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i N el Y

Several new models for the simulation of nonlinear components have heen developed in
this thesis.

Firstly. the model of the stub terminated with a constant capacitance is established.
Simulations of a lumped capacitance connected to a transmission line. as well as modelling
of relative permittivity can be done by this approach.

Secondly. the algorithm for the modelling of voltage-dependent capacitance is developed
based on the model of the stub terminated with variable capacitance.

Thirdly. a Conﬁguralion for the simulation of series capacitance in the TLN mesh is de-
rived. The scattering matrix and the transmission lormula for the structure are developed.
The structure can also be used to simulate series-connected varactor diodes.

Final]_\'. the simulation of a varactor diode is performed in the three-dimensional expanded-
node scheme. ‘

In order to show the application of different models. some examples. simulation results

and discussions are given in this thesis.
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Chapter 1

Introduction

1.1 Motivation

After the varactor diode was developed in the middle of the 1950s in Bell Telephone
Laboratories, Inc.[18]. it soon became a very important product in microwave industry.
It has been widely used in low-noise microwave parametric amplifiers. in low-noise small-
signal frequency converters and in frequency mutipliers. dividers and mixers. Also, it has
been employed in voltage-controlled oscillators for modulators.

Most of the analyses of the varactor application have been done in the frequency domain
and were based on the lumped equivalent circuit of the varactor diode. And usually. the
analysis results which are given as performance limits are obtained for the varactor diode
itself. However. unless the effects of the embedding circuit is included. these analyvses are
certainly not accurate and convenient for modern microwave circuit design. Especially
for the case of microwave and millimeter-wave monolithic integrated circuits, it is very
difficult and almost impossible to adjust the characteristics once the circuits are fabricated.
Therefore. an accurate and flexible analysis method which can account for both the diode
and the embedding circuits is needed for the design of different circuits involving the
nonlinear elements. v

Fortunately. the newly developed transmission line matrix (TLM) method is very suit-
able for the simulation of microwave circuits because of its flexibility and high accuracy.
It has been successfully used for the extraction of scattering parameters. resonant {requen-
cies and dispersion characteristics of microwave components. As a time domain nwhiierical

method. the TLM method also provides the possibility to analyze nonlinear devices in the
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time domain. Thus. to model the equivalent circuit of such elements by TEN will hopefully
make the analysis of nonlinear circuits easier and more accurate, Some work has heen done

by Kosmopoulos et al. [14]. Based on these previous results and new developments in T'LM

_..simulation, a new model for the TLM implementation of lumped constant capacitance and

~of varactor diodes has been studied in this thesis: A" model for the series-connected varac-
tor diode is developed as well, and the simulation of varactor diodes is extended to three

dimensions.

1.2 Introduction to the TLM method

Back in 1944, an equivalent circuit had been developed by l\'fon[l-")} representing the field
equations of Maxwell. In the same year. Whinnery and Ramo [21] sucesstully applied this
equivalent circuit to the solution of high-frequency field problems using a two-dimensional
Cartesian mesh. Inspired by the above ideas. Johns and Beurle first developed the transmis-
sion line matrix method . by which very good results were obtained for two-dimensional
scattering problems in 1971. Subsequent papers‘by Johns and Akhtarzad applied this
method to inliomogeneous [13] and lossy [3] problems and also extended this method to
three-dimensional cases[4]. Various {eatures and il])j)x'O\'exliel‘xls were also added by other
researchers in a short period of time. Now the TLM method has become a very power-
ful time domain numerical method for the simulation of microwave and millimeter-wave

structures.

1.2.1 The TLM Mesh and the Equivalence between the Wave
Equations and Maxwell’s Equations

In the two-dimensional case. the space is represented by a C'artesian transmission line mesh
which has the mesh parameter of Al (see Figure 1.1). The nodes represent the junctions
between the transmission lines. Depending on the different type of connections. there are
two kinds of nodes - shunt node and series node (see Figure 1.2). The unit time Af is the
time required for an electrohmgnetic impulse to travel from one node to the next. In this

way, the space and the time have been discretized by Al and Al respectively.




Fig. 1.1: The transmission line matrix mesh in two dimensions

/ 3 3
/ 4
/ 2
/ ,
(a) (b)

Fig. 1.2: a) shunt node b) series node




Fig. 1.3: The equivalent circuit of the shunt node




Taking a simple shunt-connected TLM mesh as an example, the equivalence between the

voltages and currents on the line mesh and the electric and magnetic fields solutions of

Maxwell’s equations will be presented clearly.

s Y SSUIING that the mesh is fine enough, jie. Al << A, the transmission line can be

capacitance per unit length of an individual transmission line. The voltage and currents

in the mesh are related by:

o, -l
& - e (L1
v, A1) o
R e e TR ) (12)
Oh-h) 8L-L) _ 3V, _
- + E = =2C T (1.3)

Combining equations (1.1) to (1.3), yields the wave equation:

8%V, . V, L,
3 T g = MO (14)

Equations (1.3) to (1.7) are expansions of Maxwell’s equations for &—% =0, and E, =

E.=H, = 0 (which is the condition for the TE,y mode in a rectangular waveguide. z is

theylongitudinal direction). Equation (1.8) is obtained by combining the equations (1.5)

to (1.7).
OFE OH, -
> = i (15)
oE, OH. ,
OH. OH. _  OE, | ]
2= " - (17)
and

O°E,  @E,  OE, |
I T 18

& Comparing equation (1.4) with equation (1.8), it is easy to find the equivalence below:

i WffjfjjaRquyjmva\tgdi by the l_umped Vcipcuiﬁ"‘shmvxf‘in’ﬁgure“‘l'.3_'4.‘j~“];j’and""Gf"a.re_"ph_e",inducta‘nce and-~o
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¢ = 2C . S (1.9)

- This equivalence makes it possible to get the solution for field problems by studying

v+ the voltages and currents in the TLM mesh. The only condition is that Al should be small

enough( about 1/10 of a wavelength or less). The dispersion of the velocity of the wave
on the two-dimensional TLM network is also discussed in [5]. If the impulses travel at the

speed of light on each transmission line linking the neighbouring nodes, i.e.

1 1
vLC - Vot -

then equation (1.4) leads to the conclusion that the velocity of the wave on the mesh

c . : (1.10)

is:
1
LC

This means that the wave propagation velocity in the TLM mesh is ;}; times the

(1.11)

3
Sle

velocity of light when the impulses travel on the mesh lines at the speed of light. In fact,
the velocity of a wave on the TLM mesh is always 715 times less than that of the impulses
travelling on the mesh lines. At the same time, the impedance of the mesh line is 715
times smaller than that of the medium which is represented by the TLM mesh. This factor

should always be considered carefully in any transformations between the TLM mesh and

real circuits.

1.2.2 Scattering and Transmission on the TLM Mesh

Taking the general shunt node as an example, a brief description of scattering and trans-
mission is given here. The general shunt node has been developed by Akhtarzad [12] for the
simulation of lossy inhomogeneous media. Based on the simple shunt node, a permittivity
stub and a loss stub (or a lumped normalized shunt conductance go) are added to the node

(see Figure 1.4). The permittivity stub is an open-circuited transmission line of length -4‘2-1

6




v‘..:kg.bés.‘»f e R C ALY St

1ences are- obtamed in addmon to equation (1. 9) D

- and normalized characteristic admittance Yo- The loss stub is a matched transmission line

of normalized characteristic admittance gj.

