5 shows a novel switchable SIW based on the design of chapter 4. The propagating 

mode of the waveguide can be switched between two types of mode via the biasing of pin 

diodes.

In chapter 6, a further research based on the transverse resonance technique explains how 

loaded components in the SIW circuit affect properties of the propagations. Two situations 

— distributed capacitance and periodically load components are presented. Furthermore, a 

novel tunable phase shifter is demonstrated with the advantages of easy fabrication 

processing and small size.

Chapter 7 summarizes the results of the thesis and gives suggestions for the further research 

on the half-mode SIWs.
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2. Metamaterials lines

Electromagnetic metamaterials (MTMs) have been well developed in recent years. The 

MTMs structures are effectively homogeneous that the average cell size p  is smaller than a 

quarter of wavelength {1/4) and the condition p=X/4 is the effective-homogeneity limit. 

MTMs have properties of equivalently negative permittivity s and permeability p that are 

unusual in nature [1], Most of the metamaterial lines are periodic structures, which contain 

small electrical scatterers (inclusions) embedded into a dielectric host line. And the distance 

between neighbouring scatterers is much smaller than a wavelength. The scattering 

properties are similar to electric and magnetic polarizations, thus the permittivity e and 

permeability p of the host line may be modified to be negative [2], The double negative 

parameters make the phase velocity Vp propagate in the opposite direction to the flow of 

energy, which relates to group velocity Vg. That is called backward-wave propagation [3],

The most popular application of the MTMs is the left-handed (LH) structure, in which the 

electric field, magnetic field and wave vector follow a left-hand rule rather than the 

conventional right-handed propagation. The pure LH circuit model consists of series 

capacitors and shunt inductors (figure 2.1).

CL
o-----  -----

1
Z = ------

jcoCL
o-------------

1
Y = ------

ja>LL

—o 

Ll

■o

Figure 2.1. Pure left-handed circuit model of a single cell
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A transmission line approach of metamaterials has been introduced [4-7]. In the lossless 

case, substituting Z and Y from figure 2.1 gives the propagation constant y

Y — j(3 — VZY =
jcoJT[CL = -J-

LlCl
( 2.1)

Thus, the phase constant /? is negative 

1
^ ~~ co îLC

( 2.2)

The characteristic impedance Zc

(2.3)

The phase velocity Vp

vv = ~jj= - (o 2yjLLCL (2.4)

The group velocity Vg 

dco ,--------
va = ~Qp= (2.5)

The dimensions of Ll and Cl are values per meter. Compared equation (2.4) and (2.5), the 

phase and group velocities are antiparallel. They have the same absolute value, but opposite 

in sign. The group velocity associates to the direction of the energy flow. Thus, the effect of 

this property is that the phase shifts backward to the energy flow.

In wave propagation along structures, other natural effects are caused by the associated 

currents and voltages. A series inductance Lr is presented by the current flow over C/,; and a 

shunt capacitance Cr is presented by the existing voltage between the upper conductors and 

the ground plane. Hence, considering the right-handed (Zff_ CR) contribution to the left- 

handed (Zi, Cl) reactance, the composite right/left-handed (CRLH) structure is introduced 

[8] [9], The equivalent circuit of CRLH transmission line is in figure 2.2.
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o-

L r
/Y Y Y \

Figure 2.2. Equivalent circuit of CRLH transmission line

At low frequencies, LR and CR are short and open, so the equivalent circuit is simplified to 

be the left-handed (L C R) which has antiparallel phase and group velocities. Therefore, 

below a certain cut-off frequency, LH stopband is present. At high frequencies, Ll and CL 

are short and open, so the equivalent circuit is the right-handed (LR, CR), in which phase and 

group velocities are parallel. Therefore, above a certain cut-off frequency, RH stopband is 

present. If four elements LR, CR, Ll, and Cl all contribute to the transmission characteristic, 

then it is called CRLH.

2.1 CRLH transmission line characteristics

Figure 2.3 shows the dispersion figure of a CRLH line [1], The figure also includes pure 

LH, RH and “balanced” CRLH dispersion curves

id

CRLH dispersion curve

Pure right-handed Transmission line 
(+ x  axis range)

Pure left-handed Transmission line 
(  -x axis range )

"Balanced" CRLH dispersion curve

Pl>

Figure 2.3. Theoretical dispersion figure of a CRLH line in [1]
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In this figure, the CRLH transmission line propagates between the LH and RH gap. The 

left-handed propagation starts at cocL and stops at the resonance frequency cose\ then, the 

right-handed propagation starts at the resonance frequency cosh and stops attocR. In the 

dispersion, -jt~0 is the LH range that contains pure left-handed (PLH) curve. Zi is the PLH 

impedance.

( 2.6)

and 0~7t is the RH range that has pure right-handed (PRH) curve. Zr is the PRH impedance.

(2.7)

A CRLH structure has a LH range and a RH range, but the dispersion curve in each range is 

different from that of PLH and PRH curves. That is caused by the combined effects of LH 

and RH contributions at all frequencies.

Referred to the figure 2.3, the resonance frequency of series components is a>se 

1
a)se = —------ ra d /s  (2-8)

The resonance frequency of shunt components is cosh 

1
a)sh = ------ ra d /s  (2.9)

Normally, if these two resonances are different, there is a gap between the LH and RH 

ranges, which is called “unbalanced”. The CRLH has two curves in both ranges. However, 

if two resonances are equal, which is called “balanced”, the gap disappears. The CRLH will 

become a continuous curve and cross the Y axis at the transition frequency co0 (referred to 

figure 2.3). At this frequency, the phase constant /3 is zero and the propagation has an 

infinite-wavelength. In this particular case, a)se = cosh is equivalent to

L r Cl —  L l Cr ( 2 .1 0 )
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or equivalent to

Z< — Zj>

The guided wavelength for the CRLH transmission line is 

i 2n 2n
= W \ = \— - ^ ±\ 0) ft to

Where co is the operating frequency and two variables are

0)r ,0)L =
1

( 2.11)

( 2.12)

(2.13)

This equation suits for the unbalanced and balanced case. At low frequency, Ag is small. As 

the frequency increases, Ag increases. At the transition frequency co0, Xg = co, which means 

the electrical length of the line is zero, 6 = l/Ag = 0. When the frequency increases to the 

RH range, Xg starts to decrease.

There are numbers of advantages under the balanced case in CRLH transmission line, such 

as the constant frequency independent characteristic impedance, no stop band and broad 

bandwidth, nonzero group velocity and zero phase shift at the transition frequency, etc.

The applications of metamaterials are widely covered in many areas, such as antenna 

systems [10-13], coupler systems [14-16], filter systems [17], resonators [18] [19], etc. 

Furthermore, the research for the waveguide to obtain the left-handed characters has been 

proposed [20] [21]. Particularly, under the balanced case, the phase constant is zero and not 

related to the physical length of the structure.

Referred to figure 1.1, we see that for a given phase shift and therefore wavelength, the LH 

region occurs at a much reduced frequency and thus provides a reduced size for any device 

that is dependent on wavelength. A waveguide miniaturization by the propagation below 

cut-off frequency is shown in [22],

In this chapter, we will introduce two types of novel metamaterials models, then simulated 

and measured results are presented.
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2.2 Designs of the shielded stripline CRLH transmission lines

The host line of our designs is the shielded stripline. The stripline is a purely TEM line as 

well as being completely shielded and the model becomes easy to analyse [23]. Since 

stripline is TEM, the geometry and equivalent circuit of the shielded stripline is shown in 

figure 2.4.

y

▲

- w?
♦

♦X
Figure 2.4. Geometry of the shielded stripline and equivalent circuit

The stripline consists of the series inductors and shunt capacitors. The characteristic 

impedance of the shielded stripline is determined by the capacitance and inductance per 

unit length of the stripline.

| L
l _  V^r

v^c ~ cC
(2.14)

Where L and C are the inductance and capacitance per unit length of the stripline, c is the 

speed of light in the free space, and er is the dielectric constant of the substrate material.

It is well known that the capacitance per unit length C is determined by the values of a, b 

and w in the shielded stripline. Therefore, in our design, the dimensions of a, b and w are 

chosen to make the Zo equal to 50£1

The purpose of our design is to build periodic structures, which contain small electrical 

scatterers to obtain the left-handed characteristics at lower frequency. There are two types 

of unit cell designed in this chapter, one is called “planar” and another is “via”.
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Figure 2.5 shows the geometries of the unit cells and the equivalent circuit.

(a) (b) (c)

Figure 2.5 Geometries of unit cells and equivalent circuit, (a) planar type, (b) via type, (c) 

equivalent circuit.

In the figure, the dash line plane is the middle layer of the model and the dash arrow points 

to the propagation direction. As we can see that the gap between two discontinuities will 

perform as a series capacitor Q . For the planar type, the slim metal in each discontinuity 

which connects to the side wall of the host line will perform as a shunt inductor Li. For the 

via type, the metallise vias can be considered as the shunt inductors Ll.

By embedding the circuit elements of inclusions, the original stripline will become the 

conventional transmission line with series capacitors and shunt inductors. Therefore, the 

equivalent circuit is complicated and the model of one unit cell is shown in figure 2.6.
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Cr

o

o- o -o

Figure 2.6 Equivalent circuit of CRLH stripline

2.2.1 The transmission (ABCD) matrix analysis

The transmission matrix formalism provides a convenient method to describe the 

characteristics of two or more two-port networks [23], Before the simulations, the ABCD 

matrix analysis can approximately present the affects of all elements in the equivalent 

circuit.

The characteristics of the waveguide parameters such as Z, Y and S can be represented by 

applying the matrix method. In an N-port microwave network, once the voltages and 

currents have been defined at various points, the impedance matrices of circuit theory can 

be used to quantify the reactance. Then the matrix description of the network can be 

determined. The impedance matrix (Z) of the N-port microwave network relates voltages 

and currents in matrix form as

The parameters of a two-port network can be defined by a 2 x 2 or ABCD matrix (figure 

2.7) [23]. The total voltages and currents can be written as:

[V] = [Z][l] (2.15)

vx =  av2 + b i2 (2.16)

h =  cv2 +  DI2 (2.17)

Or in matrix form as:

(2.18)
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h
---------- ►

---------o----
Porti + Vt

-------- 0----

Figure 2.7. A two-port network

For the cascade connection of two-port networks (figure 2.8) [23], the individual matrix 

expressions are:

(2.19)

( 2.20)

To get the total ABCD matrix of the cascade connection of two-port networks, we can 

substitute these two matrices.

( 2.21)

The order of the multiplication of the matrix must be the same as the order of the arranged 

networks.

Figure 2.8. The cascade connection of two-port networks

The purpose of using this method is to define the change of phase constant /? with the 

frequency. As long as we get the /? — m figure, we could compare it with the dispersion 

figure of the composite right/left-handed transmission line.



18

The equivalent circuit of our design (figure 2.9) can be considered as a cascade connection 

of two-port networks. We could assume three two-port networks consist of one unit cell. If 

the ABCD matrix of each individual network can be formed, the multiplication of all the 

matrices will be the total parameter expression. The parameters of each part can be easily 

found in the text book [23],

Part 1 Part 3

x" Part 2 ^
/ ^ 
H h
i
\ ° —

V

I* Lr

r  Cr

<---------l ----------►

Ll 
—o

X.

\

\
I

/
/

Figure 2.9. Three two-port networks of our design

The circuit of part 1 is a series capacitor, which can be considered as a series component in 

the circuit (figure 2.10).

CL

H  b
i = >

-o

o

Figure 2.10. A series component circuit 

And its ABCD parameters are:

A = 1;B = Z;C = 0;Z) =  1 (2.22)

Transferring the capacitance Cl to the impedance expression, it is:

1
ja)CL

B = Z = (2.23)
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So the ABCD matrix will be:

Mi BA r l  l  —
k  Di\ J<*CL

lo 1
(2.24)

Part 2 is a small length of traditional transmission line with the impedance Z0 and phase 

constant fio, and its circuit can be simplified in figure 2.11.

M--------- I -------- >

■ = >
o---------------

Z o B

--------------- o

M-------------- --------------  1 --------------------------------►

Figure 2.11. Conventional transmission line circuit

The ABCD parameters are:

A = cosfi0l,B  = jZ 0 sinfi0l,C  = jY0 sin fi0l,D  = cos fi0l 

In the parameters, l is the length of the transmission line.

So the ABCD matrix will be:

A 2 B 2 cos fi0l jZ 0 sin fi0l
C-2 D2_ JY0 sin fi0l cos fiQl

The phase constant fio of the transmission line is:

(2.25)

(2.26)

(2.27)
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Where Vp is the phase velocity. Because the host line we use is the stripline, so in TEM
Q

mode, Vp = — . Here, er is the relative permittivity of the stripline material. So: ̂ yJ6r

mVëÿ
c

(2.28)

Part 3 is a shunt inductor, and figure 2.12 shows the circuit with a shunt component.

■o

o

Figure 2.12. A shunt component circut

The ABCD parameters for this circuit are:

A = 1,B = 0,C = Y,D = 1 (2.29)

Y is the inductance value Ll , and transferring the inductance to the impedance expression is: 

1
C =  Y

ja)LL

So the ABCD matrix will be:

(2.30)

^ 3 b 3]
k d3\ ljù)LL

(2.31)

Now, all parameters of three two-port networks have been settled. If we say matrix X  is the 

final multiplication of these three matrices. So

A B Ai BA ^2 ^ 2 ] B3

-C D- D j k d2 J k d3\
1

1 — F~ COS p0l jZ 0 s i n / ? 0 /j
r 1 0] 

1ja)CL 
0 1

JY0 sin p0l c o s  (30l \
[jcoLL

(2.32)
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Our structure consists of symmetrical periodic unit cells along the transmission line and it 

can be considered as the composition of the cascade connection of two-port networks. 

Through the analysis of the infinite periodic structures, we could use the ABCD matrix to 

define the voltages and currents on each side of the multiple unit cells [23],

\vn] A B vn+i
Un\ ■C D. Jn+l. (2.33)

We define the length of each unit cell is d, so the propagation factor is e vd.

Vn+1 = Vne-yd,In+1 = Ine~yd (2 .34)

Comparing (2.33) with (2.34) gives

(2.35)

y = a + j/3 . For symmetrical networks, if we only consider the lossless case, the 

attenuation constant a is zero in the passband. So the formula could be transferred as:

(̂A + D)±y/04 + D)2 - 4 j
(2.36)

Now for our structure, we already have the ABC D matrix X  of one unit cell.

[A B r i
1 — 7" cos p0l jZ 0 sin f30l r 1 °11

L C Di ](oCL
Lo 1

jY0sin/?0Z cos [30l ij(oLL \
(2.37)

Now in the equation for X, if the transmission line has a certain length / and Zo=50Q, there 

are only two variables Cl and Ll except frequency co. By inputting the variables, an 

approximate phase constant value can be calculated. If X matrix can be solved to get value 

A, D, then the imaginary part of equation (2.36) can be plotted with co. The /? -  f  plots are 

shown in figure 2.13 under “unbalanced” and “balanced” cases. The length / is 0.5mm, 

under “unbalanced” case, Ci=0.Q61\>¥, Z/,=0.4nH and under “balanced” case, Ci=0.095pF, 
Iz=0.24nH.
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This dispersion figure in figure 2.13 shows that our design could provide the left-handed 

propagation. That is because in /? < 0 range, the phase velocity Vp — ^  < 0, and also the

group velocity Vg = ^  > 0. Thus, we have the left-handed propagation.

In the unbalanced diagram, the left-handed region is from 14GHz to 23GHz, and the right- 

handed region starts at 38GHz. The stopband exists between them. The shape of this curve 

is exactly the same as the theoretical CRLH plot (figure 2.3) [1]. The input PLH impedance 

ZL does not match with the PRH impedance Zr.

By changing the value of Ll and Cl, the balanced condition can be achieved (figure 2.13b). 

The dispersion has the perfect continuous curve across the special /? = 0 point.