Comparing the wave equations of the mesh made of general shunt nodes with Maxwell’s

equatlons fox a medmm ha.vmg 2 comple\ peumttxvxty (e = eoe,. Jiw), two more e‘q»t_lbi‘va‘-,

_ goCC
o= AI v e e e e
¥ - ' .12
e=1+ (1.12)
3
Q
S|
) ALf2 AL 4
2
yo & S
: 3
/
4
go
1

Fig. 1.4: Shunt node with permittivity and loss stubs

The scattering matrix for the node then becomes:

-3




(] [ 2y0 ] (Vi
RS ACY R v
Vi 2 2 2 —(y—=2) 2y Vi
K LVs ] L2 2 2 ‘2 20—y ] K LV
where
y = 4+y0+g0 ‘ (1.13)
vo = (e —1) (1.14)
o = 25! (115)

After scattering, the impulses reflected from the nodes will become the incident impulses

on the neighbouring nodes. The transmission on the mesh can be implemented by:

Vi (z,2) = (Vi (z,2—1)
V5 (3, 2) = (V) (= —1,2)
k1Va(z,2) = RW(z,2+1)
eaVi(z2) = V(s +1,2)
aVi(z2) = GV (z2)

Through repetitive iteration of scattering and transmission, the time domain responses

of the electromagnetic fields can be obtained as:

2 4 . y
vEy = 1V, = =(30 Vi 4k Viwo)
m=]
.V" bt 3 V'
— H.= J = k27kV
R VAR, ]
yHe= I, = L_lzf_a £1.16)

o

SR e




~ The frequency domain response can be obtained by taking the discrete Fourier trans-
form of the time domain output stream (kA). A could be any one of the field components

listed above. .

2T TR AN R R L T R ST A N S i i S ST N e A *l‘ A L S A e LT R DN S e L e
o . Re[}-(ﬁ)] = ZL CQS(???ké)\ R (117) :
/\ & Sl o A - R - b :
N
hn[}'(%)] == A sin(?wk%—l) (1.18)
k=1

The accurate range of results is limited by the dispersive characteristics of the mesh.

1.2.3 Dispersion Characteristics of the 2D-TLM mesh

The frequency-dependent propagation constant of TEM waves in the stub-loaded mesh is

derived in [1]. If the complex propagation constant on the individual mesh line is
T=a+ )3 | (1.19)
the complex propagation constan; of a TEM wave in the TLM mesh is
Tn = Qn + g5 (1.20)

“As shown in figure 1.5, the phase constant 3, and attenuation constant o, of the
wave on the TLM mesh are functions of the normalized frequency for various values of
the normalized characteristic admittance yp. a and 3 represent equivalent propagation
characteristics of the mesh transmission lines. At relatively low frequency (AT' & 1) when

the dispersion is small, and we have:

a =1 [2(1 + %")7 . (1.21)

With increasing yo, the dispersion becomes stronger and the useful frequency range is

reduced.
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Fig.1.5 (a) Attenuation characteristic for plane TEM waves travelling along a main axis
in a two-dimensional stub-loaded shunt TLM network.
(b) Phase characteristic for plane TEM waves travelling along a main axis in

a two-dimensional stub-loaded shunt TLM network.( After Aktharzad [1)),
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1.2.4 Excitation of the TLM Mesh

The TLM mesh can be excited simply by inserting one or several impulses at one, or

more than one node. Impulse excitation is suitable for computing the impulse response

~-of a'structure:To simulate a continuous wave, a stream of impulses which has the same -

© - envelope as that of the continuous wave should be added at each iteration to the impulses

alreaay present in the mesh. A calibrated voltage source can be modelled in the form of

Huygens sources backed by an absorbing wall [20] as shown in figure 1.6.

Fig. 1.6: Modelling of a matched voltage source in a parallel-plate
waveguide with magnetic sidewalls.

__________ Absorbing wall

Assuming that the electric field amplitude of the input TEM travelling wave at the
excitation points is represented by V'* in the TLM mesh, and that the effective permittivity
of the medium is €.y, then the magnitude of the voltage impulses launched from each source

point into its four main branches should be

V=[S | (1.22)

o~

1.3 Conclusion

In this chapter, a brief summary of the 2D-TLM algorithm and the characteristics of
the 2D-TLM shunt mesh has been presented. The knowledge of these basic concepts is

empldyed in the further developments presented in the following chapters.

11




" Chapter 2

Properties of Shunt Stubs LOaded,
~with Constant Capacitance

2.1 Introduction

This chapter introduces the stub loaded with constant capacitance, which can be used to

simulate both lumped capacitance and distributed relative permittivity.

2.2 Stub Model Loaded with Constant Capacitance
/VQ\
\
Vs

RN - G
/
T

+" Fig, 2.1 : TLM shunt node with lumped capacitance

12




The open-circuitekd stub of length Al/2 has been sucessfully used to model a medium with
an arbitrary relative permittivity [5]. The values of ¢, is determined by the choice of the
characteristic admittance of the open-circuited stub. However, in the present work, the
- length and the characteristic admittance of stubs are kept constant, but the stub itself is
- terminated by a lumped capacitance (C;) as shown in figure 2.1. The impulses V' reflected
by this cai;acitance are obtained by stepwise integrating the differential equation governing
the voltage-current relationship of the capacitance, as will be discussed below.

Generally, the real normalized characteristic admittance of the stub 3, may be chosen
arbitrarily. Here, we choose y, = 4.0, in order to match the stub to the node. The

scattering matrix for the TLM shunt node comprising a stub of y, = 4 becomes [19]:

LR R R Ak
& e A B ¥
L s T s
Vi S T ¥y
k LV RETEE SR T A K LV

As shown in the scattering matrix above, since the stub is matched to the node, the
voltage impulse ;7 depends only on the voltage impulses , V{ to ;¥ and not on the voltage
impulse ;Vy incident from the stub. Therefore, ;7 may be computed directly from the
voltage impulses incident on the link lines without solving a nonlinear equation.

Referring to figure 2.2, the stub is connected to the TLM shunt node at B — B. It will
take an interval At/2 (At = AT’) for the voltage impulse ¥ to travel from the node to
the lumped capacitance. At this point, the voltage on the capacitance will be the sum of
Vi and [V}, After another time interval of At/2, the voltage impulse kV{ coming from
‘the stub will reach the node at the same time as the voltage impulses being reflected from

the other branches. So the synchronism of impulses on the entire TLM mesh is ensured.

13




AL 2

v; Y. | — Cl '

Fig. 2.2: The stub terminated with constant capacitance

At 4 — A, we have

v(t) = vi(t) +vs(t) (2.1)
i(t) = Yefe§(t) — v5(2)) (2.2)
dvm . 7('[)

Y, is the real characteristic admittance of the stub. Because we assume yr = 4.0, Y,
will be four times the characteristic admittance of the link lines of the TLM mesh.

Discretizing equations (2.1) to (2.3) yields

Vo= W (2.4)
WI o= VLV -V (2:5)
wV v = il ) (26)
thus
VTV EAt-
ki Vs =I]i-:gfkést f'#é—';at“*“"sr : - @D
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In equation (2.6), we have the option to choose the ;4,7 or I corresponding to the forward
and backward difference. It will be shown in the next chapter that the model has better
stability if the forward difference is used. By using ,J instead of .,/ in equation (2.6), we

have

‘i . . Y, At i Y. At R
k+1Vs = =1 Vg +r V(1 + )+ V(1= ) (2.8)
C( Cl

In both equations (2.7) and (2.8), the incident voltage impulse 14, V; depends not only
on the reflected voltage impulse 41V, but also on the incident and reflected voltage
impulses at the previous iteration. This is due to the reactance characteristics of the
capacitance. In simulation, both formulas give identical results. provided that the time
step is sufficiently small and the stability conditions are satisfied. The stabilitity for these

two formulas will be discussed later in this chapter.

2.3 Application of the Stub Model Loaded with Ca-
pacitance

2.3.1 Simulation of a Lumped Capacitance

Figure 2.3 (a) shows a transmission line resonator which is open-circuited at both ends. On
the right side. a lumped capacitance C,, is added %’ away from the end. The corresponding
TLM mesh for the resonator is shown in figure 2.3 (b). Since the relative permittivity of
the transmission line is 2, every node in TLM mesh comprises a open-circuited stub of
Y, = 4. To simulate the lumped capacitance C';, the stub of the node right in front of the

magnetic wall is loaded with a capacitance C. C} is related to C, by:

Cr=2C, (2.9)
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Fig. 2.3: (a)"The transmission line resonator with a lumped capacitance Ca

(b) The TLM mesh for (a) with AL =0.5 mm, C: terminate the stub
of the node at the right end.

_______ Magnetic wall
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‘This is due to the factor of 715 in the transformations of frequency and impedance between
the TLM mesh and the real case it simulates. These have been discussed in chapter 1.
For cases where the transmission line has an arbitary relative permittivity, equation (2.9)
should be replaced by equation (2.23) which is discussed later in section 2.3.3. Since
the characteristic admittance of the stub has been set to four times the characteristic

admittance of the mesh lines, we have

c 4
o= —_—=— 2,
Y, 4\/L - (2.10)

For different values of capacitance (C}) at the end of the stubs in the submesh, the
corresponding first resonant frequencies (fy) can be obtained from the TLM simulation,

followed by Fourier transformation.

Using steady-state transmission line theory, we can also get the theoretical values of
the first resonant frequency f, for the structure shown in figure 2.3 (a). f, must satisfy

the equation

[t,a, (..mfa 2 —co ( ful ]"‘I')Tfa n_ (2.11)
where
c
]
Ve
. Ver
)'g = ’
11 = 495 A1
L = 05A1

Al = 0.5mm

By solving the transcendental equation (2.11), the analytical solution of fu can be
obtained for different lumped capacitance values C,,.
Comparing the simulation results fo with the analytical value f, in table 2.1, the errors

s q are acceptable.
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C. ®P [ C\i(@P fo (GHz) f. (GHz) Eror= 2ol %)
0.1 0.2 1.72 1.739 1.1
0.2 0.4 1.50 1.496 0.27
0.4 0.8 1.18 1.207 22
0.6 1.2 1.02 1.038 1.8
1.2 2.4 0.77 0.7756 0.7
1.6 3.2 0.67 0.6816 1.7
2.0 4.0 0.61 0.6151 0.8
2.5 5.0 0.53 0.5542 44
3.0 6.0 0.502 0.5083 1.2
3.5 7.0 0.464 0.4723 1.8

Table 2.1 : The simulation and analytical results for the first resonant frequency of the

‘resonator in Fig. 2.3. fo is obtained from TLM simulation. f. is obtained by

solving equation (2.11).
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2.3.2 Simulation of a Relative Permittivity

The relative dielectric constants of the TLM subregions can be modeled in two different
ways. The first approach, which was proposed by Johns [13], consists of adding open-
circuited stubs to the shunt nodes. The stubs have a length of %’ and a characteristic
admittance of Y;. The normalized characteristic admittance is yo = ;—%, where Yp is the
characteristic admittance of the link lines of the TLM mesh. The relative permittivity

which is simulated by the open-circuited stubs is:

e=1+2 (2.12)

The second“approach, just derived in the 151'e\fi0L15 section, consists of loading the sub-
mesh with %—' stubs of fixed characteristic admittance y, = 4 and adding lumped capaci-
tances C; at the other end of the stubs. This, of course, allows us to model only relative
permittivity larger than 2, because the stub alone (without the additional capacitance

loading) already models an ¢, value of:

€rmin =1+ '3'11 =2 ‘ : (213)

Additional capacitance C; at the end of the stub will then increase ¢, above this value.
If we assume that AT' is very small compared to the wavelength, we can simply add the load
capacitance to the capacitance already present at the shunt node. The total capacitance
at each shunt node C,,q4. Will include three terms as below. The first two terms are the

capacitance of the TLM mesh lines and the capacitance of the stub, respectively.

: Al
C"m'/de = 20A1l+ C’yr—s— +.C

4

Yr C"I
= 2CAIL+ = 2.14
L+ T +ea7 (2.14)
As presented in section 1.2.2, if the relative permittivity is simulated by open-circuited
stubs, the total capacitance added to every shunt node is:
Al
Crode = 2CA1+ Cyo—,)—
= 2Ce Al (2.15)
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Comparing equa.tion(’Z..H) with (2.15), we can obtain:

. C
e, Al=2001N+L 4 2L . 2,
Ce, A1 CA[]+4+2CA1] | ~(2.16)
Since y, has been chosen as 4, this yields
C
=2 2.
resulting in
Ci=2(e-2)CAL . (2.18)

For elementary transmission lines in the TLM mesh, the inductance and capacitance

per unit length are related by:

1 1
—_—— = 2.19
vVLC V€ollo ( , )
L Ko
= = — 2.20
c ” (2:20)
From the above two equations, it is easy to get
Then finally we have:
Cr=2¢(e, —2) A1 . (2.22)

In order to simulate a relative permittivity e,, the stubs should be terminated with C
which is given by equation (2.22). |

Here, a simple inhomogeneous waveguide resonator problem is used to test the simula-
tion of relative permittivity by the new model ( see figure 2.4 (a) ).

Simulation is done first by modelling the right section by open-circuited stubs with their
‘normalized characteristic admittance yo determined according to equation (2.12), then by
‘modelling the right section by capacitance-loaded stubs having y, = 4 and C; given by
equation (2.22). The mesh shown in figure 2.4(b) is excited by an impulse. The first
resonant frequencies obtained are listed in Table 2.2. Comparing the simulation results
of the two methods, it is found that they both lead to similar resonant frequency values.

Comparing the simulation results with the analytical solutions, the errors are typically of

the order of one percent.




10 mm 10 mm

1.25 mm
{
(a)
P 40AL oy 40AC g
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[ |
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(b)

Fxg 2.4: (a) The top view of an inhomogeneous resonator which is enclosed by
magnetic walls.

(b) The TLM mesh for the structure (a). The stubs can be either open-
circuited or terminated with capacitances. A [ =0.25 mm.
S — Magnetic Wall
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2.3.3 Simulation of a Lumped Capacitance in a Medium of an
Arbitary Relative Permittivity

In section 2.3.1, a lumped capacitance in a medium which has a relative permittivity of
2 is simulated sucessfully with the new model. To make it general, a stub with loading
c'apacitance“should be able to simulate a lumped capacitance in a medium which has an
arbitary relative permittivity. Since there is only one capacitance stub for each node, both
the lumped capacitance and the capacitance for the relative permittivity must be added
to the end of the stub. Based on the results from the previous two subsections, for the
Jumped capacitance C, in a medium with a relative permittivity of ¢, > 2, the loading

capacitance at the end of stubs should be:

2.4 Accuracy and Stability
2.4.1 Open-circuited Stub

Since the TLM mesh containing open-circuited stubs consists only of lossless transmission
lines, it is unconditionally stable.

The error of the open-ended stub model is due to the distributed inductance in the stub
transmission line. The admittance of the stub added to the node is giveli by steady-state

transmission-line theory as:

2C 44 wAtl
tan

N 2

Yad

JAt[ 5 +t3(—5 >+

4

. WA
= jwCe + 320 51 + (2.24)
where
Cua = CAI




At = VICAI
At

o = e

0 20,4 -

Here, Al is the stub length, and C' and L are the capacitance and inductance per unit
length of the link lines, respectively.

Comparing (2.24) with the admittance Y; that should be added to the nodes
Y, = jwCs (2.25)

The first-order error of the admittance is:

w3 A 7 Al

AY =Y—Y; =72 Y ZO?(T)B' . (2.26)

Thus, the error in modelling the capacitance by an open-circuited stub is of order A,
The error is also proportional to w®. At relatively low frequencies (-A'\—l < 1), it is fairly

small and negligible.