This method can approximately locate the value ranges of series capacitance C^and shunt 

inductance Ll before the actual structure design. However, the practical design will include 

other contributions which make the circuit more complex.

(a)
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(b)

Figure 2.13. P(rad) — f  plots, (a) unbalanced case ( Cz,=0.067pF, ¿¿=0.4nH ), (b) 

balanced case ( Ci=0.095pF, Ll~0.24nH )

2.2.2 The calculations of series capacitance Cl and shunt inductance L l

The values of the capacitance Cl and inductance Ll in the left-handed circuit part are very 

important in the design process of the structures. There is a method to calculate the 

approximate values in HFSS. We can simulate the single cell and plot the imaginary parts 

of Y/Z parameters. By dealing with the slopes of plots, the impedance Ll and Cl can be 

determined. Ansoft HFSS is the software we use to optimize and simulate the real project 

models. Most of the simulated results in this thesis are from this software.

Series capacitance Cl

The series capacitor Cl is formed by the gap with the length of d  between each unit cell. To 

calculate the series components, Y parameter is straight forward. In HFSS, two pieces of
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metallised planes are parallel set in the dielectric materials. Although the metallised planes 

will have shunt capacitance contributions, the capacitance values are quite small and the 

series capacitance CL will dominate the transmission characteristic. A simple simulation 

can be set in HFSS.

(a) (b)

Figure 2.14. Models of (a) planar unit cell, (b) F1FSS.

The figure (a) is the geometry of the model, and (b) is the practical model in HFSS. The E- 

plane boundary condition needs to be applied at the side walls. The top and bottom layers 

are perfect electric boundaries.

If we let i/=0.5mm, the imaginary Y plot is shown in figure 2.15. In fact, there is no 

material dispersion. Therefore, the capacitance Cl calculated at lower frequencies can be 

assumed as the same value at higher frequencies.
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Figure 2.15. Imaginary Y parameters (£/=0.5mm)

The magnitude of Y parameter is linear. The capacitance Cl is:

_  AT 1 

Cl ~ ~Kf2n (2.38)

The point ml is at 3GHz, and m2 is at 4GHz. A/ = 1GHz. According to the Y values of 

these two point, AT = 0.00074. So the approximate value of the series capacitance is:

CL
0.00074 1

l e 9 2?r
0.12pF (2.39)

The value of Cl is related to the gap d  between two units. Figure 2.16 shows the plot of the 

series capacitance Cl varies with gap d. It is clear that the series capacitance decreases as 

the gap becomes larger.
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Figure 2.16. Series capacitances versus gap d

Shunt inductance L i

In our design, the shunt inductor Li with the length / is formed by the metal plane or post 

which is connected to the metallised wall of the structure. Figure 2.17 shows the 

geometries and HFSS model of two types.

Figure 2.17. Unit cell and F1FSS simulation models of (a) planar type, (b) via type.
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Although the metal plane along the signal transmission direction will create a series 

inductance, it has very little effect on the shunt inductance Ll. The length of / will 

determine the shunt inductance value.

The shunt inductance Ll can be calculated by the slope of the Z parameter plot. If we take 

the planar type as an example and let the /=1,4mm, figure 2.18 shows the Z-f diagram.

Figure 2.18. Imaginary Z parameters (7=1.4mm)

_A Z 1 
^1 A/  2n

(2.40)

The point ml is at 3GHz, and m2 is at 4GHz. A/  = 1GHz. According to the Y values of 

these two point, A Z = 1.45. So the approximate value of the shunt inductance is:

1.45 1
Li = — « 0.23nH 

1 l e 9 2n
(2.41)

The inductance value will increase if we make the metallic slot longer. The plot of the 

shunt inductance Ll varies with length / is shown in figure 2.19.
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Figure 2.19. Shunt inductances versus length /

The left-handed elements Ll and Cl can be calculated with respect to the pure LH 

impedance ZL = ^ L l/Cl . The pure right-handed impedance ZR = yJl r/C r is related to 

the characteristics impedance of stripline. The gap d and slot length / can be changed to 

have the proper ZL. If we approach the balanced case of CRLH transmission line, the 

condition Zr=Zl needs to be satisfied.

2.3 Planar type CRLH transmission line design and fabrication

The first design is the planar type. We embedded the host stripline with ten unit cells 

periodically along the middle plane. The geometry of the HFSS model with ten unit cells 

and the dimensions of the structure are shown in figure 2.20.

In the structure, each port has the stripline as the host transmission line. Between these two 

striplines, there are series planar discontinuities in the middle plane. The gap between two 

discontinuities is very small, only 0.5mm, which is much less than 2/4. Each cell has a slim 

slot which connects to the side-wall. The boundary condition of the shielded stripline box is 

perfect electric conductor.
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top layer

bottom layer

conductor

A B C D E

6.2 3.9 1.5 0.5 5.4

(b)

Figure 2.20. (a) HFSS model of ten unit cells, (b) dimensions of the structure.

The animation plots of magnetic field in the plane passing through the axis of the structure 

clearly show the propagation of the phase (figure 2.21). The energy keeps transmitting from 

port 1 to port 2. The phase change in the right-handed propagation part follows the same 

direction of the energy flow. However, because of the negative phase velocity during the 

left-handed transmission, the phase shifts to the opposite direction of the energy flow. That 

is the “backward-wave” [3]. The dash lines in figure 2.21 show the shift of the wave peak 

in a certain phase change period.
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Left-handed range Right-handed range

phase propagation Energy flow direction phase propagation

Figure 2.21. The animation plots of electronic field intensity at different frequencies

2.3.1 Phase constant dispersion figure and simulated results

The phase constant dispersion curve shows how the phase changes in degrees while the 

frequency increases. At the beginning of the design, we need to check the dispersion 

diagram to verify the left-handed propagation exist in our structures. Figure 2.22 shows the 

dispersion figure of one unit cell of the planar type.
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The simulation is set in HFSS eigenmode while the periodic boundary condition has been 

applied to the unit. In this diagram, the dispersion curve has the same shape as the 

theoretical plot (figure 2.13), but it is the unbalanced case. The left-handed range is 

approximately from 14GHz to 15.7GHz. The stop band occurs around 16GHz. The left- 

handed part, as expected, has the negative phase velocity which is opposite to the group 

velocity. This proves that our structure is a CRLH transmission line.

Figure 2.22. Dispersion curve of planar type CRLH line

Figure 2.23 shows the magnitudes of S parameters in HFSS. The blue line is S21, and the 

red line is Sn. Both are presented in dB. A clear stop band is between these two kinds of 

propagations. Corresponded to the phase dispersion figure in figure 2.22, there is a left- 

handed propagation between 14.4GHz to 15.7GHz and the right-handed propagation starts 

at 17.9GHz. It is quite hard to locate ranges of the pass band and stop band precisely in S 

parameters. Because at the stop band of a structure with the length /, the attenuation 

constant a expresses in dB/m is 201og10e~a i . Therefore, the slope of the curve is 

determined by the length of the structure. Thus, we defined ranges of pass and stop band 

from the theoretical dispersion plot in S parameters. In figure 2.23, the left-handed pass
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band propagates well and reasonably matches with the dispersion curve. Unfortunately, the 

right-handed pass band S parameters are not good enough, that may because the transition 

does not match properly for this band.

Arsotcapoosen XY Plot 1 hfssossc- i

Figure 2.23. Simulated S parameters of planar type CRLH line

We could not achieve the balanced case, because the limit distance can be reached in the 

mechanical workshop. For instance, the gap of 0.5mm can only provide 0.l2pF series 

capacitance, which much smaller than required to satisfy the balanced condition ZL = ZR.

2.3.2 Fabrication techniques

By using the conventional PCB fabrication methods, all the waveguides and the 

transmission lines can be manually made in the mechanical workshop. In this section, the 

series of vias method and the standard fabrication processes are introduced.
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The traditional PCB board does not have the copper foil along the vertical direction. Thus, 

the conducting wall is not straight forward to manufacture. In microwave circuit design, the 

series of conducting vias along the wave propagation can be considered as the conducting 

walls of the guide. The distance between two vias must be much shorter than the 

wavelength. This technique is practical and the drilling machine can do the job perfectly in 

the workshop. The drilling machine in the mechanical workshop is LPKF Protomat C60 

machine. Figure 2.24 shows the process how the vias consist of the conducting wall.

Copper foil of the 

PCB board

V
Metallised substrate

Metallise holes

Conducting vias

Figure 2.24. Procedures of conducting walls substituted by series of vias

In HFSS, the planar type of metamaterials line is set to be an example (figure 2.25). The 

two series of conducting vias consist of the two side walls. It is clear to see that these two 

series of vias are like the conducting walls and keep the energy mostly inside the guide.
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Figure 2.25 Simulated field plot where picket fence side walls substituted by series of vias

2.3.3 Standard PCB fabrication process

Our design is a two-layer structure. At the beginning, the masks for both layers need to be 

printed on the plastic film individually. The position of the holes on both layers must be 

corresponding to each other. The steps below show the process of one layer fabrication.

The PCB board needs to be cut in the approximate size by using the hand guillotine, and 

put into the drilling machine to drill the holes. After the drilling, the photo resistive 

laminated films apply to both sides of the board and then expose. After the exposure, the 

PCB board will be etched.

The host transmission line in our design is the stripline. Therefore, the SMA connecter has 

to be soldered on to the layer which has the middle circuit first. After soldering the SMA 

connecters on both ends, the two layers PCB boards are assembled with copper vias.

R o g ers  58 8 0  m a te ria l is u se d  to  fa b ric a te  th e  w a v e g u id e . T h e  re la tiv e  p e rm ittiv ity  o f  th e

su b s tra te  is 2 .2  an d  th e  th ic k n e s s  is 3 .1 7 5  m m . T h e  to ta l th ic k n e ss  o f  th e  s tru c tu re  w h ic h
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consists of two dielectric layers is 6.35 mm. The diameter of the metal conducting vias is 

0.5 mm, and the distance between vias is 1 mm.

2,3.4 Measurements

The measurement is performed on the Anritsu 37397C vector network analyser with 

coaxial calibration. Compared with the simulated results, the insertion loss increased 

significantly to approximate 2-4dB. The dielectric and conductive loss are unavoidable. 

Also, during the fabrication, the loss may be greatly affected by the solder work and the 

gap that exists between layers and etc.

Figure 2.26 shows the measurement results. The frequency range of the left-handed 

transmission is from 14.2GHz to 15.5GHz, which is roughly matched with the simulated 

results. The right-handed part is from 18.9GHz to 21.5GHz, and the stop band range (S21 < 

-lOdB) is about 3GHz. The insertion loss is less than 3dB for both parts.

The reflection line Sn is below -lOdB at least in the two transmission regions. Both S 

parameters compares well to the simulated ones.

Frequency (GHz)

F ig u re  2 .2 6 . M e a su re d  re su lts  o f  p la n a r  ty p e  CRLF1 lin e
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2.4 Via type CRLH transmission line design and fabrication

The via type CRLH transmission line is very similar to the first type, but using a via to 

connect the top and bottom metallisation. The geometry of ten unit cells model and 

dimensions of structure are shown in figure 2.27.

top layer

bottom layer

conductor

A B C D E
10 5 1.5 0.5 3.4

(b)

Figure 2.27. (a) HFSS model of ten unit cells, (b) dimensions of the structure.

In this design, the gaps between each discontinuity still form the series capacitors Cl and 

the distance between two unit cells still determines the series capacitance Q . The 

metallised vias can be considered as the shunt inductors Li. The height of the cylinder via 

will determine the value of Ll. The advantage of this type is that the vertical vias have little 

coupling with other components of the guide. However, due to the PCB fabrication 

technique, the height of via which relates to the shunt inductance Ll is difficult to change. 

Figure 2.28 shows the dominant mode in the via type CRLH line.
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Figure 2.28. Dominant mode in the via type CRLH line

2.4.1 Phase constant dispersion figure

Figure 2.29 shows the dispersion figure of one unit cell of the via type CRLH line. As 

shown in the planar type, the metal vias can also support the left-handed propagation.

F ig u re  2 .2 9 . D isp e rs io n  c u rv e  o f  v ia  ty p e  C R L H  line
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From the dispersion curve, the left-handed range is approximately from 10GHz to 13GHz, 

and the right-handed range starts at 14GHz. There is 1GHz stopband.

2.4.2 Simulated and measured results

Figure 2.30 shows the magnitudes of S parameters in HFSS. The blue line is S21, and the 

red line is Sn. Compared with the planar type results, the left-handed region of the via type 

increases significantly, ft is from 9.9GHz to 12.9GHz, which reaches 3GHz range. 

Compared with the dispersion curve, the left-handed ranges show good agreement.

Vac? C ow««« XY P lo t 1 HFSSDescal

Figure 2.30. Simulated S parameters of via type CRLH line

Figure 2.31 is the measured results from the analyzer. Actually, the results are not as 

successful as simulated. The left-handed period only has a peak point at 14.5GHz; the 

insertion loss is very high as well. The main reason is attributed to the crude fabrication 

technique that was used and the complex structure. The vias in the center which forms the
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shunt inductors are difficult to adjust accurately. During the assemble process, the vias are 

too easy to twist or move. The result may be much better if a professional fabrication 

process is applied.

Frequency (GHz)

-----SII-------S21

Figure 2.31. Measured results of via type CRLH line

A photograph of the fabricated structures is shown in figure 2.32.

F ig u re  2 .3 2 . A  p h o to g ra p h  o f  th e  fa b ric a te d  s tru c tu re s
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2.5 Summary

In this chapter, a general introduction of metamaterials (MTMs) is given. The composite 

right/left-handed (CRLH) transmission line is presented, which is one of the most popular 

of MTMs with unusual properties, such as left-handed propagation, double negative 

parameters, negative phase velocity, backward-wave, etc. The dispersion curve of CRLH 

line is shown and the advantages of the special /? = 0 point are introduced.

We used the transmission matrix analysis to approximately compute the equivalent circuit 

of the design and the dispersion curve of CRLH line is demonstrated. This method can be 

used to roughly determine the left-handed range by changing shunt inductance Ll and series 

capacitance CL in the matrix. This is very important for the structure to reach the 

unbalanced case or balanced case. Then, the calculation through HFSS shows how the 

dimensions affect shunt inductance Ll and series capacitance Cl-

Two new types of CRLH transmission lines are presented - the planar type and via type. 

CRLH transmission is achieved in the host shield stripline is novel. All embedded electrical 

scatterers are shielded inside the stripline with the advantage of no radiation. By analysing 

the field distributions and dispersion curves, both lines have the significant left-handed 

range with backward-wave, negative phase velocity. Another advantage of our design is 

that the periodic units are very simple, unlike the interdigital slots on the metal surface [21],

Both CRLH lines have good simulated S parameters in the left-handed propagations, 

however, due to the crude fabrication technique and the complexity of the multi-layer 

assembling, the measured results have more insertion loss, especially in via type. A better 

fabrication environment can greatly improve the results.

This work has been presented at the third International Congress on Advanced 

Electromagnetic Materials in Microwaves and Optics -  Metamaterials, London, 2009 [24],
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3. Multilayer folded waveguides

In the microwave and millimetre-wave systems, rectangular waveguides (RWGs) have 

been well developed for many years. However, it is quite hard to integrate planar circuits 

with RWGs because of their three-dimensional nature. In recent years, some techniques 

have been developed to allow integration, such as the post wall waveguide [1], laminated 

waveguide [2], and substrate integrated waveguide (SIW) [3]. Compared with the RWGs, 

these new waveguides have the great advantage of easy integration with planar circuit, low 

cost and size reduction. SIW can be designed by using low temperature co-fired ceramics 

(LTCC) [4], microwave laminates [2] and photoimageable thick-films [5], which are the 

conventional microwave fabrication techniques. Based on the research on the 

characteristics of the SIW [6-8], lots of high performance devices have been demonstrated 

[9-12], But at low frequency, the SIW is very wide. In order to reduce the transverse size of 

SIW and enhance the bandwidth, the folded substrate integrated waveguide (FSIW) has 

been proposed [13] [14] and applied for filters [15], antennas [16], couplers [17] etc.

In this chapter, the multi-layer substrate integrated folded waveguides are presented. The 

designs of transition and tapers are introduced. Then the narrowband waveguides are 

presented, which have applications on fdters [18], In the end, the multilayer folded 

waveguides are cut in the middle vertical, and each half part can support the half mode 

guided waves.
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3.1 Two, three, four layers folded substrate integrated waveguides

The multiple layers folded waveguides have been widely applied in many fields, such as 

the folded waveguide filter, the antenna, the power divider, etc. There are two types of the 

folded waveguide. One is T type, which means the rectangular waveguide is folded from 

both ends to the centre. Another one is C type, which means the rectangular waveguide is 

folded from one end to another end. Both types can have the vary size reductions.

An example of two layers folded T type waveguide is shown in figure 3.1. Compared with 

the conventional waveguide, the typical folded guide has the half width all, but the double 

height 2b. The design of the multiple layers folded waveguide need to consider the 

efficiency and the loss. Based on the design theory [19], the width of the waveguide, the 

height, and the width of the middle layer will have a direct affect on the bandwidth and the 

phase dispersion.

2b

▼

Figure 3.1. Geometry of two layers folded waveguide

The attenuation constant plots are shown in figure 3.2 [19]. The losses of the folded 

waveguide will increase as the number of layers increase. The conventional rectangular 

waveguide has the lowest loss compared with the multilayer folded waveguides. The four 

layers folded waveguide has the maximum width reduction; however, its loss is higher than 

others.
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frequency (GHz)

Figure 3.2. Attenuation constant plots in Rogers1M Duroid (sr = 2.2, tan <5 = 0.0009)

The geometries and dimensions of two, three and four layers folded waveguides are shown 

in figure 3.3.

2b

a/2 2b w15.48 1.27 3.06

W
•«------------------- ►

w/2
A ------ ►

1-----------1

1—------- .L----------

a/3 3b w11.3265 1.905 4.6
(a) (b) (c)

F ig u re  3 .3 . G e o m e tr ie s  a n d  d im e n s io n s  o f  (a) tw o  layers , (b ) th re e  lay ers , (c ) fo u r la y e rs

fo ld ed  w a v e g u id e , (u n it: m m )
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3.2 The transition design for multilayer folded waveguides

3.2.1 Microstrip transmission line

The microstrip line has been chosen to be the transmission line to be transitioned to the 

folded waveguide. The main condition to choose the transition is that the field distribution 

needs to be similar to the folded waveguide. The electric field of the microstrip line has the 

maximum between the centre conductor and the ground plane (figure 3.4).

Ground plane

M icrostrip line

Figure 3.4. Microstrip line model

The electric field of the T type folded waveguide has the maximum between the top 

metallise layer and the first layer. Figure 3.5 shows the E-field plots of the fundamental 

mode in the folded waveguides. In each folded waveguide, the dominant region of the E- 

field matches with the microstrip’s at the fundamental mode. The input impedance can be 

easily controlled by changing the width of the microstrip line. The required impedance is 

50 ohm.

r r r  : ,* 1 1 j M l.  
Ì J '  -

- r; r  ■

F ig u re  3 .5 . F u n d a m e n ta l E -f ie ld  p lo ts  o f  (a ) tw o  layers , (b ) th re e  layers , (c ) fo u r lay ers

fo ld ed  w a v e g u id e .
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3.2.2 Taper design

The taper is used to transform the 50 ohm impedance on the microstrip line to the 

impedance of the folded waveguide. It is also important in the matching of the magnetic 

field from the input line to the folded waveguide. Figure 3.6 shows the magnetic field 

matching by the taper.

The middle layer

(a) (b) (c)

Figure 3.6. Magnetic field in (a) Microstrip line, (b) Taper, (c) Folded waveguide.

In this figure, the red line denotes the magnetic field flow. In the microstrip line (a), the H- 

field only has two components Hx and Hy. In the waveguide (c), the H-field has another 

direction Hz -  the red dash line underneath the middle layer. The function of the taper (b) is 

to make the magnetic field have a component in the Z direction.

The width and length of a taper will determine its performance. Normally, the length needs 

to be less then k/4. Quite a few simulations of the optimization need to be done in HFSS, in 

order to reach the maximum H-field matching.

Figure 3.7 shows the dimensions of the microstrip transmission line with the taper for each 

type of folded waveguide. Because of the different width of each waveguide, the widths of 

the microstrip line are different, which will give 50 ohm impedance on the port.
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m n s
3.06 7.5 0.6

Two layers Three layers

m n s
2.2 5.4 0.6

Four layers

Figure 3.7. Dimensions of the transitions for multilayer waveguides

The microstrip transmission line is always connected to the top metal layer of the folded 

waveguide. The ground plane of the microstrip line will connect to the first metal layer of 

folded waveguide. Figure 3.8 shows the geometries of the transitions. The two layers 

folded waveguide is used as an example.

Microstrip line with the taper Ground plane for microstrip

Figure 3.8. Geometries of transitions
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3.3 Simulated and measured results

Ansoft HFSS is the software we used to simulate the waveguides with transitions. The 

dielectric material is Roger RT Duriod 6010 with the dielectric constant of er=10.8. The 

thickness of the material is 0.635mm. Figure 3.9 to 3.11 show the S parameters for 

different numbers of layers. The brown lines are the magnitudes of S21 in dB, and the red 

lines are the magnitudes of Sn in dB.

Also, the bandwidth of each type has been calculated by fe/fci-fci is the cut off frequency 

of the fundamental mode and f C2 is the cut off frequency of the second order mode.

Ansoft Corporation X Y  Plot 1 HFSSDesignl

Figure 3.9. Simulated S parameters (dB) of two layers folded waveguide

The bandwidth of two layers folded waveguide is fc^fci= 2.9.
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Ansoft Corporation X Y  Plot 1 HFSSDesignl

Figure 3.10. Simulated S parameters (dB) of three layers folded waveguide 

The bandwidth of three layers folded waveguide is f C2/fd~  3.3.

Ansoft Corporation X Y  Plot 1 HFSSDesignl

Figure 3.11 Simulated S parameters (dB) of four layers folded waveguide

T h e  b a n d w id th  o f  fo u r  la y e rs  fo ld e d  w a v e g u id e  is f C2/fd=4.
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The traditional PCB fabrication techniques are applied to manufacture the folded 

waveguides. Figure 3.12-3.14 shows the fabricated waveguides with SMA connectors and 

the measured results. We can see that the results are not as good as simulated. The 

transmissions only operate in the limited range in each folded waveguide. However, the 

crude fabrication techniques cause more losses and reflections. Additionally, assembling 

the multiple boards manually is very difficult which has a negative affect on the 

propagation.

Two layers
Frequency (GHz)

-----Sll-------S21

Figure 3.12. Measured S parameters of two layers folded waveguide



Three layers
Frequency (GHz)

Figure 3.13. Measured S parameters of three layers folded waveguide

Four layers
Frequency (GHz)

Figure 3.14. Measured S parameters of four layers folded waveguide
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A photograph of the fabricated structures is shown in figure 3.15.

Two layers
Three layers

Four layers

Figure 3.15. A photograph of fabricated structures

3.4 Narrowband folded substrate integrated waveguides

In last section, the broadband folded waveguides had been introduced, that have the 

bandwidths f ci/fci vary from 2.9 to 4. This section shows a brief design of the narrowband 

folded waveguide, which will decrease the bandwidth to a certain level. Although the 

bandwidth has been reduced, the size of the folded waveguide becomes smaller. This could 

be the advantage in some narrowband application. However, the narrowband waveguides 

have the disadvantage of high insertion loss, because the metallised planes are closed to the 

side walls.
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Figure 3.16 shows the dimensions of the three types of narrowband folded waveguide. 

They keep the same height, but the widths of the guides are shorter. The widths of the 

planes inside have been increased to decrease the bandwidth.

b

a b w
11.5 1.27 10.35

a b w
8 1.905 6.6

a b w
6 2.54 4.65

(a) Two layers (b) Three layers (c) Four layers

Figure 3.16. Dimensions of narrowband folded waveguides

Figure 3.17 shows the reduction of the bandwidth in each type of the folded waveguide. 

Approximately, all the bandwidths have been decreased to 2, which is the same as 

conventional waveguide.

4.5 43.5 3j:!5 2.53
c 2 ra CQ 1.5 

10.5 
0

Two layers Three layers Four layers

Figure 3.17. Bandwidth comparison between broadband and narrowband waveguides
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3.5 Multilayer half-mode folded waveguides

In this section, the half mode folded waveguide will be introduced. It is well known that the 

folded waveguide has the maximum E-field in the first layer at the dominant mode. If the 

guide is cut in the middle vertical plane, there will be an open plane in the first layer, which 

is at the maximum E-field region. At the dominant mode, the open side can be considered 

as a magnetic wall, and it will keep the original field distribution along the transmission 

direction. The guide will propagate the half TEio mode, which is called as the half mode 

folded substrate integrated waveguide. Some other groups had the publications at half mode 

transmissions, such as [20].

Figure 3.18 shows the cross section views and the field distributions of each type of half 

mode folded waveguide

(a) Two layers

(b) Three layers (c) Four layers

Figure 3.18. E-Fields of each type half mode folded waveguide

3.5.1 Simulations

In order to match the field distribution, the taper of the feed line need to be half as well. 

The microstrip is still used as the transmission line. By optimizing the transition, the 

propagations of half mode folded waveguides are shown in figure 3.19-3.21. The brown 

lines are the magnitudes of S21 in dB, and the red lines are the magnitudes of Sn in dB.
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Ansoft Corporation X Y  Plot 1 HFSSDesignl

Figure 3.19. Simulated S parameters (dB) of two layers half mode folded waveguide 

The bandwidth of two layers half mode folded waveguide is fa /fcn  1.4.

Ansoft Corporation X Y  Plot 1 HFSSDesignl

Figure 3.20. Simulated S parameters (dB) of three layers half mode folded waveguide

The bandwidth of three layers half mode folded waveguide is f C2/fci=\-1 ■
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Ansoft Corporation X Y  Plot 1 HFSSDesignl

Figure 3.21. Simulated S parameters (dB) of four layers half mode folded waveguide

The bandwidth of four layers half mode folded waveguide is fd/fci—2.6.

Although the bandwidth of the half mode folded waveguides are narrow compared with the 

normal folded ones, the sizes of the structures are further reduced. With some more 

optimizations, the bandwidth of the half mode folded waveguide can be greatly improved.

3.6 Summary

In this chapter, the multilayer folded substrate integrated waveguide (FSIW) has been 

presented. The purpose is to study how the FSIW works by optimizing the microstrip 

transmission line and the taper. Novel transitions designed for the multilayer folded 

waveguide are demonstrated. The four layers FSIW has the maximum bandwidth, which is 

approximately twice than the normal SIW. However, due to the layer increases, the 

fabrication becomes more complicated.
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Then a brief study of the narrowband waveguide is proposed. The cross section size of the 

waveguide has been reduced as the bandwidth becomes narrow. A bandwidth comparison 

of broad and narrow bands is shown.

The novel folded half-mode substrate integrated waveguide (FHMSIW) is presented which 

has the further cross-sectional size reduction. The FffMSIW propagates half guided waves 

and can keep the original E-field distribution. The half-mode SIW has been independently 

discovered by other groups as well. A further research based on the half-mode substrate 

integrated waveguide will be demonstrated in the next chapter.
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4. Planar half-mode substrate integrated 
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The substrate integrated folded waveguide (SIFW) has been introduced in previous chapter, 

and it has a further reduction on the transverse size of the S1W. However, for the multilayer 

folded waveguide, the total metallic cross section area is not reduced [1], which means the 

conductive loss keeps the same level as SIW. Recently, a half mode substrate integrated 

waveguide (HMS1W) has been demonstrated, which has further width and metallic surface 

reduction when compared to SIW. For the dominant mode of a SIW, it has the maximum 

E-field value in the symmetric central plane along the transmission direction. Thus, if the 

waveguide is cut into half along the vertical middle direction, the cutting plane can be 

considered as a magnetic wall. With the large width-to-height ratio (WHR), the half part 

can still keep the original field distribution in order to support the propagation modes. Each 

half part can propagate the half guided waves [2]. This improved new structure is called 

“half mode substrate integrated waveguide (HMSIW)”. Figure 4.1 shows the fundamental 

mode E-field of these two kinds of waveguide. It is clear that HMSIW keeps almost half 

field distribution and the open side works as an equivalent magnetic wall.
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While keeping most advantages of S1W, the size of the HMSIW is almost reduced by half 

and the bandwidth becomes much wider [3]. Many applications have been designed based 

on this new technique, such as antennas [4] [5], couplers [6][7], filters [8-11], and power 

dividers [12] etc. Furthermore, half-mode waveguides can be easily integrated with other 

planar circuits [13] or components [14],

In this chapter, a new planar half-mode substrate integrated waveguide is presented. This 

new type HMSIW can easily integrate with other electric components and the bandwidth 

can be well controlled by the slot on the top.

4.1 The design of planar half-mode substrate integrated waveguide

In this section, we present a new waveguide based on the HMSIW. Figure 4.2 shows the 

process of the planar half mode substrate integrated waveguide. A metal plane has been 

added on the right side which was the open side in HMSIW. On the top layer, a new plane 

is added. Because of the plane on the top layer of the HMSIW, we call it as “planar- 

HMSIW”. In PCB fabrication, components are hard to integrate between the top and 

bottom layers on the open side of the HMSIW. In our design, a metal part is put on the top 

layer of the open side in order to integrate other components along the slot.

Figure 4.2. Process of the new planar-HMSIW
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By adding this planar slot on the top, a very low capacitance exists along the air gap. 

Additionally, even with this metallic surface, the field distribution is still very similar to 

that of the HMS1W. We use HFSS to simulate the waveguide modes, and figure 4.3 shows 

the port E-field comparison.

(a) HMSIW

(b) planar-HMSIW

Figure 4.3. E-field comparison between FIMS1W and planar-HMSIW

For the HMSIW, the maximum E-field is at the right edge of the waveguide, which is 

considered as a magnetic wall. For the planar-HMSIW, the E-field plot is very similar to 

the HMSIW, with the addition of fields under the planar part, which have little affect on the 

fundamental propagation. Figure 4.4 shows the dominate mode with the transition.

F ig u re  4 .4 . D o m in a te  m o d e  w ith  th e  tra n s itio n



The total width of the waveguide is a, and the height is b. The geometry of planar half­

mode SIW is shown in figure 4.5.
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planar-HMSIW

Figure 4.5 Geometry of planar-HMSIW

According to the actual port field plot (figure 4.5), the dominant field distribution is very 

similar to the traditional HMSIW. Because the planar part has little affect on the 

fundamental mode propagation, we can approximately consider the effective width of the 

planar-HMSIW is aeff=  2w. Thus, the cut off frequency of the fundamental mode can be 

calculated approximately by:

fc = 2 aeffJTr (4'1}

Here the effective width a e f f  is the width of the full mode waveguide which has the same 

dispersion curve as the half-mode SIW with the width of a .

We use the microstrip with 500 port characteristics at the operating frequency as the 

feeding transmission line. A well-designed taper integrates the microstrip to the waveguide. 

Furthermore, the magnitude of the electric field only propagates half in the guide. 

Therefore, the taper must be designed as the half model.

Figure 4.6 shows the difference of magnitude of the electric field on the top layer between 

the full and half mode taper. These two kinds of taper all spread E field very well to match 

the fields in the waveguides.
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Figure 4.6. E-field comparison between full and half mode taper

4.1.1 Planar half-mode SIW simulation

The layout and dimensions are shown in figure 4.7.

Front view

u w
m

-H H -H

T]

1 h n s, s2 a b w m d

120 9 6 4.6 8 21 1.57 15 5.5 0.5

F ig u re  4 .7 . T h e  la y o u t an d  d im e n s io n s  (un it: m m ) o f  p la n a r  h a lf -m o d e  S IW
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Here we use the dielectric material with the permittivity 2.33, the effective width is 2w. 