2.4.2 Stub Loaded with Capacitance and Resistance

When we discussed the properties of the capacitance-loaded stubs, we had already derived
the difference equation for the reflection coefficient algorithm from the differential equation
governing the capacitance as shown in section 2.1. The same approach can be used to model
the case where a shunt conductance is placed in parallel with the capacitance to simulate
losses ( see figure 2.3).

The voltage and current in the system are governed by:

dv :
1 =1 C m | (2.27)
v.o= 1R (2.28)
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Fig. 2.5 : General lumped element terminating the stub.

When discretizing and linearizing these expressions, we have the option to choose the
forward or backward difference.

For the backward difference, we have:

. R % - '
a1V =1 Vo= A - —A 2.2
K1V = V C,A RC, t (2.29)
Since
W= WV
./J = Yr[ﬂg 4k "5'] ) ‘ (230)
substituting (2.30) into (2.29) yields
Y,At . At . COYAL . A
=2y 2 e Vi, V= 2 i 2
k1 Vs =k Vs G kVs +mg % k Ve =k V5 G A R:C:L‘s (2.31)

Since we have discretized the nonlinear differential equation into a difference equation,
every stub in the TLM mesh can be treated as a small linear discrete-time system. As
the system can be described by the linear constant-coefficient difference equation (2.31),

the stability of the stub in the TLM mesh can be analyzed as follows. Considering (V"

o
ot




and ;V* as the input and output sequence, respectively, and taking the Z-transform of the

above equation gives:

Y. At At Y, At At .
s—1—— s W=l T = =) V] 2.32
(~ ! _CI ; RICI) Vé Fl C R'C‘? "ﬁ - ( 3 )
where
Vio= Z[V7] (2.33)
Vi = Z[WVi (2.34)

Hence, the equivalent system function H(z) will be

; YrAt Ot
Vi o i-l1-"=+755 .
H(z)= & = 1_?_,5;,__&' (2.35)

C R C

For a causal system, the Region of Convergence (ROC) will be outside the outmost

~

—

u

pole. Also, if the system is stable, the impulse response h[n] must be absolutely summable
[17], i.e.,

Z |[h[n]] < o0 . (2.36)
It is equivalent to
S Jh[]s < oo =1 . (2.37)

So the condition of stability is equivalent to the condition that the ROC of H(z) includes
the unit circle. For a causal and stable system, the ROC of the H(z) should include the
unit circle and all area outside the unit circle on the Z-plane, i.e. all the poles of H(z)
should be inside the unit circle.

For this case, we have only one pole:

Y. At At .
2=] - —m — —— 2.38
z=1 C RC, (2.38)
To satisfy the stable condition
HESS (2.39)




we must have
Y, At At
—_—< 2.0 2.40
G + R,C, ( )

“ Using the backward difference, the simulation might get unstable if the above condition

00<

is not satis_ﬁed.

For the forward difference, following the same procedure as above, weéet the stable

condition as:

ROty o
T C RCy

This will be automatically satisfied if all parameters in this equation are positive real.

> 0.0 (2.41)

This is the reason why we choose the forward difference in capacitance simulation whenever

possible.

2.4.3 The Low-pass Effect of the Integration

Figures 2.6 to 2.8 show several frequency responses for the structure in figure 2.4(a) from
the TLM simulation done with different stub models, different mesh sizes, or different value
of . ’ A

Comparing figure 2.6 (a) with figure 2.6 (b), they have the peaks at the same {requencies,
but the high-frequency components in (a) are suppressed in amplitude. This is not very
serious for eigenvalue problems as long as the peaks are still distinguishable. But for the
simulation of time-dependent components such as varactor diodes which will be discussed
in the next chapter, it is a fatal problem. This low-pass effect of the stub loaded with
capacitance is due to the integration of the differential equation, since the integration
averages the rapidly varying components.

Comparing figure 2.7(a) with (b), it appears that the suppression of high frequency
components gets stronger when the loading capacitance C| is increased.

Comparing figure 2.5(a) with (b), a difference in amplitude is observable from 5 GHz
onward; when a finer mesh is used, results are almost identical for frequencies below 10 GHz.
S’o, a wider useful frequency range can be obtained for the stub loaded with capacitance
by using a finer TLM mesh. In order to get the right solution for both frequency and

amplitude at relatively low frequencies (AT‘ & 1), the open-circuited stub model gives a
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useful frequency range, and the stub loaded with capacitance requires more computational

effort.

0.02 T T

E—~Field Amplitude
o
Q

o 10 20
. Frequency in GHz 30

0.00

(a)

0.02 T :

E—~Field Amplitude

0.00

0 10 20 30
Frequency in GHz

(b)

L
a2
K

Fig. 2.6 (a) Frequency response for the structure in fig.2.4 (a). Simulation is done by

capacitance-loaded stub model. € =5, Al=0.25 mm.
(b) Frequency response for the structure in fig,2.4 (a). Simulation is done by

open-circuited stubmodel. €.=5, Al=0.25 mm.
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Fig. 2.7 (a):Frequency response for the structure in fig,2.4 (a). Simulation is done by
capacitance-loaded stub model. €:=2.2,A1=0.25 mm.

(b) Frequency response for the structure in fig,2.4 (a). Simulation is done by
capacitance-loaded stubmodel. €:=4, A1=0.25 mm
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Fig. 2.8 (a) Frequency response for the structure in fig,2.4 (a). Simulation is done by
capacitance-loaded stub model. €:=5, A1=0.5 mm.
(b) Frequency response for the structure in fig.2.4 (a). Simulation is done by

open-c,irc;uitcd stubmodel. €.=5, A1=0.5mm.
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2.5 Conclusion

In this chapter, the stub loaded with constant capacitance is described and used for the
simulation of lumped capacitance and relative permittivity. The results agree with the
- results obtained with the open-circuited stub model and the analytical results for relatively
low frequencies (9;5 & 1), while at high frequencies the two models give different results
due to their different dispersion characteristics. This new model provides us with a new

way to simulate voltage-dependent capacitance.
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Chapter 3

Simulation of Voltage-Dependent
Capacitance

3.1 Introduction

In this chapter. a review of the simulation of varactor diodes is given. Several modifications
are suggested for the simulation of a varactor diode by an open-circuited stub model. A
new model for the varactor diode is developed. based on the model of a stub terminated
with a nonlinear lumped circuit. Both models are used for the simulation of a simple
nonlinear element in a TLM mesh, and the results agree well. The simulation of a varactor
diode by a capacitance-loaded stub model is also discussed. Simulations of a varactor diode

done with differents stub models give similar results.

3.2 Review

In 2D-TLM simulation, nonlinear structures and devices have been modelled in two differ-
ent ways. The first model is discussed both in reference [14] and [20]. A voltage-dependent
capacitance (varactor) embedded in a microstrip circuit has been mode]led in the time
domain by a submesh which represents a medium with variable permittivity and conduc-
tivity (proposed by Dr. Harrison). The permittivity and conductivity depend upon the
equivalent circuit of the varactor diode, so that the submesh in the TLM mesh will behave
in the same way as the varactor diode in the microwave circuit.

The implementation of this method includes two steps[14]:
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1. Transform the varactor diode into a submesh which has voltage-dependent permit-

tivity and conductivity.

2. Update the voltage-dependent admittance of the open-circuited stub yo and the

voltage-dependent conductivity of the loss stub go in the TLM submesh.
These steps will be detailed below.

1. Transform the varactor diode into a submesh which has voltage-dependent

permittivity and conductivity.

The equivalent circuit for the varactor diode is shown in figure 3.1. For a Schottky
barriers varactor diode, the main parameters such as the depletion-layer capacitance
Cy(v), the diffusion capacitance Cg(v) and the voltage-dependent resistance R(v)

are given in [20] as

Ca(v) = —QJ"—U for v < 6of2
%o

= ViCi(Z+3) o v2éef2 (31)

Oy 2

) ' €V

r) = do€rpl — 3.2
Cdl(l') Cdoe'lp( I\'T) (3 )

; kT T ev
R(v) = (G—L)exp(—ﬁ) (3.3)

where Cjg is the zero-bias capacitance, ¢ is the built-in potential, I is the saturation
current and v is the junction voltage. The linear approximation of Cy(v) is used when

v > ¢o/21n oder to avoid the singularity which might crush the numerical simulation. |
e= Electron charge
k=Boltzmann’s constant
T= Temperature in i

~ So, the total voltage-dependeht capacitance C(v) is:
Clv)=Cq+ Cai +C, (3.4)
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The package capacitance C, can also be included if necessary.

Q

C a(v) C di(v) R V)

Fig. 3.1: The equivalent circuit for the varactor diode

Irl

! -

(@) o ®)

Fig. 3.2: (2) The varactor diode embedded in microstrip
(b) TLM mesh with the submesh simulating the-varactor diode: all nodes
inside the rectangular box are equipped with reactive and loss stubs to
model the diode characteristics.
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In two dimensions. the microstrip can be modelled for relatively low frequencies
(%’- & 1) by a parallel-plate transmission line which is easily represented by a stan-
dard 2D-TLM mesh. The voltage-dependent capacitance of the varactor diode can be
modelled as a small subregion with voltage-dependent permittivity and conductivity
embedded in the 2D-TLM mesh.

As shown in figure 3.2, it is essential that the area of the small submesh is equal to
the area of the diode package. w' is different from the width of microstrip w for the

compensation of {ringing effect. I" will be decided by:

o 7 D? ' -
l'= T , (3.3)

Using the concept of the parallel-plate transmission line, the capacitance and resis-

tance of the submesh can be calculated by equations (3.6) and (3.7). respectively.

A |
c, = 2 39
h .
R, = - (3.7)

Ac

where
A =the area of the submesh
h =the substrate thickness
¢,= the relative permittivity of the submesh

o= the conductivity of the submesh.

To make the capacitance and resistance of the submesh equal to those of the varactor
diode, the following relationship can be established by comparing equation(3.4) with

(3.6) and (3.3) with (3.7):

e(v) = C:g‘ig" | (3.8)
h |
o) = TrE B9
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In the TLM simulation, the relative permittivity of the mesh can only be greater

than 1, so the capacitance that can be simulated by the submesh will be:

Zeo S (3.10)

For the case of h = Al, one node will only be able to simulate a capacitance greater
than e A L

. Update the voltage-dependent admittance of the open-circuited stub yo

and the vbltage-depéndent conductivity of the loss stub gy in the TLM

mesh

In the first step, the varactor diode is transformed into a TLM submesh; meanwhile,
the change of capacitance and resistance is equivalent to the change of the permittiv-
ity and conductivity of the submesh. This can be implemented in a TLM simulation
by updating the voltage-dependent characteristic admittance of the open-circuited
stub yo and the voltage-dependent conductivity of the loss stub-go in each interation
according to the permittivity and conductivity of the submesh determined in the

previous iteration:

vo(v) = 4le(v)—1) (3.11)
go(v) = V2o(v) Al7e . (3.12)

The method has been used in the simulation of a varactor diode frequency multiplier and

a divider in reference [14].

The second method, which is discussed in reference [19], models active and nonlinear
microwave structures by a subregion in the TLM mesh. In the subregion, the shunt nodes
are equipped with additional stubs which are terminated with lumped circuit elements.

The impulses reflected from the stubs can be obtained from a recursive formula which
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amounts to numerically integrating the nonlinear differential equation that governs the

lumped circuit elements. The important advantage of this method is that the model can

suppress the high-frequency spurious solutions in the TLM mesh by properly representing

.. the intrinsic cutoff frequency of the lumped circuit. In section 3.3, this idea will be used

to dévelop the algorithm for the simulation of varactor diodes.

3.3 Several Modifications for the Simulation of a

Microstrip Multiplier with the Open-Circuited
Stub Model

“The following aspects will be discussed in detail below:

1.

2.

1.

E\D

The effect of the package
Energy conservation in the open-circuited stub model.

The effect of the package

When we replace the lumped varactor by a submesh which contains several inde-
pendent nodes, these nodes will have different voltages during the iteration. In real
situations, the chips are always well packaged. Therefore, there is only one voltage
applied to the whole varactor. In order to be close to the practical condition of the
varactor, instead of using the voltage on each node to get the local permittivity and
conductivity, the average of the voltages on the nodes can be computed and assumed
to be uniform within the submesh. With this voltage. a unique relative permittivity
and conductivity for all the nodes in the submesh can be obtained from equations

(3.8) and (3.9).

Energy conservation in the open-circuited stub

As shown in figure 3.3, when the impulse ;1 enters the open-circuited stub, the
stub has the characteristic admittance kYo Since the stubs are open-circuited, the
impulse will be reflected back to the node in the same amplitude. But at this time, the
characteristic admittance of the stub has already been changed to ;,y0. Considering

the energy fed in stub (FP;) and the energy reflected back from stub (P,), we have:
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/p<gk)\

\‘(V;

0

Pr(thkﬂ) Vi=V: atthe end of the stub

Fig. 3.3: Shunt node with open-terminated stub

Pi < yo ik VY? (3.13)
P,. X k+1Yo kV;z (3.14)

In nonlinear cases, ryo does not equal 41y and thus P, will not be the same as P;.
Since the stub itself is only a short lossless transmission line, the difference between P;
and P, violates the law of energy conservation. In order to keep energy conserved on
the stubs, we have to keep P; = P, in each iteration. This can be done by modifying
the P, corresponding to the change of the characteristic admittance of the stub or

the change of the permittivity in the submesh.

Substituting the expression of y, (refer to equation(3.11)) into the above equations
(3.13) and (3.14) . we have:

P o (ke —1) (V2

P, o« (ky16r—1) k+1V5i2
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If P. = P,, then

(ke = 1) WV = (gr6r — 1) V52 (3.15)
;,.+1V5i will be:
y .e; -1 oy
k1 Vs = :l;—l:r—:-i' £Vs (3.16)

The necessity of this modification will be further proved by the simulation results in

section 3.5.

3.4 Simulation of an Voltage-dependent Capacitance
with a Stub Loaded with Variable Capacitance

As shown in the last chapter, lumped capacitances have been simulated by a stub loaded
with capacitance. This stub model also can be used to simulate nonlinear reactive compo-

nents. The details of this procedure are shown below.