Thus, the fundamental mode f c is:

c
fc = 2 aeff\[£r

3.27 GHz (4.2)

The Ansoft HFSS is used to design and optimize and the structure. The dispersion figure of 

/? from HFSS is shown in figure 4.8.

Ansoft Corporation XYPIot2 HFSSDesign!

Figure 4.8. Simulated phase constant dispersion figure of the fundamental mode

This figure shows the imaginary part of the Gamma. The cut off frequency is 

approximately at 3.2GHz, which is the same as the calculated result. The S parameter result 

is shown in figure 4.9.

The simulation is set in a perfect environment without any conductive and dielectric losses. 

All the metallic surfaces are perfect electric planes, and the PML boundary is set to absorb 

any leaky waves. We see from figure 4.9 that S21 has very little insertion loss during the
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propagation, and its cut off frequency is about 3.2GHz. The reflection S| i is almost below - 

20dB over the entire band.

Ansoft Corporation X Y  Plot 1 HFSSDesignl

Figure 4.9. Simulated S parameters (dB) of planar half-mode SIW

4.1.2 Fabrication and measurements

The convertional PCB fabrication technique is used to build up this waveguide in the 

mechanical workshop. The material we use is Rogers RT Duriod 5870 with dielectric 

constant er =2.33 and 1.57mm thickness. The drilling machine is used to drill series holes 

on both sides, through which the copper vias could form the conducting walls. The vias’ 

diameter is 0.5mm and the distance between adjacent vias is 1mm. In the end, a 50Q 

impendence SMA connector is soldered on each port. Figure 4.10 shows the picture of the 

fabrication.

The length of the structure is three times of the wavelength at 5GHz. That is because we try 

to put components on the top for further researches.
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Figure 4.10. Pictures of fabricated structure

The structure is measured by the Anritsu 37397C vector network analyzer. The frequency 

range we use is from 1GHz to 8GHz. Figure 4.11 shows the S parameter measurement 

results compared with the simulation results.

The measured results and simulated results compared very well. Both cut off frequencies of 

these two S21 are around 3GHz, the insertion loss of measured one has about -l~2dB during 

the fundamental mode and increases to -3dB above 6.5GHz. The manual fabrication 

method and dielectric material and conductor loss may cause this problem.

The measured reflection Sn are all below -20dB in the fundamental mode, except two 

reflection points reach to -17dB.
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Figure 4.11. Comparison between simulated and measured S parameters

4.1.3 Propagation modes discussions of the planar HMSIW

Conventional half-mode waveguide propagates half the guided TEi 0 mode as the 

fundamental mode, which is called the TEo 5,o mode. In the second order mode, which is 

TEi s o, the relative cut off frequency is three times that of TEo.5,0 .

Figure 4.12 is the field plots of these two modes in the typical half-mode waveguide. The 

dominant mode has the maximum E-field near the magnetic wall which is the open side. 

The T E i.5 ,0  mode varies with two maxima. This mode has one peak near the left edge and 

another half peak on the open edge.
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Figure 4.12. Simulated E-vector plots for the fundamental and second order modes for the

conventional half-mode S1W

In the planar half-mode S1W, we have the planar part on the right edge of the guide. Thus, 

the field distributions are different from the conventional half-mode SIW. We found the 

second order mode occurs at 6.2GHz, and the E-field has a maximum on the right edge. 

Figure 4.13 shows the phase constant dispersion curves for three modes. Fig4.14-4.16 

shows the E-field distribution on the port of each mode.

At the end of this chapter, we will have a theoritical discussion about the propagation 

constant of this new planar half-mode SIW.
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Ansoft Corporation XY Plot 2 H F S S D e sig n l

Figure 4.13. Simulated phase dispersion curves for the fundamental, second and third order 

mode for the planar half-mode S1W

Figure 4.13 shows the phase constant of the first three modes. The operating frequency is 

10GHz. In fact, if they are the actual propagation modes, they should all converge to the 

lightline, which is •

Figure 4.14. Simulated E-vector plot for the fundamental mode of planar half-mode S1W

Figure 4.14 shows the dominant mode, and the field distribution is exactly the same as the 

conventional HMSIW. The cut-off frequency of the fundamental mode is 3.2GHz.
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4 4 4 4 4  S

Figure 4.15. Simulated E-vector plot for the second order mode of planar half-mode SIW

The second order mode has a maximum E-field at the right edge of the waveguide. We 

consider it is a propagating mode, and its cut-off frequency is 6.2GHz.

Figure 4.16. Simulated E-vector plot for the third mode of planar half-mode SIW

The third order mode matches with the TE1.5 0 mode of the conventional FIMSIW. The cut 

off frequency is 9.4GHz, which is about three times that of the fundamental mode.

4.2 Optimization and loss discussions

In this section, the attenuation of the planar HMS1W has been investigated. The loss 

tangent and the conductivity of the metal will be added into the model.

On the top layer of the design, there is an air slot. The size of the slot and the position will 

have some affect on the characteristics of the waveguide. By changing the slot width and
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the position, we are about to see how the attenuation and bandwidth change. All the 

attenuation plots are based on the fundamental mode.

4.2.1 Conductive loss and the dielectric loss

The original simulation in HFSS has no loss in the materials. Actually, the material, 

RT/duriod 5870, has a dielectric loss tangent tan 8 = 0.0012, and the copper foils have the 

conductivity <t=5.8x107 S/m. The loss plot is shown in figure 4.17.

Frequency (GHz)

— No loss 

.......Add loss

Figure 4.17. Plot of attenuation constant (Np/m) versus frequency (GHz)

This figure is the comparison of the loss. The blue line is the attenuation constant a of the 

half-mode waveguide without any loss. We can see that the radiation loss does not exist in 

our structure.

The red line is the attenuation constant of the guide with dielectric and conductive losses. 

The attenuation constant of the corresponding waveguide with the losses is less than 

0.2Np/m at 3.4GHz, which is 1.7dB/m, and then at the higher frequency range, it increases 

a bit.
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In this section, we will simulate the half-mode SIW to get the attenuation constants. The 

first one is to change the slot width d, and another one is to change w and m while keeping 

the width ¿/constant. Geometry is shown in figure 4.18.

4.2.2 Changing the slot width

b

Figure 4.18. Geometry of planar half-mode SIW

The electric field near to the gap relates to the width of the slot. If d  decreases, the E-field 

will get more concentrations on the slot. By changing the slot width d, the various 

attenuation constants are plotted in figure 4.19. In this simulation, the six slot widths of 

0.1mm, 0.2mm,0.3mm,0.4mm,0.5mm and 1.5mm are applied to the half-mode SIW.

In this figure, as the width increases, the attenuation reduces. However, if the width keeps 

increasing, the attenuation will not vary much. At ¿/=0.5mm, the loss is the lowest.

W
m

□

Frequency (GHz)

—   d=0.1 mm......... d-0.2mmd=0.3mm d=0.4mtn d-0.5mm .........d=l-5mm

Figure 4.19. Plots of attenuation constants (Np/m) versus frequency (GHz) in different d. Dielectric 

material: RT/duriod 5870 (sr = 2.33, tan S = 0.0012).
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In this simulation, the width of the slot remains as 0.5mm and its position shifts. The total 

width of the waveguide a is 21mm. The width of the top layer is w, and we choose series of 

w/a ratios from 0.57 to 0.8 for the test. The attenuation constants versus frequency are 

plotted in figure 4.20.

The variable w relates to the effective width of the half mode waveguide. The cut off 

frequency increases while the effective width decreases. During the lower frequency range 

up to 4GHz, the loss has the lowest value when the w/a ratio is 0.8. At the higher frequency 

range above 4GHz, the w/a ratio of 0.76 has the lowest loss. However, the attenuation value 

does not vary much except the case of w/a=0.57. Therefore, as long as the slot position is 

not too close to the center, it has little affect on the attenuation constant.

4.2.3 Changing the slot position

0.5 i

£
z

0.4 -

.2

ca

0.3 - 

0.2 -  

0.1 -

0
2

- i ----------------- 1------------------1------------------1------------------1.....................i ......................i' .......................i

3 4 5 6 7 8 9  10Frequency (GHz)

— w/a=0.57

....... w/a=0.63

w/a=0.7

..... w/a=0.76

.... w/a=0.8

Figure 4.20. Plots of attenuation constants (Np/m) versus frequency (GHz) in different w/a ratios. 

Dielectric material: RT/duriod 5870 (sr = 2.33, tan S = 0.0012).
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The bandwidth of a waveguide is one of the most important issues. Figure 4.21 shows the 

relative bandwidth plot in different situations. It is clearly to see that with a slot width 

0.1mm and the w/a ratio of 0.76, the relative bandwidth fa/fci reaches the maximum of 3.83. 

However, according to the figure 4.19, at d=0.1 mm, the attenuation constant is greater than 

the other cases.

4.2.4 Relative bandwidth

Figure 4.21. Relative bandwidth (fd/fci) versus d
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4.3 Transverse resonance technique and propagation constants analyses

In this section, we will introduce a method to determine the cut off frequency for the 

waveguide which has the complex impedance components in the circuit. This method is 

based on the transverse resonance technique (TRT). The TRT is a wave equation solution, 

which is easy and direct to determine the cut-off frequency. The propagation constant can 

be easily solved by analyzing the transmission line equivalent circuit [15].

4.3.1 Conventional rectangular waveguide

In the normal propagation, the wavevector in the waveguide is:

\k\ = a>y[Jie = V/?2 + kl  (4-3)

At the cut off, /?=0. The wave bounces back between the two side walls (figure 4.22).

And therefore,

\k\ = kx = u j i i e  (4.4)

a◄--------

k = kxi 
------------ ►

(b) At cut-off

Figure 4.22. Wavevector at (a) normal propagation, (b) cut-off
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In this case, we could consider the waveguide as a parallel plate transmission line which is 

terminated by short circuits (figure 4.23).

l I

w

(a) Parallel plate waveguide

short circuits 

(b) Transmission line terminated by short circuits

Figure 4.23. (a) geometry of parallel plate waveguide, (b) equivalent circuit of the 

transmission line terminated by short circuits.

;/ is the intrinsic impedance of the medium between the parallel plates:

(4.5)

Therefore, the characteristic impedance in the waveguide with the length of w is:

Zo
bV b j/7 
w/ u/vje

(4.6)

To determine the cut-off frequency, we need to find the resonant frequency of the 

terminated transmission line. If a point along the line has been taken, then the resonance 

occurs when the value of the impedance in both directions are equal (but opposite in sign) 

(figure 4.24) [15].

Z i n l  ~  ~  % i n 2 (4.7)
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1

z  , *
1
| ^ 7. -" ini ̂ 1

__1__
^  ^ m 2

1
M----------------- '■--------------- ►

a
Terminated transmission line

Figure 4.24. The impedances at the resonant point

The input impedance of a terminated transmission line with the load end Zi (figure 4.25) is: 

ZL + jZ 0 tan kxl
Zin — Z0Zq + jZ L tan kx l

(4.8)

l

Zin----► T-z, K*

Figure 4.25. Terminated transmission line with the load end Zi

In our case, the load end is the short circuit. So ZL = 0.

And therefore,

Zin = jZ 0 tan kxl (4.9)

If we choose the point at the end, the width of the transmission line is a, then 

Zini = jZ 0 tan kxa (4.10)

And Zin2 — 0. So we make Z,„/ and Zin2 equal,

jZ 0 tan kxa — 0 (4.11)
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Hence

kxa = nn n = 1,2, 3 ....

nn  
kx — —

a

(4.12)

(4.13)

At the cut-off, from equation (4.4) we get kx = a)cy[JIe, where coc is the cut off frequency 

in rad.

And

So

kx = 2nfcJJie 

n
^c 2ay]Jie

nn
a

n = 1,2, 3 ....

And

(4.14)

(4.15)

(4.16)

1
e = e0£r> £0k0 = ~J (4-17)

Where er is the relative static permittivity and c is the light speed in the free space. 

Equation (4.16) can be reform as:

TIC
fc = ~— p= n = 1,2,3.... (4.18)

2  a.\Jer

which is the familiar result for rectangular waveguides [15].
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4.3.2 Cut-off frequency of planar half-mode SIW

In our design, the waveguide has a slot on the top. We can represent the slot by impedance 

in the transverse resonant circuit (figure 4.26).

Figure 4.26. The equivalent circuit of planar half-mode SIW

As the slot is quite narrow, it could generally be considered as a capacitor. C is the 

capacitance value.

z = i X = W c  (4-19>

X = ~~7 Civ'llcoC

Therefore, based on the results above, two impedance expressions are:

zim = j zo tan kxLt (4.21)

And

Z i n 2  = z +  J'zo tan kxL2 (4.22)

At resonance,

Z i n  1 =  ~~Z i n 2 (4.23)
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This gives:

tan kxL1 = — ——  tan kxL2 
¿ 0

where kx = coy/JIe, and for capacitor, X = — —. So(jl)C

tan co,fueL1 = ————  tan a)JJIeL2 o)CZ0

We could solve this equation to determine coc, thence can be solved. 

Now, the characteristic impedance with length of w is:

where b is the height of the waveguide and w is its longitudinal length.

If we define C’ as the capacitance per unit length, then in a length of w, C = C w. So

Z0C = C b j -

Therefore,

tan (jL>yfiIeL1

MC'bJ e

tan coJJIeL2

Let us reorganize the equation, 

tan coJJieL-l + tan a)xjJieL2
"2 oo f̂ileC'b

At the cut off, kx = coyfjle , so the equation can be written as:

kxC'b

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)

tan kxL1 + tan kxL2 (4.30)
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Let us say the left part is tan kxL1 + tan kxL2 , and the right part is ~PT, • ^  we plot the

both parts of the equation, the cross point in each region will be the cut off frequency of 

each mode. Figure 4.27 is an example of this method.

The data used in this example is from the designed planar half-mode SIW. The width of the 

slot is 0.5mm, L/ is 15mm and Z? is 5.5mm. By using the method to measure the 

capacitance between two metal planes in chapter 2, the slot capacitance C' is calculated as 

20. lpF per meter. The rest of the data are constant numbers in different units.

Frequency: GHz

Figure 4.27. Plot of equation (4.30) versus frequency (GHz) in theory

There are two colour lines in the plot, the red one is the left part, which is a typical tangent 

function; the blue line is the right part. The cross points shown in the plot give the cut off 

frequency of the different modes. The cross points on the vertical lines of left part are not 

the real solutions.
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The cut off frequency of the fundamental mode / /  is at about 3GHz, f c2 is approximately 

6.9GHz and/ 3  is 9.6GHz. Compared with the simulated results in figure 4.13, the cut off 

frequencies of each mode compared reasonably well. However, the second and third modes 

have higher cut-off frequencies in the theoretical results. The curves from theoretical 

equations are very sensitive to the input capacitance and the difference between theoretical 

and simulated results is due to the value of C .

4.3.3 Phase constant dispersion curve of half-mode SIW

From the equation (4.30)

1
t a n  kxLx +  t a n  kxL2 =  — ——  ( 4 .3 1 )

Because at the cut-off, kx = tucVjue. The cut off frequency a>c of each TE mode can be 

determined by kx. When we get the value of kx in each mode, we could plot the phase 

constant for every mode.

The frequency dependence /  can be expressed by

(4.32)

Where ko is the free space wave-number. 

cl) 27i f
(4.33)

Here c is the speed of light in the free space a n d /is  the operating frequency. Due to the 

frequency dependent Z, strictly speaking, kx is not constant and changes by the frequency. 

However, in the planar half-mode waveguide, the capacitance of the slot is very small, for 

small C, kx is almost a constant number.