1. Determine the lumped element which terminates the stub

The intrinsic impedance of the conventional TLM mesh is always —\}—; times smaller
than the impedance it simulates, and the frequency is compensated by the same factor
after discrete Fourier transformation. In order to add a lumped voltage-dependent

capacitance C(v), the capacitance loaded at the end of the stub should be:

Civy) = 2C(v) (3.17)

To represent the capacitance, we must also realize that the TLM shunt node and the
stub itself have already a certain capacitance of their own. For one TLM shunt node
with a stub ( yo = 4 ), this capacitance is 4¢y A I, and it must be deducted from the

capacitance at the end of stub. Finally, we have:

-~ ' Civ) =2C(v) —deg Al (3.18)
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With the capacitance-loaded stub model, one node can only represent a capacitance
greater than 4¢g A l. This lower limitation is four times greater than that with
an open-circuited stub model. Fortunately, both limitations are fairly small for the

simulation of a real varactor diode.

o

. Set up the recursive formula for the impulse reflected at the end of the«t
stub

Fig. 3.4.: Shunt TLM node with stub terminated by variable capacitance and resistance

Referring to figure 3.4, we have:

. d[Ci(v)v
t—1 = —[—I—d(t—)l (3.19)
, | .
iy = ‘ 3.2
(31 Rl(v) (3 0)
Combining equations (3.19) and (3.20),
3 v de  dCi(v)dv 0
R SO LT (3:21)
& dv 1= gGy

" COv) +viG
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~ Replacing 41;' in equation (3.22) by a finite difference, we get

£V

T K~ R 2 9
g1V = V= ———T Ay 2
k1 V=i b .Ci+: Var A (3.23)
dcC '
ar = -(7;'|u=kv . (3.24)
Since we have equations (2.4) and (2.3)
Vo= VT4 Vi

W= YV V)

Substituting them into (3.23). the recursive formula is obtained:

Y - | ]
k1 V= V —E.i‘—'kv -k VT - (3.25)
For lossless cases:
o1 3 r T ¢
ke V= (14 &)k" —k1 V ; (3.26)

where

= kO 4 (VT 4+ Vi)ay

Ct N

3.5 Comparing the Different Models in the Simula-
tion of a Voltage-Dependent Capacitance

A simple TLM mesh is shown in figure 3.5. At node B, a voltage-dependent capacitance
is inserted. With a sinusoidal excitation at node A5 the simulation results are extracted

from the field amplitude at the output point C.
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Figure 3.5: A TLM mesh with a voltage-dependent capacitance inserted at B.

—_——— Magnetic wall

----------- Absorbing boundary

The voltage-dependent capacitance of a Schottky barriers varactor diode is given by

the expression [§]:

C(v)

= VECo(—+3)  for  ©2 602
, % 2
The parameters for the varactor diode are chosen as below. Since we want to compare
the behaviours of the two different stubs in simulation of voltage-dependent capacitance,
here I, is assumed to be zero.
Cjo = 5.5 (pF)
¢o = 0.7 (V)

With the normalized input frequency at %’ = 0.0003, the frequency domain responses

of this structure has been obtained with different models. Comparing the results in figures

3.6(a) to (d). we find:

e
-

1. With the capacitance-loaded stub model, the results obtained are very close to the
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e

results obtained from the simulation done by the open-circuited stub model after

modification for energy conservation.

3

The results obtained from the simulation done by open-circuited stub model without
the modification are very close to the results obtained from the simulation done by

the capacitance-loaded stub model with % equal to zero.

Since dTCvL is not zero in nonlinear cases, setting dTCvL to zero will make the capacitance-
loaded stub model less accurate. Based on this, with the above two clues, we can say
that the modification for energy conservation makes the open-circuited stub model more

accurate.
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Fig.3.6 (a): The frequency response obtained with the modified open-circuited stub

model
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Fig.3.6 (b): The frequency response obtained with the capacitance-loaded stub model
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Fig.3.6 (c): The frequency response obtained with the open-circuited stub model with-

out modification for energy conservation.
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Fig.3.6 (d): The frequency response obtained with the capacitance-loaded stub model,

while C} is set to zero during the iterations.
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3.6 Simulation of a Microstrip Circuit with a Var-
actor Diode with the Capacitance-loaded Stub
Model

Based on the fact that both stub models work well for the simulation of voltage-dependent
capacitances, both models should work well for the simulation of a real varactor diode.
The simulation of a real varactor diode in a microstrip circuit has been performed using
the open-circuited stub model [14]. It can be done by the capacitance-loaded stub model
too. In this section, the simulation of a real varactor diode in a microstrip circuit by
stubs terminated with lumpeded circuit will be discussed in detail. Simulation results for
a simple mutipliei‘ obtained with different models will be compared.

Transformation of a microstrip circuit into a TLM mesh with a submesh for the varactor
diode has already been described in section 3.2. Then we only need to determine the
capacitance C) and resistance R, at the end of stubs.

Assuming that the voltage is applied in the y direction and that the TLM mesh is in
the x-z plane, then all the capacitors added to the nodes in the submesh are connected in
parallel. Distributing the capacitance C(v) and resistance R(v) of the varactor diode over
the submesh in the 2D-TLM mesh and including the effect of the height of the substrate

h, each node in the submesh will get an additional capacitance (', and resistance R,.

. W)k »
C, = NAT (3.28)
R, = R(v):\’—A——l (3.29)

Considering the lower intrinsic impedance of the 2D-TLM mesh and the capacitance of
the TLM mesh itself, the capacitance and resistance loaded on the end of the stubs in the

submesh should be:

¢ =
e

PN (3.30)

2C"n
B (3.31)

=

Substituting equation (3.28) and (3.29) into (3.30) and (3.31), respéctive]y, we have

- G = 2——=— —4eAl (3.32)




RN A
hv2

With the above equations and the formula in section 3.4, we are able to simulate the

Ry (3.33)

varactor diode in a microstrip circuit by the capacitance-loaded stub model.
: Fo;. a simple mutiplier with a TLM mesh shown in figure 3.7, simulations are done by

both the open-circuited and the capacitance-loaded stub model. The results in figure 3.8

are similar.

E 3X2
—— . submesh
input for the
: varactor e output
: ledC
12AL0 l

Figure 3.7: A TLM mesh with a submesh for a varactor diode.

------ Magnetic wall

----------- Absorbing boundary

The substrate of the microstrip has a height of 0.3 mm and a relative permittivity of
10. Al of the TLM mesh is 0.1 mm.
The parameters for a Schottky barriers varactor diode are:
Cjo = 5.5 (pF)
éo = 0.7 (V)
I, =1.0 x10718 (4)
To involved the R(v) in the simulation of varactor diode, here I, is chosen not to be

Zero.
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Fig.3.8 (a): The frequency response obtained with the open-circuited stub model
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Fig.3.8 (b): The frequency response obtained with the capacitance-loaded stub model
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3.7 The Equivalence of the Two Models in the Sim-
ulation of a Voltage-dependent Capacitance of a
Varactor Diode

With the modifications to the open-circuited stub model, the relative permittivity of the

submesh will be determined by equation(3.8):

C(v)h
&(v) = f(iq))
C(v)h
.JVAIZCO

(3.34)

Simulation of €, by a capa.cita.nce-loéded stub model has been discussed in section 2.3.
Referring to equation (2.22), the capacitance loaded at the end of stub C; and the ¢, are

related by:

Cr=2e —2)eo Al . | (3.35)

Substituting equation (3.34) into equation (3.35) we obtain -

Cr = 2e(v)—2)eg A
C(v)h
= 2 -2
( 1o, Jeo A1
C(v)h
= 2 — Jde K
N 1 A1 . (3.36)

The above equation derived from the formula used for the open-circuited stub model is
exactly the same as the equation (3.32) which is used for capacitance-loaded stub model.
This identity shows that simulations of the variable capacitance of varactor diode with the

two different models are equivalent.

3.8 Conclusion

~In this chapter, the voltage-dependent capacitancg.is sucessfully simulated by both the

open-circuited and capacitance-loaded stub models. Based on it, two models are also
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used to simulate the varactor diode embedded in a microstrip circuit. Comparing the
two models, they both work well at relatively low frequencies (%’ < 1). Both models
have a lower limitation for the capacitance to be simulated. The limitation on the open-
circuited stub model is smaller than the other. The capacitance-loaded stub model is more
demanding in the case of fine TLM meshes. Since the very fine mesh is only needed for the
submesh, a variable mesh size TLM mesh could be used for higher efficiencies in simulation.

This technique is described in reference [2].




Chapter 4

Simulation of Series-Connected
Capacitance |

4.1 Introduction

In the previous chapters, open-circuited stubs have been used to simulate the lumped ca-
pacitance and varactor diode which are connected in parallel to the transmission line. The
serial connection of the varactor diode has become popular because planar varactor diodes
can be fabricated with anode and cathode contacts as integral parts of the transmission
line. So, the insertion of the varactor diodes does not require an_\".modiﬁcation of the
embedding circuit. Also, the serial connection makes it practical to increase the power
handling capability by replacing the single diode with a number of diodes connected in
series. In reference (7}, a GaAs monolithic frequency doubler in which the varactor diode
is connected in series with the transmission line is introduced. In this chapter, we provide
another way to add the stubs into the TLM shunt node mesh. By using this technique,
a capacitance or a varactor diode which is connected in series with the transmission lines

can be simulated.
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Fig. 4.1: N(a) Open-circuited stub connected in series between two shunt nodes
(b) The transmission of the impulses on the structure given in (a)
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4.2 The Scattering and Transmission in the TLM
Mesh with Stubs between the Shunt Nodes

As described in the previous chapters, the lumped capacitance, which is connected in
parallel to the transmission line, can be simulated by adding open-circuited stubs to the
nodes in the shunt TLM mesh. Here, instead of adding the stubs to the nodes, we insert
the open-circuited stubs half-way between the nodes. This structure, as shown in Figure
4.1, will be able to simulate capacitance which is connected in series with the transmission
line.

The shunt nodes will work in the same way as before. But the voltage impulses will
experience an additional scattering and transmission at the interface where the stubs are
inserted. As shown in Figure 4.1, the stubs are inserted between the shunt nodes at z and
x+ 1. At % (At = %’- after the scattering has happened at the shunt nodes, the voltage

impulses will reach the stub: they are:

K= V() (4.1)
bz = V(e +1) | (4.2)
K3 = g3 - v (4.3)

Then they scatter at the stub, and produce pry, pr2 and ;r3. The 5 matrix will be

derived in the next section.

™ i

T2 | = IS' . i2
I's 1.3
k k

After another %’- time interval, the ,r; and 7y will reach the nodes at = and = + 1,

respectively, where we have:

& Vi) = am (4.4)
paVi@+1) = g . (4.5)
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Then the voltage impulses are scattered on the shunt nodes, and the above process will
- start again. Since no time is taken for the scattering at the stub, it takes an interval At
for the period. We know that the time interval for the imp\ilses travelling from one node
to its neighbour is also At. Therefore, the synchronism of the impulses on the entire TLM

mesh is still ensured.

4.3 The Scattering Matrix at the Interface

rZ;

Z. f f Z.

Fig 4.2: The junction of the series stub and the TLM mesh liﬁe

The scattering matrix at the interface can be obtained by analyzing the three-port network
which consists of the stub and two transmission lines of the TLM mesh.

The normalized characteristic impedances of the link transmission lines are equal to 1.
The normalized characteristic impedance of the stub will depend on the capacitance to be
simulated. The relationship between them will be discussed later.

Assuming that the stub has a normalized characteristic impedance zg, we have:

1 = ]. (4.6)
2 = 1 (4.7) L
3= 2 . > (48)

54




Using transmission line theory, the S-parameters of the three-port network in figure 4.2

can be calculated as below:

S = —
z0 + 2
o 20
Sog =
2+
D
Sz = —=2
z0 + 2
Suppose a unit voltage impulse is incident on port 1, then the current at port 1 will be
. (1 - 0911) 2
11 = = -
21 20+ 2

If there is no input from the other two ports, the currents at port 2 and port 3 will be

-
12 = —— = 0
z2

S Sa1
13 = ——— = ——
%3 <o

Because the node currents in this structure are identical, i.e.

i1 =12 =13
then from the above equations, we can get:

2

521 = 5 n %0 (49)

o -2z

S = 3 1 . (410)
< <0

In the same way, we can find the other S-parameters as

()

S = 3 | (4.11)
< ot

- 230 ' )

D3 = 3T o (4.12)
-2

:5'13 - ')+70 (413)
2 |

523 = ._)+~0 . (414)




Assuming z, = 2 + z, and combining equations (4.9)-(4.17), we get the scattering

matrix as:

™ 1 <0 2 -2 11
Tl = 2 o 2 79
~r
3 —220 ?.Zo 2 - 20 'i3
k k

4.4 Simulation of a Series-Connected Constant Capa-
citance

In order to simulate the series-connected capacitance, we need to find out the relationship
between zo of the stub and the capacitance to be simulated. As we know, the open-circuited
stub is equivalent to a lumped capacitance (C,q) at the other end in the relatively low

frequency range (4! < 1):
!
Ca=crll o (4.15)

zn 2
0 <
Here C is the capacitance per unit length of the TLM mesh lines.

Referring to equation (2.21) which sayvs that C' = ¢, we get:

l
Coa = egi (4.16)

where )
Al = The mesh parameter
€o= The dielectric permittivity of free space

zo= The normalized characteristic impedance of the stubs.

Due to the factor of % in the transformations of {requency and impedance between
the TLM mesh and the real circuit it simulates, to simulate a series capacitance C,, the

capacitance added to the TLM mesh C,q should be:

Coa = 2C, (4.17)




Hence, to simulate C;, we need the characteristic stub impedance to be

. GQAI
=g | (4.18)

As an example, we simulate a simple resonator with a series capacitance at the centre
(shown in Figure 4.3); the corresponding TLM mesh is shown in figure 4.4.

Simulation is done by the algorithm developed in the previous sections and equation
(4.18); the different resonant frequenciyes (fs) corresponding to the different series capaci-
tances can be obtained from the TLM simulation followed by Fourier transformation.

For this simple case, the analytical solution of the resonant frequencies can be easily
found. First, the analytical solution for the resonant frequency (fo) of the resonator without
series capacitance is:

c - L
fo= THET ™ 7.495(G'H =) (4.19)

With the series capacitance C;, the first resonant frequency f, must satisfy:

1 7 fa

- - = 27,col
27rfacs ‘ (3f0

) | (4.20)

where

7 — o : 5
Zy e (4.21)

By solving the above equation, values of f, corresponding to different C, are obtained
and listed in table 4.1. Comparing the analytical and simulation results in table 1.1, we

find they agree very well over a wide range of Cj.

(1]
-1




Ny

Fig. 4.3: A resonator with a series capacitance at its centre.

Fig. 4.4 : The TLM mesh for figure 4.3 . A series stub is inserted at the centre.
Al =1 mm.

_____ - Magnetic wall

Open-circuited stub
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C(Pf) | flGH:) | fu(GHz) | Brror =lgll(%)
0.001 14.640 14.659 ‘ 0.1
0.01 12,596 12.448 1.2
0.05 9.587 9.492 1.0
0.1 $500 8.639 1.1
05 7.814 7.755 0.8
2.0 7.593 7.561 0.7
4.0 7.545 7.528 0.2
6.0 7.529 7.517 | 0.2
8.0 7.520 7512 0.1
10.0 7.515 7.508 0.09
120 7.512 7.506 0.08
14.0 7.510 7.504 | 0.08
20.0 7504 7.501 0.04

Table 4.1 The simulation and analytical results for the first resonant frequency of the

resonator in Fig. 4.3




4.5 Simulation of a Series-Connected Varactor Diode
in a Microstrip Circuit

When the varactor diode is connected in series with a transmission line, it can be simulated
by a series-connected stub which has variable characteristic impedance. The details are
shown below.

Referring to figure 4.1, if the varactor diode is represented by the stub, with the as-
sumption that the cathode of the diode is at x and the anode is at x+1, the voltage across
the diode will be:

v= Vbias + V::a.thode - Vanadc . (422)

Here,
V::allmde = E(‘T)h (4.23)
V;nade - E('L‘+1)h . (424)
where

h is the height of the substrate.