T a k e  th e  e x a m p le  o f  th e  p la n a r  h a lf -m o d e  S IW  in th is  c h a p te r . T h e  s lo t c a p a c ita n c e  is

20 . lp F /m . A c c o rd in g  th e  re su lts  o f  f ig u re  4 .2 7 , w e  k n o w  th e  c u t- o f f  fre q u e n c ie s  o f  each
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mode, and then the phase dispersion plot for the waveguide is shown in figure 4.28. The 

lightline is added. It is clear that the dispersion curves of each mode are all converged to 

the lightline, and they compare very well with the simulated curves in figure 4.13.

Figure 4.28. Phase dispersion curves of theoretical results

Figure 4.29 shows the field lines of the three modes, and the line colour corresponds to 

figure 4.28. Actually, the right part (green line shown in figure 4.29) could be considered to 

support another half mode signals in the waveguide (referred to section 4.1.3).
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Figure 4.29. E-field trend plots of three modes

4.4 Summary

In this chapter, we introduced a new planar half-mode substrate integrated waveguide. This 

novel design provides the original propagation characteristics of half guided waves and 

keeps the advantage of the cross-sectional size reduction, bandwidth enhancement, low cost 

etc. Furthermore, compared with the conventional half-mode waveguide, the open side is 

closed, in which case, no radiation loss in our design.

The open slot has been moved to the top layer in our design. We also presented the changes 

is the loss and bandwidth by changing the slot width and position. This is quite important in 

the procedures of waveguide design and optimization.

At the end, the transverse resonance technique has been introduced and used in defining the 

propagation constant and the cut off frequency of the planar half-mode waveguide. This 

theoretical method can present how the characteristics of the waveguide are affected by 

loading different components accurately. The theoretical results have great matching with 

that of simulation and measurement.
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5. Switchable substrate integrated waveguide

The diode control system has been developed since 1955[1 ]. The diode switch which is one 

of the most important components in microwave engineering has been widely applied to 

the radar systems, communication and instrumentation systems, antenna systems etc. The 

diode switch has the advantage of fast switching time, great isolation period and high 

power handling capability [2 ].

The pin diode is an ideal component for signal selection system and can be applied in the 

switches [3] [4], attenuators [5] [6 ], photo-detectors [7], limiters [8 ] and amplifiers [9]. 

Furthermore, in the digital phase shift area [10], the diode switch is used to toggle the 

signal between sections of microwave transmission lines [1 1 ],

In this section, a novel switch has been presented by embedding pin diodes with the planar 

half-mode substrate integrated waveguide (HMSIW). This design performs good switching 

properties, and has achieved >50dB of isolation up to 4GHz.

5.1 Model of the structure and equivalent circuits

5.1.1 Model design

This design is based on the planar HMSIW, which has been introduced in the previous 

chapter. On the top layer of the planar HMSIW, there is a slim air slot. The slot forms an 

effective magnetic wall to make the waveguide operate in the half mode. If this slot is 

shorted, the magnetic wall will disappear and the characteristics of this HMSIW will 

change to a normal full mode waveguide. Because of the different cut off frequencies of 

these two kinds of waveguide, there will be an isolation area between two frequencies,
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where the HMSIW configuration will propagate but not the full mode. It could be used as a 

switch. This is the fundamental idea of this chapter.

By using the performance of the pin diode, we can switch between these two configurations. 

A series of pin diodes can be put on the slot to couple the two parts of the top layer. Then, a 

power supply can control the working status of the pin diodes. Under the zero voltage 

condition, pin diodes only have very low capacitances and therefore except very little affect 

on the half mode transmission. Under the working voltage condition, pin diodes become 

very good RF conductors and short the air gap to force the waveguide to propagate in full 

mode configuration. Figure 5.1 shows the model of this design.

Along the slot, a high temperature insulator is put in order to avoid short circuiting of the 

bias power supply. The reason of applying the high temperature insulator is to prepare for 

the solder work on the structure. The diodes are then capacitively coupled to the slot via 

copper tape plates. Following the right diode bias rule, the power supply connects to the 

copper tape by using copper wires. A series resistor is put in the circuit, which protects the 

pin diodes and the power supply. The bias resistance value is lkG.

half mode waveguide Er =2.33

Figure 5.1. Geometry of the switch design

Infineon BAR64-02V silicon pin diodes are chosen in this design. It is a two pin RF 

component. The reverse capacitance above 1GHz is very low and the forward resistance is 

low as well.
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5.1.2 Equivalent circuits and components

Pin diode

----------- CH-----------

◄ ---copper tape

◄ ---insulator

^------- top layer of the waveguide

c r
I----------1
<-------►

Slot

Figure 5.2. Geometry of the circuit components around the slot

An important thing we need to think about is that there will be parallel capacitances Cp/> CP2 

exists in the insulator between the copper tape and the waveguide (figure 5.2). While the 

pin diode is forward biased, the capacitances in both sides are series coupled. As long as 

the active values of capacitances are very high, these two capacitors are shorted. In this 

case, the magnetic wall created by the open slot will disappear, and the E-field distribution 

will become that of the full mode. To calculate the plate capacitance, we use:

C =
srs0A

D
(5.1)

Here sr is the dielectric constant of the insulating material, A is the overlapping surface 

area of the plates and D is the distance between the plates. The permittivity of the insulator 

er is about 2.1 and its thickness is 60pm in this design. Through the calculation, a size 

3mmx3mm copper tape could create 2.66pF capacitance. In the real fabrication, the size 

may be much bigger, which will create a much larger capacitance.

Another important potential component is the slot capacitor Cr (figure 5.2), which is 

created by the top two parts of the waveguide. The width of the slot is 0.5mm. However,
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the top metallic surface is quite thin and the slot is only an air gap, so the value of 

capacitance Cr is very low. It is only 20.1 pF/m (result is referred to Chapter 4).

The gap between the copper tapes also may have various low capacitances Cc, which is 

marked by the dash line in the figure. However, due to the actual PCB fabricating situation, 

the thickness of the insulator and the copper tape on both sides can not be matched 

perfectly. Also the value of Cc is very small, and only has little effect on the circuit.

5.2 Analyses of Biased conditions of pin diodes

The equivalent circuit of the pin diode is shown in figure 5.3. In the datasheet of the 

Infineon BAR64-02V pin diode [12], L is 0.6nH, Cp is 0.2pF, Rp is 3000£2 and Rs is 2F2. 

When the pin diode connects to the waveguide, it will combine with the insulator 

capacitances and the slot capacitance of the waveguide. The impedance of the whole 

section (figure 5.2) will change based on the different biased condition. By analysing the 

actual equivalent circuits, it will help us to understand the impedance changes and how the 

pin diode affects the substrate waveguide.

O

R

L

s

(a) Reverse or zero biased (b) Forward biased

F ig u re  5 .3 . E q u iv a le n t c irc u its  o f  th e  p in  d io d e , (a ) rev e rse  o r  z e ro  b ia se d  c o n d itio n , (b )

fo rw a rd  b ia se d  c o n d itio n . (RP: R e v e rse  p a ra lle l re s is ta n c e ; Rs: F o rw a rd  re s is ta n c e ;

Cf. D io d e  c a p a c ita n c e ; L\ F o rw a rd  in d u c ta n c e )
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5.2.1 Reverse or zero biased condition

It is well known that the pin diode acts as a low value capacitance Cs when it reverse or 

zero biased. Considering the capacitance C, exists in the slot of the waveguide, we could 

draw a simplified equivalent circuit of one diode section as in figure 5.4.

Figure 5.4. Simplified equivalent circuit on the slot under reverse biased condition

The total capacitance C can be written as:

. 1 i i
— + +  ■“
T̂ p

ru p
■ r1 = cr +

c c
Cp + 2 Cs

(5.2)

The pin diode has a very low capacitance Cs at zero bias, which is below 0.5pF from the 

datasheet. The insulator capacitance Cp relates to the size of the copper tape, but definitely 

the value will be much greater than Cs. So in the case of:

Cs «  Cp (5.3)

Therefore:

C ~ Cr + Cs (5.4)

From the previous chapter, we know that the capacitance in the slot Cr is very small. 

Therefore, the slot circuit could be considered as a small capacitance when the pin diode is 

zero biased. It means the waveguide will still remain as a half mode waveguide.
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Using the actual equivalent circuit of the pin diode, a more accurate zero biased equivalent 

circuit of one pin diode section could be drawn in figure 5.5.

Reverse or zero biased pin diode

c r

Figure 5.5. Actual equivalent circuit on the slot under the reverse biased condition

With reference to figure 5.5, the total impedance Z across the slot can be written as:

Zi = jtjL)Cr

z9 =
Rp x . r  F jcoCj + jcoL
Rp + 7jiôCT

(5.5)

(5.6)

Z3 = + ■
yruCpi j^Cp2

+ Z7

Zx y.Z  
Zi + Z:

where

(5.7)

(5.8)

(o = 2 n f  (5.9)

We plan to use the Infineon BAR64-02V pin diode in the design. The pin diode has 

RP=3000n, C7=0 .2 pF and T=0.6nH at the reverse biased condition [12]. The Cpi and CP2
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are much higher, we set more than lOpF for each. With all these values we have, the 

impedance figure from 1GHz to 6 GHz in figure 5.6.

Frequency: GHz
Figure 5.6. The plot of equation (5.8) - Impedance contributions figure under reverse biased 

condition

The blue line is the real part of Z, and green line is the imaginary part. As the frequency 

increases, the real part goes down rapidly and nearly reaches zero. In the mean time, the 

imaginary part reduces as well, but it still has a small negative value at the high frequency. 

It means that the reversed circuit can be simplified as a small value capacitance, and it will 

not affect the half mode guide propagation.

In this figure, we also plot the approximate capacitance C of equation (5.4) in theory. This 

plot does not include any inductance or resistance. In this case, the circuit of the slot is a 

pure capacitor.
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Therefore, when the pin diode is zero biased (off condition), it can be considered as a low 

capacitance bridge over the gap (figure 5.7). It has very little affect on the half-mode 

guided waves propagation.

a

Figure 5.7. Geometry under diode-off condition

As we discussed in chapter 4, the half mode folded waveguide keep half of the original 

field distribution and the effective width of the waveguide is approximate 2 w. w here is 

15mm, and the dielectric constant is 2.33. Thus, under the diode-off condition, the cut off 

frequency is:

fc l -----C— =  = 3.27 GHz (5.10)

5.2.2 Forward biased condition

The pin diode will become a good RF conductor when forward biased, and it provides a 

small resistance. We could assume it turns to a short circuit. A simplified equivalent circuit 

is created in figure 5.8.
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assumed short circuit

C p < —  capacitance in the insulator

capacitance in the slot

Figure 5.8. Simplified equivalent circuit on the slot under forward biased condition 

Hence, the total impedance C is:

Cp is quite large, and the slot can be considered as a short circuit under the forward biased 

condition. For the whole waveguide, as the gap has been shorted, the guide switches from 

half mode to full mode.

We can simulate a more accurate equivalent circuit with the actual forward biased circuit of 

the pin diode. Figure 5.9 shows the circuit mode while forward biased.

( 5 . 1 1 )

Forward biased pin diode

C

Figure 5.9. Actual equivalent circuit on the slot under the forward biased condition
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The total impedance Z can be written as:

¿ 1 = 7j(jôCr

+ ■
]coCpi jcoCp2

+ Rs + jcoL

( 5 . 1 2 )

( 5 . 1 3 )

l x Z2
¿1 + ¿2

( 5 .1 4 )

At the forward biased condition, the series Rs is about 2Q. and L is 0.6nH. Cpi, Cp2 keep the 

same values. The impedance Z plot is shown in figure 5.10.

Figure 5.10. The plot of equation (5.14) - Impedance contributions figure under forward 

biased condition
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The real part of impedance Z is the blue line. It has a constant small value in the frequency 

range. The imaginary part (Green line) has a negative value before 3GHz, and then turns to 

a positive value. Therefore, the equivalent components in the circuit after 3GHz could be 

considered as a small resistor and an inductor. In this case, above 3GHz, the diode section 

works as a short circuit over the slot.

There is another red line in the figure, which shows the approximate calculation in equation 

(5.11). As the frequency increases, it turns to zero very rapidly.

Therefore, when the pin diode is forward biased (on condition), it becomes a good RF 

conductor (figure 5.11) and effectively shorts the top layers. It makes the gap closed and 

the waveguide propagates in the full mode.

Therefore, the effective width of the waveguide is a. Here a is 21mm, so under the forward 

biased condition, the cut off frequency is:

W

a

Figure 5.11. Geometry under diode-on condition

c
^c2 layfe^.

= 4.68 GHz (5.15)

Theoretically, the isolation frequency range should be:

fc2 ~  f a  = IAIG H z (5.16)
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5.3 Simulations

We use the silicon PIN diode (BAR64-02V). The diode capacitance at 0V is 0.2pF; the 

forward resistance is about 2Q at the high voltage and the series inductance is 0.6nH.

In HFSS, we set the design into a perfect situation without dielectric and conductive losses. 

We defined the lumped RLC boundary condition in the slot of the top layer (figure 5.12). 

Then, we could simulate the different diode status by changing the type of the boundary 

condition.

Lumped RLC boundary condition

Figure 5.12. Lumped RLC boundary condition (HFSS)

5.3.1 Reverse or zero biased condition result

The equivalent circuit of the pin diode shows that there is always a series inductance. We 

assume that the diodes are pure capacitances under zero biased, and the boundary we set 

includes the capacitance and the inductance.

The diode capacitance at 0V and the inductance are applied to the condition. Based on the 

dimensions of the structure, we set C7=0 .2 pF (L7pF/m) and L=0.6nFI (0.072nH*m). There 

is also a reverse resistance R5=3000n (360 Lt*m). Figure 5.13 shows the S parameter 

results. From the results, the cut off frequency is still around 3GHz, and the return losses 

are all below -20dB in the fundamental mode.
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Ansoft Corporation XY Plot 1 HFSSDesign!

Figure 5.13. Simulated S parameters (dB) under reverse or zero bias condition

5.3.2 Forward biased condition result

Under forward biased, we assume the diodes are low value resistors. The boundary only 

has the resistance and the inductance.

When the voltage is added to the pin diode, it turns to the R, L condition. We set the 

forward resistance Rs=2Q (0.24£>m) and Z=0.6nH (0.072nH*m). Figure 5.14 shows the 

simulation results. It is clear to see that the cut off frequency increase to 4.9GHz. Actually, 

the propagation starts at about 4.6GHz, at which point the SI 1 already begins to go down. 

The insertion loss is a little higher than the C, L condition. That is mainly caused by the 

resistance of the diode. Over 3~4.6GHz ranges, the isolation is mostly above 50dB.
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Ansoft Corporation XY Plot 1 HFSSDesignl

Figure 5.14. Simulated S parameters (dB) under forward bias condition

5.4 Design with Continuous copper plane and measurements

We designed the pin diode switch with a continuous copper tape plate first. We use two 

pieces of copper tape to cover the top layer except the slot. Above that, six pin diodes are 

soldered on the copper tape at a spacing of 2.5mm. Figure 5.15 shows the picture of this 

design.
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Figure 5.15. The picture of design with Continuous plate

We use the Anritsu 37397C vector network analyzer to measure the structure. The pin 

diodes are controlled by a dual 35 V power supply.

Figure 5.16 shows the S parameter results, when the diodes are reverse biased.

Figure 5.16. Measured S parameters under reverse biased condition
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Figure 5.17 shows the S parameter results, when the diodes are forward biased.

Frequency (GHz)
0

-10 

-20 -30 -40 -50 -60 -70 J

Sll
---------S21

Figure 5.17. Measured S parameters under forward biased condition

In this case, the cut off frequency has been pushed up to about 4.2GHz. The return loss is 

below -lOdB in the fundamental mode.

This structure generally follows the purpose of our design. However, this is not the ideal 

situation we expected. Firstly, there are a few resonant points in the isolation area, which 

are shown in figure 5.17. Secondly, the isolation range is shorter than the calculation result. 

Additionally, a great deal of noise is present on the S21 plot.

The resonance is caused by the length of copper tape. If the length of the copper tape is 

larger than 2/2 of the waveguide, it can cause resonance in the insulator. This can be solved 

by reduce the size of the copper tape.

The noise can be reduced by adding inductors in the bias circuit. After lots of 

improvements, finally we achieve our design with discontinuous copper tape.
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5.5 Improved design with discontinuous copper tapes and measurements

5.5.1 Model design and fabrication

Figure 5.18 shows the top view of the final design with discontinuous copper tape. In this 

figure, there are four sets of the copper tape in the centre. On each set, there are three 

diodes.

large part Pin Diode

small part

Figure 5.18. Geometry of the design with discontinuous tapes biased

There are two copper parts in each set. The area of the large plate is 7.5mrnx9mm, and the 

small plate is 7.5mmx3mm. The distance between each set is 2.5mm. The distance between 

each diode is also 2.5mm. The whole structure is symmetrical on the top of the waveguide.

By using the formula (4.1), the values of two parallel capacitances can be calculated 

approximately. The Cpi at the large part is l9.9pF and CP2 at the small part is 6.64pF. Both 

of them are quite large capacitances. While the pin diodes are forward biased, Cpi and CP2 

are shorted.

The length of each copper tape is 7.5mm, which is much shorter than 2/4 at the middle 

frequency. This will avoid the resonance when the diodes are switched on. To reduce the 

noise, the ferrite chokes are soldered at the end of the copper wire. See figure 5.19. The 

dominate part of this design is much smaller than the previous one (only takes 1/3 length of 

the waveguide). On each copper set, we have the ferrite choke to connect the biasing wire.
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Figure 5.19. Solder work with ferrite chokes

We use the traditional PCB fabrication technique to manufacture the structure in the 

workshop. The insulator and the copper tape have sticky sides, which is the benefit of easy 

reconfiguration. Figure 5.20 shows the final structure.

Figure 5.20. The picture of the structure
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5.5.2 Measurements

Figure 5.21. Measured S parameters under reverse biased condition

Under reverse biased condition, measured S parameters are shown in figure 5.21. The cut 

off frequency is at about 3.2GHz, which is approximately the same as the planar HMSIW. 

The S21 works well in the fundamental mode with some losses. After 6 GHz, S21 is affected 

by the higher mode propagation.

The Si 1 is below -lOdB at 3~4GHz range, and then goes down to below-20dB until 5GHz. 

The insertion loss is about 3dB in the whole fundamental mode range. The main reason for 

the increase in the loss is because of the resistance of the pin diodes. A further discussion 

about the loss will be shown in the next section.
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Figure 5.22. Measured S parameters under forward biased condition

When the pin diodes are forward biased, measured S parameters are shown in figure 5.22. 

The cut off frequency is increased to 4.6GHz. The measured result shows a very good 

agreement with the calculation. Compared with the first design, the resonance points have 

disappeared at the low frequency. Before 4GHz, the isolation are all below -40dB, which is 

necessary for a switch.

The Sn is below -lOdB, and from 5.4GHz to 6.5GHz, it goes down below -20dB. The 

insertion loss is about 2~3dB.

We put the S21 under different biased conditions together. Figure 5.23 shows the 

comparison. The design has achieved -40dB of isolation up to 3.7GHz. The resonance has 

disappeared and the noise reduced. The switching range is up to 4GHz.
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Figure 5.23. Comparison of measured S21 between reverse and forward biased conditions

5.5.3 Losses

From the S parameters of the measurements, we realize that the insertion loss increased if 

we add the diodes on the waveguide. Furthermore, under different biased conditions, the 

losses vary. Figure 5.24 shows the plots of the insertion losses in different conditions of the 

guide.

Figure 5.24 Comparison of measured insertion losses under different conditions
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The green line shows the loss when there is no diode on the planar HMSIW. This loss 

includes the dielectric and conductive loss, and it has average -1.5dB insertion loss in the 

fundamental mode. The loss increases as the frequency increases.

The blue line shows the insertion loss when the diodes are reverse biased (off condition) 

and it is about -3~4dB. The red line shows the insertion loss when the diodes are forward 

biased (on condition), and it is about -2~3dB. In both conditions, it has not only the 

dielectric and conductive loss, but also the diode resistance and insulating loss.

Also we found that the loss under forward biased condition is larger than that of reversed 

biased. One possible reason is that when diodes are active, the resonant loss may occur 

among the diodes by the operating current.

There is no radiation loss in these three conditions (referred to chapter 4), and the crude 

fabrication technique can cause more loss. Figure 5.25 shows the FIFSS results of the 

attenuation constants in different conditions. It matches well with the measured one.

Figure 5.25. Comparison of simulated attenuation constants (dB) under different conditions
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5.5.4 An analysis for the different number of copper tapes

In the design above, there are four copper tapes on the top of the waveguide. In the 

measurement, those tapes are connected to the power supply at the same time. If we choose 

different number of the tapes to switch on each time, for instance, only connecting one tape 

at the first time and two tapes at the second time, the active length of the structure will be 

different (referred to figure 5.20). If we plot the S2i parameters of every change, the affect 

near cut-off is shown in figure 5.26. It is clear to see that as the number of the tapes 

increases, the angle cp will become smaller.

Figure 5.26. The curves of S2i below cut-off frequencies with different tape numbers

This figure shows the loss in dB before the cut off. The attenuation constant below cut off 

expressed as loss is:

Loss = e~al (5.17)

Where we assume each tape has the length of /. Transfer the loss to dB/m expression is:

L o s s ( d B / m )  = 20 log10 e al = -8.686a l (5.18)
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Therefore, if the length / becomes double, the loss will be double. At 4GHz, the loss of 

point 2 is approximately -20dB which is the double value of point 1, which is -lOdB.

5.6 Summary

The diode switch is applied widely in the microwave signal selection area. In this chapter, a 

novel pin diode switch has been presented. The device is based on the planar half-mode 

substrate integrated waveguide. The propagating mode of the waveguide can be switched 

between two types of mode via the biasing of integrated pin diodes.

We analyze the affects of the equivalent circuits to the waveguide by changing the diode 

biased condition. Although the design with continuous plate achieves the frequency 

switching, we improve the structure by using discontinuous copper tape to remove the 

resonance. In the range of 3.2 ~3.7 GHz, the isolation is approximately 40dB.

The loss has been discussed. The insertion loss increased while the diodes are added and it 

attributes to the dielectric loss of the top insulator and the diode resistance. The affect of 

diode numbers was also discussed in the end.

This work has been accepted by IEEE microwave wireless component letter.
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6. Theoretical analyses and applications of circuits 

with loaded components

In the first part this chapter, the transverse resonance technique (TRT) is used to analyze 

the planar half-mode substrate integrated waveguide (SIW) with embedded components. 

Lots of the studies based on the full-mode SIW integrated with periodic components are 

proposed [1] in antennas [2]-[5], filters [6 ]-[8 ], transverse electromagnetc (TEM) 

waveguides [9], metamaterial structures [10], miniaturized waveguides and antennas [11] 

[12], high quality resonators [13] [14], etc. However, the research for integration of half­

mode waveguide is rare [15] [16], Till now, very little theoretical method has been 

developed to simulate the characteristics of the guided modes. We introduce the 

mathematics model to get the affects of non-periodic and periodic loaded components. The 

theoretical and measured results have been presented.

In the second part, the applications of non-periodic loaded capacitance and periodic loaded 

varactor diodes are introduced. Finally, a novel phase shifter is presented that is shown to 

have up to 60 degrees phase shift in the 5 .3 -6  GHz range with insertion loss better than 3 

dB and return loss generally better than 20 dB.

6.1 Embedding components with planar half-mode SIW

In this section, we will try to change the performance of the half-mode substrate integrated 

waveguide by adding different components along the slot of the top layer of the SIW. The

expression of the phase constant can be written as: /? = ^ e rkl  — kx , where due to the 

frequency dependent loading impedance, kx is a function of frequency.



118

From the Chapter 4, we consider a SIW with a slot that is loaded with an impedance Z. The 

equivalent transverse resonance circuit mode is shown in figure 6 .1 .

__ 7 ^ Wa

1--------
Z inl +------j

------------------------ 1_
Zo

-------- <
1 1----- ►  Z in2

Figure 6.1. The equivalent transverse resonance circuit

And the resonance condition we need satisfy Z,„/=Z,„^ [17], which is:

jZ0 tan kxLy = - (Z  + jZ 0 tan kxL2) (6.1)

When considering TE problems using the transverse resonance technique the characteristic 

impedance is given by Z0 = Ey /Hz [17] and the equivalent voltage and current are set 

equal to the electric and magnetic fields respectively. However, because we will later 

embed discrete components into the waveguide we need to ensure that the equivalent 

waveguide voltage and current value (and therefore Zo) are compatible with the voltage and 

current presented to the embeded impedance Z. If the electric field is independent of y then 

the voltage at the impedance will be Eyb , where b is the height of the waveguide. The 

surface current density (per unit length) at the embedded impedance is Jx = Hz . Hence we 

choose

b V
z °  =  T
Therefore, above cut-off

( 6 .2)

(6.3)

where kx is now unknown, b is the height of the waveguide. As we have introduced, at the 

resonant point of our new waveguide,

1

Q)CZ0
tan kxLx + tan kxL2 (6.4)
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must hold, where C is the capacitance per unit length,

Hence

1 = kx
(joC Z 0 c o 2 i u b C  

and we set

L 2
e = kxLv T = —

Li

here L2 < Lt , thus T< 1.

If we let

1

co  2 / j . b L 1 C

Then equation (6.4) becomes: 

tan 9 + tanTO = — N9

Our task, therefore, is to solve for 0 (and thus kx) for a given frequency co.

(6.5)

( 6.6)

(6.7)

(6.8)

6.1.1 Solutions of propagation modes

Figure 6.2 shows plots of the left and right hand side of equation (6 .8 ). In this figure, the 

red line is the left part (tan  6 + tan T9); and the blue line is the right part (—N9). The x 

axis is theta (9).



120

First solution Second solution Third solution

on-------- 1 1..... ........... .

Figure 6.2. Plots of the equation (6 .8 ) with the first solution

We see that, as expected, there are a number of solutions to equation (6 .8 ) (modes). The 

first solution only occurs i f —N is sufficiently large. In the figure, we can see that the slope 

of the — N8 line will become small if —N is small. The value o f—N is determined by C, 

which is the capacitance per unit length. It means if the capacitance we add on the half­

mode SIW is too large, the fundamental mode will disappear; and when we decrease the 

capacitance, the fundamental mode will come back.

At the fundamental mode, the value of the x axis, which is 9, is quite small. So for the 

small 9, we can approximate tan 9 as:

tan 9 «  9 (6.9)
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So the left part of equation (6 .8 ) is:

tan0 + tan 70 * 6 + T0 = 0(1 + 7) (6.10)

If we want to have the first cross point in the figure, this condition needs to be satisfied:

0(1 + T ) < - N 6  (6.11), which is -  N > 1 + T (6.12)

Substituting (6 .6 ) and (6.7) into (6.12), we get

C <
1

d)2Hb(Lt + L2) (6.13)

Therefore, the fundamental mode only occurs under a limited capacitance range. If the 

capacitance is above this value, we will not have the first root (figure 6.3).

For the half-mode SIW we designed, T=\/3. Thus if we let -  IV = 1 which is less than \+T, 

in this case, there will have no root for the fundamental mode. Figure 6.3 shows the 

example plot without the first solution.

Figure 6.3. Plot of equation (6 .8 ) without the first solution
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In HFSS, the lumped RLC boundary is set by different capacitance values to verify with the 

theoretical results.

This is the phase dispersion figure and E-field distribution of small capacitance applied on 

the slot. The operating frequency is 10GHz for the field plot.

Under the small capacitance case, the fundamental mode keeps the half-mode performance 

according to the port E-field plot. The higher order mode is like the TE2o- These two modes 

match with the two roots in figure 6.4.

Figure 6.4. Phase constant dispersion curves and E-field plots with the first solution

Under the large capacitance, the waveguide will lose the half-mode transmission, and at the 

low frequency, the electric field has a maximum around the slot. As the frequency increases, 

only the full-mode transmission occurs. Thus, in this case, the condition (6.13) is not met 

then the first mode occurs in the higher order mode range (figure 6.5).
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m  M M I I  H *
E-field plot at operating frequency 10GHz

Figure 6.5 Phase constant dispersion curves and E-field plots without the first solution

6.1.2 Fast and slow mode propagations

In figure 6.1, ifyxis the propagation constant in the x direction, yx — ax + j k x- It leads to 

two types of propagation which can be categorised as fast and slow modes, where fast and 

slow are defined with respect to the velocity of propagation in the substrate material.

For fast mode propagation, yx = j k x is the priority and ax becomes the loss part. In fast 

mode propagation, the field varies sinusoidally across the waveguide cross section, as is the 

case in conventional waveguide. Referred to the chapter 4, it is easy to determine, where 

the solutions lie by solving:

tan 9 + tan TO + N6 = 0 (6.14)

where we let 6 = kxL1.

The phase constant is related to kx:

erk l  -  kl (6.15)
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The slow mode propagation is another class of solution that is unusual. For slow mode 

propagation, yx = ax is the priority and j k x becomes the loss part. Then the fields will vary 

as combinations of exponential functions. Under this condition equation (6.14) becomes:

tan(—jd ')  + tan(—jTO') + jNQ' = 0 (6.16)

where we let 8' = axL1.

Therefore, the slow mode solution is governed by the equation

tanh 6' + tanh 76 ' + NO' = 0 (6.17)

Using the method discussed before, for hyperbolic tangent function, the solution only 

occurs if the condition

1 + T > - N  

is satisfied.

That is impedance Z must be capacitive with 

1

^ > u>2iib(L1 + L2)

The phase constant is given by:

(6.18)

(6.19)

P = J erk o + ax (6.20)

From the analyse above, we know that the fast mode solution only occurs if the condition 

1
C <

co2iib(L1 + L2) (6.21)

is met (C is the capacitance per unit length). Combining with the expression (6.19), the 

transition point between slow and fast is

ft
1

2n̂ J iiCb{Lx + L2)
( 6.22)



125

Thus, in the fundamental mode, theoretically, the fast mode propagates below f  and above 

frequency f u the propagation will be in the slow mode region.

We compare the phase constant dispersion graphs by using theoretical analyses and HFSS. 

The impedance Z we used is purely capacitive with value of 60pF/m. The dispersion curves 

and field variations at different frequency points are shown in figure 6 .6 . The structure with 

periodic boundary conditions is shown in the figure as well.

In the dispersion figure, the solid lines are the theoretical results, and the dash lines are the 

HFSS results. A light line is added.

In the fundamental mode of both results, the fast mode propagates below the light line. By 

checking the fields in figure 6 .6 , it is clear that the E-field keeps the half mode distribution, 

which is like the sinusoidal function.

Above the light line, the slow mode propagation occurs, and the electric fields start to 

concentrate around the slot like the hyperbolic sine function.

We can see that the higher order modes compare very well in both methods. The 

fundamental mode however does not compare very well. In the theoretical analysis, we 

consider the component Z in the circuit as a capacitance of 60pF/m. But in HFSS, there are 

other unavoidable affects to the circuit, such as the capacitance exists in the slot, and the 

vertical capacitances of the waveguide. These will slightly change the actual capacitance 

contributed to the waveguide. That is a reason why the curves in this mode have different 

slopes.

Another reason is that in the simulation environment, the electric field of slow mode does 

vary along Y direction. In the field distribution, it is clear to see this variation. However, in 

the theory of TRT, we assume that the E-field has no variation with Y. Even though, both 

solution curves in the fundamental mode follow the same shape and demonstrate slow 

mode propagation.
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—  Fundamental mode (Theory)Second mode (Theory) ......... Third mode (Theory)— — Fundamental mode(HFSS)— — Second mode (HFSS)— — Third mode (HFSS)  Light line0 2E+09 4E+09 6E+09 8E+09 1E+1Q 1.2E+10Frequency (Hz)

2.6GHz

3GHz

E-field plot at fast mode propagation

5.4GHz

10.3GHz

J  \

E-field plot at slow mode propagation

E varies 

with Y

Figure 6 .6 . The dispersion curves and E-field variations at different frequency points 

(solid line- theoretical results based on equation (6.15) and (6.20), dash line-HFSS results)



Using the equation (6.22) to calculate the transition point between slow and fast mode is:

1
ft  = -----= = = = =  «  3.2GHz (6.23)2ir iiCb^L-L +  L2)
This approximately matches with the theoretical result. In HFSS result, this point is a bit 

higher than the calculated.

6.1.3 Losses

The loss is mainly caused by the resistance of component Z in the circuit. Especially in the 

slow mode propagation, the loss is much higher than that of fast mode. In this section, we 

introduced the theoretical method to calculate the loss of the circuit.

We let the component Z include the series resistor r and reactance X. Therefore, written as 

the impedance form, Z is complex.
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Z = r + jX (6.24)

The equation is

jZ o tan kxLx = - (Z  + jZ 0 tan kxL2) (6.25)

Thus,

•x jbcofi
(6.26)

Let

1
f ( k x) = — (tan kxLx + tan kxL2) (6.27) . and Z' =Ky■x boon ’ bio/x ’ bcnix
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So

f(kx) = = = i ( r '  +jX') (6.28)

Because Z is complex, so kx must also be complex. Then we replace kx with kx-jax . Now, 

f ( k x — j a x) = j ( r '  + jX ')  = j r '  — X' (6.29)

If ax is small, we can use the Taylor series to expand this function as: 

f ( k x — j a x) «  f ( k x) — j a xf ' ( k x) + higher order terms  (6.30)

Where / '( /c x) is the derivative of f ( k x).

If we only take the first term as the approximate value of the kx function, we will get: 

f(.kx) — jctxf  (kx) = j r '  — X' (6.31)

Hence, equating the real and imaginary parts yields:

f(kx) = - X '  (6.32)

And

f ' i k x )

So

1
f ( k x) = — (tan kxLl + tan kxL2) = - X

^X

Now,

1 1
f ' ( k x) = -~r i  (tan kxLx + tan kxL2) + — (Z^sec2 kxLr + l 2 sec2 kxL2)

(6.33)

(6.34)

(6.35)
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So if we set

X' r' l 2y" — __ T" __ __ rr — _£
L1 ' L /  Lt

then

f ' iXx)  = -¡-(.X' + Lxsec2 kxLx + L2sec2 kxl 2)
X

Substituting with (6.33), we get 

r ' k v____________________________ ______________ r " k x_______
(X' + Lxsec2 kxLt + L2sec2 kxL2) (X" + sec2 kxL1 + T sec2 k-

Now the phase constant is:

fc? V

cr /io

If we include the loss, then let the phase constant with the loss to be /? (kx — j a x) 

/3(kx — j a x) = /3(kx) — j a xp '(kx) + higher order terms

And

So

fi(kx — j a x) = p (kx) + j j ^

And the propagation constant y = a  + j (3, then

(6.36)

(6.37)

(6.38)

(6.39)

(6.40)

(6.41)

P = - j y  + j<* (6.42)
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Let the phase constant be (3(kx), when the loss is zero, then:

7 = jP  (kx)

Thus, including the loss, the phase expression will be: 

P(kx - j a x) = P(kx) + joc

So equalling (6.41) and (6.44), the attenuation constant will be: 

ccxkx
a ~ W 5

For the slow mode case, a similar analysis yields: 

r"  a YIt —________________ ±___________
x (X " + sec2 axLx + T sec2 axL2)

and the phase constant is

P = o + ax

The attenuation constant of slow mode propagation becomes 

ocxkx
a = =

yjerk l  + al

(6.43)

(6.44)

(6.45)

(6.46)

(6.47)

(6.48)
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Figure 6.7. The theoretical attenuation constants (dB/m) including fast and slow modes

(series resistance r=0.01125Q*m)

Here is the theoretical attenuation plot in figure 6.7. The series resistance is 

0.01125£>m.The unit of the Y axis is dBs/m. The loss in the fundamental mode is slightly 

larger than the second one’s. The blue lines are the fast modes, and the green line is the 

slow mode. It is clear that the attenuation constant increased rapidly in the slow mode range 

above the transition frequency point. It will cause a dip between the first and second mode. 

At 3GHz, the fundamental mode has about 5dB/m loss; the second mode has about 3dB/m 

loss at 8 GHz. Those results relate to the perfect condition, which has no dielectric loss or 

conductive loss.

In HFSS, we use the periodic boundary condition to simulate the waveguide contributed by 

60pF/m capacitance. The quality factor Q is related to the attenuation constant [18].

a l i x i
V9 2Q

(6.49)
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Where the phase velocity is Vp=co/fS and the group velocity is Vg=A(o/ziji.

The unit of attenuation constant from HFSS is Nepers (Np) per meter. Transformed from 

dB/m to Np/m is

Np/m = dB/m-r- 8 . 6 8 6  (6.50)

Therefore, the attenuation constant comparison between theoretical and HFSS results is 

plotted in figure 6 .8 .

Figure 6 .8 . Comparison of attenuation constants (Np/m) between theoretical and simulated 

results

Compared with the theoretical result, the simulated slope of the attenuation constant curve 

is smaller in slow mode range. Referred to section 6.1.2, that is the same reason as in the 

phase dispersion figure (figure 6 .6 ). However, the attenuation constants of both results at 

the fast mode compare reasonably well.
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At the second order mode, the simulated result has much less attenuation at the cut-off 

frequency. The theoretical attenuation dropped very quickly and converged with simulated 

curve at 8 GHz.

6.2 Distributed capacitance and periodically loaded components to planar 

half-mode SIW

6.2.1 Distributed capacitance

In this design, the purely capacitance C is added to the planar half-mode substrate 

integrated waveguide (the waveguide is referred to chapter 4). At cut off frequency coc, the 

expression on the resonant point needs to be satisfied as:

1
Z0 tan kxL1 + Z0 tan kxL2 = — — (6.51)cncC

Here C is the capacitance per unit length.

As the value C increases, the cut off frequency u)c needs to be decreased. Therefore, this 

can be used to decrease the cut off frequency of the SIW.

We use the planar half-mode substrate integrated waveguide as the foundation. The purpose 

of our first design is to increase the capacitance of the slot. In order to avoid the effect of 

periodic structures, we put a continuous PTFE material along the slot on the top. Then, a 

piece of copper tape with the same length fully covers the slot above the PTFE. This design 

acts like a capacitor. The model of the structure is shown in figure 6.9.



134

copper tape

top layer of the waveguide

Figure 6.9. Geometry of the structure with non-periodic capacitance

The parallel capacitors Cpu CP2 are created inside the PTFE material, and they are series 

connected by the copper tape. Cr is the capacitance inside the slot of the top layer, and its 

value is very small. Therefore the total capacitance of this circuit C is:

The widths of the PTFE material on each side are the same, so the Cpi is almost equal to 

CP2 . For a parallel capacitor, its capacitance is determined by:

Where sr is the relative permittivity of the material, A is the overlapping surface area of the 

plates and D is the distance between the plates. For the PTFE material, its thickness is 

about 0.6mm, and the dielectric constant is approximately 2.07.

We select the width of the PTFE material on each side as 2mm. the total length of the half­

mode SIW is 120mm. So the area on each side is then 2mmxl20mm=240mm2. Thus, the 

capacitance on each side is:

(6.52)

stEqA
~D (6.53)

Cpi = Cv 2 = 7.08 pF (6.54)

The added value of the capacitance will be half, which is 3.54pF. Converting to the same 

unit of equation (6.51), it is 29.5pF/m.
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Figure 6.10 is the simulated results in HFSS. The cut off frequency of the fundamental 

mode now is about 2.6GHz. There is a significant dip in S21 approximately from 5.5GHz to 

7GHz caused by the higher order mode. We suspect that the transition can couple for both 

modes. In the fundamental mode, most of the Sn are just below -lOdB; the S21 has small 

insertion loss because the PTFE material has very low loss. In our particular case, the PTFE 

excited the microstrip mode during the transmission, and it may reduce the bandwidth of 

the waveguide.

Ansoft Corporation XY Plot 1 HFSSDasçnl

Figure 6.10. Simulated S parameters (dB) with non-periodic capacitance

The fabricated structure is shown in figure 6.11. The size of the PTFE material is a bit 

larger in the practical work. However, the coverage area of the copper tape which consists 

of the added capacitance remains the same as the simulation.
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Figure 6.11. The picture of fabricated structure

The measurement is performed using an Anritsu 37397C vector network analyzer. The 

result is shown in figure 6 .1 2 .

Frequency (GHz)
0

-10

-20
3  -30

-40 
-50 
-60 J

11

-------S21
-----SII

Figure 6.12. Measured S parameters with non-periodic capacitance
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It is clear to see that the cut off frequency of the fundamental mode matches with the 

simulated result of 2.6GHz. The return loss of S21 is quite small from 2.6GHz to 5GHz, less 

than 3dB. There is a dip from 5GHz to 7GHz because of the higher order mode interruption. 

The second order mode has the normal propagation around 7GHz. The S11 is below -lOdB, 

except the region between 6  to 7GHz. Compared with the simulated result, every frequency 

point and the shapes of the S parameters are compared well.

Figure 6.13 shows the plot of the two S21 - One is from the structure with the added 

capacitance and the other one is from the original planar half-mode waveguide.

Figure 6.13. Measured S21 comparison between original and loaded capacitance 

waveguides

The original half-mode waveguide starts to propagate at 3.2GFlz. The cut off frequency is 

significantly dropped from approximately 3.2GHz till 2.6GHz by adding additional 

capacitance. When we add about 29.5pF/m capacitance on the slot, the cut off frequency 

reduces to 2.6GHz.
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As we introduced in chapter 4, the cut off frequency of each mode can be solved in this 

equation below:

tan kxLx + tan kxL2 = (6.55)

where kx = aiyfjie .

Now in this design, C' consists of the slot capacitance paralleled with the PTFE 

capacitances. The plot for the cut off frequency is shown in figure 6.14. The red line is the 

left part of the equation (6.55), the blue line is the right part, and the slope of the blue line 

(right part of the equation) is very sensitive to the input capacitance.

Figure 6.14. Cut-off frequency plot of theoretical equation
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According to the plot, the cut off frequency is approximately at 2.5GHz. Around 5.89GHz, 

the second order mode starts to propagate. However, the cut off frequency of the second 

order mode is difficult to tell from the measured result. Now we plot the phase dispersion 

figure in HFSS to compare the theoretical result.

Ansoft Corporation XY Plot 2 HFSSDesign!

Figure 6.15. Simulated phase constant dispersion figure

Figure 6.15 is the phase constant dispersion figure in HFSS. In the simulation, there are 

some spurious modes, such as the microstrip mode caused by the added copper foil and the 

box mode. These modes were shown but not be considered, and have been removed from 

the dispersion figure. Comparing the simulated result with the theory, the fundamental 

mode and the higher order mode are well matched. In both results, at 5.8GHz, the higher 

order mode starts to affect the propagation, and that is how the dip occurs in the S 

parameter figure.

We can not see any slow mode propagation in the non-periodic structure. That is because 

the TRT only can analyse the current vector on the surface, which is the x direction in
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figure 6.16. For the periodic structure, each unit is very narrow and has very little current 

flow in z direction, thus there is only x directed current. In our present design, the 

continuous copper foil allows current to flow in the z direction, and the transverse 

resonance rules break down.

Current flow

Figure 6.16. Current flow in periodic and non-periodic structures

6.2.2 Periodically added varactor diodes

The next research based on the half-mode waveguide is to apply the varactor diodes over 

the slot periodically. The structure model is quite similar to the pin diode which has been 

introduced in the chapter 4. The varactor diode can provide different capacitances under the 

working voltage. These different capacitances can greatly affect the performance of the 

half-mode waveguide. Figure 6.17 shows the cross sectional geometry of the structure.

Figure 6.17. Geometry of the SIW added varactor diodes
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The equivalent circuit of varactor diode is a bit more complex. Figure 6.18 (a) shows a 

simple model of a package 2-feet varactor diode. The components in the circuit basically 

include a junction capacitor Ct, a series inductor Ls and a series variable resistor Rs. BB857 

SAT-TV varicap diode is used in this design. On average, the BB857 SAT-TV varicap 

diode has the junction capacitor Ct with the value of 6 .6 pF at IV, and reduced to 0.52pF at 

28V (figure 6.18 (b)) [19]. The series inductance is 0.6nH, and the series resistor is about 

1.50 at 5V.

(a) (b)

Figure 6.18. BB857 SAT-TV varicap diode datasheet [19]: (a) Equivalent circuit of the 

varactor diode, (b) capacitance versus voltage figure

We add six varactor diodes on the slot; each one has been soldered on a single copper tape. 

They are parallel connected to the power supply and integrated to the half-mode waveguide. 

The space between each diode is 7.5mm. Figure 6.19 shows the picture of the fabrication.
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Figure 6.19. The picture of structure with six varactor diodes

During the measurement, we test the structure under four voltages -  1V, 1OV, 20V and 30V, 

which correspond to the capacitances of 960pF/m, 133.3pF/m, 93.3pF/m and 60pF/m. The 

capacitance values are from the datasheet of the diode and the unit length is based on the 

dimensions of the design. Figure 6.20 -  6.23 shows S parameters of measured results, 

phase dispersion curves of simulated results.

There are kinds of lines in the simulated dispersion plot. The first one is the light line, the 

second kind is the phase constant lines in different modes and the third one is the special 

line which shows the slow mode above the light line. Corresponding to the transition point, 

a dip occurs in the slow mode in measured S parameters. Thus we could not see the slow 

mode transmission; however, it keeps propagating till a certain frequency according to the 

dispersion curves. This is because the transition of the waveguide may not be excited in the 

slow mode, and the energy concentrates mostly on the slot. Therefore, there is very little 

energy flow in the slow mode and hard to analyse in the S parameter plots.
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(b)

F ig u re  6 .2 0 . T h e  s tru c tu re  by  a p p ly in g  lv  v o lta g e  ( in p u t c a p a c itan c e : 9 6 0 p F /m ).

(a) m e a su re d  S p a ra m e te rs , (b ) s im u la te d  d isp e rs io n  c u rv es .
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Ansoft Corporation X Y  Plot 1 HFSSDesignl

(b)

F ig u re  6 .2 1 . T h e  s tru c tu re  b y  a p p ly in g  lOv v o lta g e  ( in p u t c a p a c ita n c e : 1 3 3 .3 p F /m ).

(a) m e a su re d  S p a ra m e te rs , (b ) s im u la te d  d isp e rs io n  cu rv e s .
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(b)

F ig u re  6 .2 2 . T h e  s tru c tu re  b y  a p p ly in g  2 0 v  v o lta g e  ( in p u t c a p a c ita n c e : 9 3 .3 p F /m ).

(a) m e a su re d  S p a ra m e te rs , (b ) s im u la te d  d isp e rs io n  cu rv e s .
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Frequency (GHz)
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(b)

F ig u re  6 .2 3 . T h e  s tru c tu re  b y  a p p ly in g  3 0 v  v o lta g e  ( in p u t c a p a c ita n c e : 6 0 p F /m ).

(a) m e a su re d  S p a ra m e te rs , (b ) s im u la te d  d isp e rs io n  cu rv e s .
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The balanced equation at each cut off point is:

tan 6> + ta n  T9 = - N d  (6.56)

where 6 = kYLn, N = ---- ------- .

The fundamental mode has solution in the range 0<9<n/2 for certain value of N. According 

to the analysis of section 6.1.1, if the slope o f-A  is very small (means C is very large), the 

line will not cross the tan function and there will be no solution apart from the trivial 

solution 9=0.

In figure 6.20, the varactor diodes provide capacitance of 960pF/m to the waveguide. In 

this case, the element -  N in the right part of the equation (6.56) becomes quite small. Thus, 

because of the small slope of -N 6  line, there is no fast mode solution at the fundamental 

mode except the slow mode above the light line. The second mode starts at about 4.6GHz.

In figure 6.21, the varactor diodes provide capacitance of 133.3pF/m to the waveguide. As 

the capacitance decreases, the slope of -NO line increases. The fundamental mode of 

waveguide starts to have the fast mode solution. However, the fast mode range is quite 

narrow that only last 0.3GHz and then the slow mode start to propagate at 2.2GHz.

In figure 6.22, the varactor diodes provide capacitance of 93.3pF/m to the waveguide. The 

fundamental mode propagation becomes much better than that of 133.3pF/m. The insertion 

loss reduced and the operating range increases.

In figure 6.23, the varactor diodes provide capacitance of 60pF/m to the waveguide, which 

is the lowest capacitance. There is a significant fast mode propagation which has almost 

1GHz operating frequency range.

Through the comparisons, the results compare well. The transition frequency points in 

simulated phase dispersion curves correspond to the dips in the measured S parameter 

results.
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6.2.3 Periodically added high value varactor diodes

There is another type of varactor diode we try to measure. It is the high value varactor 

diode - BB149A UHF Varicap diode, which has the maximum capacitance 21.26pF at IV 

and the minimum capacitance 2pF at 28V.

Without changing other components but only replacing the varactor diodes, we did the 

measurement and programme again. The capacitances we choose are 2834.7pF/m (Vr= IV), 

666.7pF/m (F/rTOV) and 266.7pF/m (VR=28V). One condition is that the actual 

capacitance may be reduced by applying high frequency on the varicap diode. Figure 6.24 - 

6.26 shows the measured S parameter graphs with the theoretical phase constant dispersion 

plots.

The high value varactor diodes almost stop the fast mode propagation of the fundamental 

mode, because of the high element C that makes the slope of - N  too small. As the 

frequency increases, from the theoretical plots, we can see that the slow mode starts to have 

very short propagation range. However, due to the high loss distributed by the fast mode, 

we could not see the slow mode propagation in the measured results.

The second mode propagates very well at frequency range 4.5GHz -  7GHz with respect to 

different loaded capacitances. The variable capacitances only affect the starting frequency 

point of the higher order mode. As the capacitance reduced, the cut off frequency of the 

higher order mode increased.

Compared with the structure embedded with low value varactor diodes, this design has 

better second order mode propagations.
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(b)

F ig u re  6 .2 4 . T h e  s tru c tu re  b y  a p p ly in g  Iv  v o lta g e  ( in p u t c a p a c itan c e : 2 8 3 4 .7 p F /m ).

(a) m e a su re d  S p a ra m e te rs , (b ) th e o re tic a l d isp e rs io n  cu rv e s .
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Frequency (GHz)

-------S21
-----Sll

(a)

(b)

F ig u re  6 .2 5 . T h e  s tru c tu re  b y  a p p ly in g  lOv v o lta g e  ( in p u t c a p a c ita n c e : 6 6 6 .7 p F /m ).

(a) m e a su re d  S p a ra m e te rs , (b ) th e o re tic a l d isp e rs io n  c u rv es .
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(a)

(b)

F ig u re  6 .2 6 . T h e  s tru c tu re  b y  a p p ly in g  2 8 v  v o lta g e  ( in p u t c a p a c ita n c e : 2 6 6 .7 p F /m ).

(a) m e a su re d  S p a ra m e te rs , (b ) th e o re tic a l d isp e rs io n  cu rv e s .
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6.3 Phase shifter design

The phase shifter is one of the most important devices in the signal transmission system 

[20]-[22], In many years’ research, it has been widely used in the communication system, 

measurement and instrumentation system, industrial system, etc, especially in the radar 

system [23], As the phase changes of the signal, they provide the means for beam steering 

in antenna arrays [24],

There are two types of standard phase shifters -  digital (binary) and analogue (continuously 

varied). The switched-type digital phase shifters have been well developed in the 

microwave systems [25] [26], The switching devices such as pin diodes or transistors are 

applied. However, the insertion loss relates to the number of switches, in which case, the 

wider phase shift range means the more loss. Thus, the analogue type phase shifter has the 

applications by embedding the devices such as varactor diodes or ferrites [27]. The tunable 

phase shifter with ultra wideband performance by using microstrip-slot technique has been 

demonstrated [28], Embedding with the SIW, novel phase shifters with the tuning or self- 

compensating abilities have been developed [16] [29]. By changing the loaded capacitance 

contributed to the waveguide, the cut off frequency and the phase constant can be easily 

controlled. In this section, this new technique and a tunable phase shifter have been 

demonstrated. Compared with other phase shifters, our novel phase shifter has the 

advantage of simple structure, easy fabrication processing, low cost and small size.

6.3.1 Structure

The biasing technique of loading the varactor diodes to the waveguide is similar to the 

previous design [30]. The varicator diodes are the BB857 SAT-TV varicap diode which has 

a range of capacitance from 0.45 pF to 7.2 pF. However, the new structure only has two 

varactor diodes on the top, and the size of the copper tape has been reduced. A dual 35V 

power supply provides the tunable voltage to the plates. The width of each copper tape is 

2.5mm, and the distance between them is 2.5mm as well. The total length of the phase
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shifter is therefore 7.5 mm. RF chokes are used to avoid coupling to the bias wires. Figure 

6.27 shows the fabrication.

Figure 6.27. The picture of fabricated phase shifter

6.3.2 Measurements

We use the Anritsu 37397C vector network analyzer to measure the structure. The tunable 

voltage is provided by a dual 35V power supply. The test voltages we use are from 0 to 30v 

with 5 volts step.

Figure 6.28 shows the magnitude S21 in the higher order mode. Because the fundamental 

mode only appears when the diodes we have at the very low capacitance condition, so we 

choose the second order mode for our test. As the voltage increases, the capacitance 

provided by the varactor diodes decreases. Therefore, the cut off frequency of this mode 

increases.

Figure 6.29 shows the measured phase change (difference in phase shift between zero and 

biased condition) for various bias voltages. As we can see a phase shift of greater than 150 

degrees can be achieved at 5 GFIz for high bias values. However, we find that at this point 

the insertion and return loss are poor because the waveguide approaches cut-off at this
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frequency and therefore the operation of the phase shifter should be limited to above 5.3 

GHz.

Figure 6.30 shows the change of phase as a function of applied bias for the four frequency 

points 5.3, 5.5, 5.7 and 6  GHz. The phase shift is reasonably linear with applied bias for 

voltages less than 20 V.

Figure 6.31 shows the measured insertion loss of the structure at 5.3, 5.5, 5.7 and 6  GHz as 

a function of bias. As can be seen the insertion loss is increased at low frequencies where 

the waveguide approaches cut-off. This is particularly so for large bias voltages. However, 

if we limit the bias to 20 or 25 V then the insertion loss is generally lower than 3 dB over 

the 5.3 - 6  GHz range. With reference to figure 6.29 this implies that a maximum phase 

shift of 50 degrees is obtainable at 5.3 GHz with 20 V bias and 4dB insertion loss. The 

return loss is below 10 dB over the entire range and generally below 20 dB.

However, this phase shifter design is not very successful, due to the large change in 

amplitude, non-linear phase response, limited working frequency etc. By increasing the 

number of loading diodes, the performance can be improved.

IV5 V10V15V20V25V30V

Frequency (GHz)

Figure 6.28. Magnitude S21 in the higher order mode for various bias voltages
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Figure 6.29. Measured phase shift versus frequency (GHz) for various bias voltages

Figure 6.30. Measured phase shift versus voltage (V) for four frequency points
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Figure 6.31. Measured insertion losses versus voltage (V) for four frequency points

6.4 Summary

In this chapter, based on the transverse resonance technique (TRT), we introduced a new 

mathematics method to model the substrate integrated waveguide with loaded components. 

This method can define the properties of the structure theoretically, and the results match 

well with that of the simulated and measured.

The half mode substrate integrate waveguide can lose the first mode propagation-which is 

the half mode solution, if the loaded capacitance is too large. In this case the first mode will 

occur in the higher order mode range, and by checking the E-field distribution, it turns to 

the full mode solution.

For capacitive loaded circuit, the fundamental mode may include two types of propagations 

- the fast and slow modes that are related to the velocity of propagation in the substrate 

material. We found the governing equations for these two regions and the transition points 

between them. The different phase constant pattern causes the fundamental mode to
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converge to the unusual direction and the loss increases significantly in the slow mode that 

leads to a frequency dip during the transmission.

We added the non-periodic capacitance to the waveguide first. It makes the cut-off 

frequency reduce significantly. We have not found the slow mode exists in this case, that is 

because the transverse resonance technique only can analyse the current vector on the 

surface.

Then, the research in periodically loaded varactor diodes shows how varying capacitance 

affects the characteristics of the waveguide. The comparisons between the measured S 

parameters and dispersion curves are presented. The fast and slow mode propagations 

compare well in simulated and measured results. Furthermore, as expected, the dips caused 

by the large loss in the slow mode presented in the measured S parameter results.

In the end of this chapter, a phase shifter design has been demonstrated. It has the tunable 

performance and only occupies 5 mm longitudinal length. According to figure 6.29 - 6.31, 

it gives about 50 degrees phase shift for 4dB insertion loss. However, this design is not 

good, and more improvements need to be done, such as reducing changes in amplitude, 

linearising the phase response etc.

This work has been accepted by Antennas and propagation symposium 2010 in Cochin, 

India, Dec 2010.
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7o Conclusions

As completion, this section includes a summary of the researches and most important 

results in this thesis. At the end, three brief suggestions for future work are discussed.

7.1 Summary

In chapter 2, two novel composite right/left-handed (CRLH) transmission lines are 

introduced. One is the planar type and another is via type. They are separated by the shape 

of electrical scatterers embedded inside the host line. The shielded stripline is applied to be 

the host line, which has the advantage of no radiation. Both CRLH lines have great left- 

handed propagation ranges. In the mean time, a method of using transmission matrix 

analysis to define the equivalent circuit of the structure is proposed. A rough left-handed 

range can be determined by changing shunt inductance Ll and series capacitance Cl in the 

matrix. In the same chapter, a discussion of calculating inductance Ll and series 

capacitance Cl is presented.

Chapter 3 is the general study of the multilayer substrate integrated folded waveguide. The 

designs of microstrip transmission lines and transitions are presented. This chapter also 

describe the folded narrowband waveguide, which has the narrow bandwidth with smaller 

size. At the end of this chapter, the folded half-mode waveguides are introduced. It 

becomes the fundamental concepts for the next chapter.

In chapter 4, a novel planar half-mode substrate integrated waveguide (HMSIW) has been 

designed. Maintaining all properties and advantages of original half-mode HMSIW, this
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new open structure has no radiation loss and is easy to integrate the planar circuits on the 

top slot. We also discussed how the open slot affects the loss and bandwidth of the 

waveguide. Then, a theoretical method to analyse the propagation constant is introduced by 

using transverse resonance technique (TRT). This mathematical idea gives us the 

systematic way to determine the cut off frequency of the planar half-mode SIW.

In chapter 5, based on the design of planar half-mode substrate integrated waveguide, a 

novel pin diode switch has been designed. The propagating mode of waveguide can be 

switched between two types of mode via the biasing of pin diodes. The periodic loaded 

method is chosen to integrate pin diodes to avoiding the resonance. This new switchable 

waveguide can achieve >40dB of isolation up to 3.7GHz, with little resonance and noise.

Chapter 6 introduced a new theoretical analysis to model the substrate integrated 

waveguide with loaded components and how that affects the properties of propagations. By 

verifying this method with the simulation, we found that if very large capacitance is loaded 

on the half-mode waveguide, the waveguide loses the first mode propagation and make it 

occur in the higher order mode range. By changing the capacitance, the propagation of 

fundamental mode is managed to control. Furthermore, in a capacitive periodic loaded 

circuit, the fundamental mode includes two types of propagations -  the fast and slow 

modes. The slow mode is an unusual propagation, which will become very lossy at higher 

frequency.

Two applications are presented in chapter 6. One is by adding non-periodic capacitance to 

the waveguide, which reduced the cut-off frequency, but no slow mode. Another one is to 

periodic load varactor diodes, which brought the fast and slow mode propagations in the 

fundamental mode.

In the end of this chapter, a novel phase shifter with the tunable performance has been 

demonstrated. This device has a maximum phase shift of 50 degrees with acceptable return 

and insertion loss and only occupies 5 mm longitudinal length.

It is hoped that these designs will further enhance the benefits of substrate integrated 

waveguides.
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7.2 Future work

7.2.1 Half-mode substrate integrated waveguide (HMSIW) antenna

The half-mode guide technique is widely applied on the antenna system, such as the leaky- 

wave antenna [1], the slot antenna [2], frequency scanning antenna [3], etc. Based on the 

half-mode technique, the antennas have the advantages of easy fabrication and integration 

with planar circuits, low cost and loss, bandwidth enhancement, and size reduction.

One further research is to design a HMSIW horn type antenna (figure 7.1).

Figure7.1. A HMSIW horn type antenna

One end of the planar half-mode waveguide is modified to be an open side, which has the 

horn shape. The energy can radiate through the top slot to the far field. The size of the horn 

part could be well designed to achieve the maximum gain and the lowest return loss.

7.2.2 Composite right/left-handed (CRLH) half-mode substrate integrated waveguide

Recently, a new technique has been developed, which combines the metamaterials 

transmission lines with the half-mode substrate integrated waveguide (S1W) [4], The shunt 

inductances are provided by the via-walls of the waveguide, and the multiple metallised 

slots on the top create the series capacitances. The unbalanced and balanced cases are easy 

to be satisfied. The shunt inductances are attributed to the width and height of the 

waveguide; the series capacitances are controlled by the width and length of top slots.
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The advantage of this technique is that it can greatly improve the waveguide 

miniaturization. The half-mode SIW already has nearly the half cross-sectional area. The 

metamaterials transmission lines can provide left-handed characteristics which obtain the 

backward wave passband below the cut off frequency [5] [6]. Therefore, the guide 

wavelength can be further reduced. The new technique has been applied to some devices, 

such as dual-band couplers [7].

A future research is to embedding the left-handed transmission line circuits with the planar 

half-mode SIW.

Figure7.2. Planar half-mode SIW embedded left-handed transmission line

Figure 7.2 shows the model of the design. Along the top slot of the planar half-mode SIW, 

a series copper tapes are periodic loaded. The gaps between two tapes form the series 

capacitors Ci. The vias wall consists of the shunt inductors.

The distance between each copper plane will determine the series capacitance value, and 

the height of the planar half-mode SIW will determine the shunt inductance.
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Capacitor

H*cT

Figure 7.3. Loaded series capacitances

An alternative method of the distributed series capacitances is to load the capacitor 

components between two copper planes (figure 7.3). This method can greatly increase the 

series capacitances to satisfy the balanced case of CRLH line:

L r x Cl =  x  CR (7.1)

7.2.3 The switchable CRLH transmission line

A further improvement is to design a switchable CRLH transmission line. By series 

embedding biasing controlled pin diodes between two copper planes (figure 7.4), the 

transmission can be switched between the normal waveguide propagation and left-handed 

distribution transmission line. In this case, the taper need to be redesigned.

The bias problems need to be considered in this design. We can try to embed the positive 

and negative end into different layers, and use the insulator to separate two parts.
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7.2.4 The planar half-mode SIW embedded Gunn diodes

O 0  O O 0  0 .0  0  O O 0  O O O O
Gunn diode

f o  o  o  o  o  o  o  o  o  o  Q  Q  o  |

Figure 7.5. Geometry of planar half-mode SIW embedded Gunn diodes

Furthermore, we could embed the gunn diodes into the planar half-mode SIW (figure 7.5). 

The Gunn diode is a transferred electron device used in high frequency range. It can 

provide negative resistance in which case the attenuation constant becomes positive. 

Therefore, the resistive loss can be considered as the gain of the waveguide. This technique 

has applications in amplifiers [8], generators [9] and Gunn diode sources [10].

These designs are very promising as long as the structure has been well optimized.
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