E is electric field intensity which can be obtained from equation (1.16).

~ When the voltage on the varactor diode is known, the capacitance of the varactor diode

C(v) can be found from equation (3.1) or other formulas provided.

By the equation (4.18), the capacitance is represented by a stub of characteristic

impedance zo:

- €0 Al

The varactor diode is simulated in the time domain by updating the characteristic

(4.25)

impedance of the stub according to the voltage across the stub at the previous iteration.

r3 should be modified in the same way as in the section 3.2 in order to conserve the energy.
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4.6 Simulation of a Series-Connected Varactor Diode
Multiplier |

In reference [7], a monolithic frequency doubler using a series-connected varactor diode is

presented. The circuit details and the curve of the total capacitance of two series-connected

varactor diodes vs. reverse bias voltage are given below.

BIAS Nol

out

/ BIAS No2

TWO VARACTOR DIODES IN SERIES

Fig. 4.5: N{onolitpiq ﬁ'equen_cy doubler. Varactor diodes are integrated with -
microstripline circuits and bias lincs. Dimensions of the chip are 4mm x 8mm.
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Fig.4.6 The junction capacitance,s reverse bias voltage of two K-band varactor diodes

in series.
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(a) The accurate model of microstrip in an homogeneous medium

wl
| I
R

(b) The parallel-plate transmission line with perfect magnetic sidewalls on sides

Fig. 4.7 : Model for the microstrip with fringing effect

A

Fig. 4.8: The simulation mesh for the microstrip multiplier. A (=0.05 mm

- — — - Magnetic wall
............ ~ Absorbing boundary
—— Open-circuited stub

rd
su?
33
o
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For the convenience of computer programming, the voltage-dependent capacitance can

be approximated by a fifth-order polynomial function.
C(v) = c[0] + c[1]v + ¢[2]v? + ¢[3]v® + c[4]v* + c[5]v° (4.26)
The coefficients are:

- 0] = 0.34751540

cll] = 0.15259449
2] = 0.05335557

c[3] = 0.00984050
cf4] = 0.00088274
c[3] = 0.00003021
For the sake of simplicity, only the part of the circuit that is enclosed by the dashed
line will be simulated. To model the microstrip circuit by the TLM mesh, two steps must
be taken.
1. Get the accurate model from the physical data of the m~icrostrip

The accurate model of the single microstrip line is based on an equation for the
impedance of microstrip in a homogeneous medium, z3, and an equation for the

microstrip effective dielectric constant, €[9].

The impedance z for the accurate model is:

O PRI 2y o7
= 2111[ ” +4/1 + (u) ] (4.27)
where

30.666 01528

flu) = 6+(27r—6)e:z:p[—(-——-17—) (4.28)
u = 7}0—7 (4.29)
p = 2207 , (4.30)
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The effective dielectric constant ¢, is:

&+l -1 10, ouben)
57—+ = (14—7)

r4 o~

et(u’ 67‘) =

where

” 1w+ (&)? 1 U 5
= — I —
a(v) I+ 50432 T 157 nll+ (577

ble,) = ().5>(s4(€’€——f‘39))0-"53

The dimensions of the microstrip to be simulated are:

w = 0.8Smm
h = 0.175mm
e = 13

Using the above equations, the accurate model will have:

s, = 14690
e = 10.15 .

Represent the accurate model of the microstrip by a TLM mesh

(4.31)

By the first step, the accurate model has been established as in figure 4.7(a). To

simulate it by the 2D-TLM method. it is necessary to represent it by a structure as -

shown in figure 4.7(b). This is known as the parallel plate model with magnetic side

walls. The compensation of the fringing effect in (a) can be made by increasing the

w to w' while €, z, and h will be the same for (a) and (b).

For any transmission line, we have:

For the structure in figure 4.7(b),

€0’ o

¢= h
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(4.35)




Combining equations (4.34) and (4.35), the expression for w' can be obtained:

h
r— . : : :
w _ vy (4.36)

For this case, using equation (4.36)

w' =144 mm (4.37)

Considering the operating frequency range of the multiplier, the parameter of the
TLM mesh Al is chosen as 0.05 mm. Discretizing the dimensions in figure 4.7(b),
the TLM mesh for the multiplier is set up as in figure 4.8. The simulation gives the

approximately 10 percent power efficiency (as shown in figure 4.9).

This result is not accurate enough to compare with the measurement data because
several factors have not heen considered in the series-connected stub. These factors
such as the voltage-dependent resistance of the varactor diode, the parasitic param-
eters due to the package and link and the physical dimensions of the varactor diode
will not be negligible at microwave frequency. Hopfully, the structure (as shown in
figure 4.1) has the potential to simulate a contact impedance by adding an loss stub
at the junction and to compensate the physical dimensions of the varactor diode by
having the single open-circuited stub replaced by several open-circuited stubs in se-
ries. Further improvement for this model is certainly essential for accurate simulation

of a real varactor diode.

In figure 4.9. the existence of sidelobes around the fundamental and the harmonics
is due to the finite duration of the time domain impulse response. The Fourier
transform of a finite duration impulse sequence is not a line spectrum but rather
a superpoéition of (sin x)/x functions (Gibbs’s phenomenon). This sidelobes may
slightly shift the peaks and bring in the so called truncation error [11]. Increasing
the number of iterations will narrow the sidelobes and thus decrease the truncation

error.




4.7 Conclusion

In this chapter, a series capacitances has been successfully simulated by the a series-
connected stub in a TLM mesh. This technique also can be used for the simulation of

voltage-dependent capacitance. To accurately simulate a series varactor diode, this tech-

nique still need to be improved.
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Fig 4.9: Frequency domain response for the mesh shown in figure 4.8
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Chapter 5

Simulation of Voltage-Dependent
Capacitance in Three Dimensions

5.1 Introduction

In this chapter, the simulation of a varactor diode is extended to a three-dimensional TLM

mesh.

5.2 The TLM Three-Dimensional Expanded-Node

Reference [11] describes both shunt nodes and series nodes used in a two-dimensional TLM

mesh. I the voltage on the shunt node represents an E-field in the medium, and the current

in the series node represents an H-field in the medium, the following connection between

the E- and H- fields can be developed for the shunt and series nodes in the x-z plane.

For the shunt node in the x-z plane we have:

JE,

=
o,

» oz
OH, OH.

Oz dz
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AL2

AL2

(b)

Fig. 5.1: (a) Part of a three-dimensional node containing one shunt and two series nodes
(b) Part of a three-dimensional node containing one series and two shunt nodes
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Fig. 5.2: Three-dimensidnal cXpanded TLM node

69




For the series node in the x-z plane, we have:

oHd, _ OE.
ox . o
_0H, _ _ 0B,
9B, 9E. _  OH, -
% e - e ¢2)

Considering a shunt node in the x-z plane connected to a series node in the y-z plane

and a series node in the X-Y plane, as shown in Figure 5.1(a), we have:

OH, OH. _ 9E,

9z or . ‘ot

0E. 9E, _ _ 0H,

dy -~ Fa

9E, OE. _ M. )
oz "oy - Ma (3.3)

Considering a series node in the x-z plane connected to a shunt node in the y-z plane

and a shunt node in the X-Y plane, as shown in Figure 5.1(b), we have:

0E, 9E‘ _ _ 9H,

9: o9z . Fa

QH. 0H, _ OE,

d  0: o

od, OH, _ O9E. |

9z dy ¢ ot (5.4)

Equations (5.3) and (5.4) together complete the description of the three-dimensional
Maxwell’s equations. So, the basic unit of a network (i.e. the expanded node) which
supports the expansions of the three-dimensional Maxwell’s equations can be built up
by connecting the circuit of Figure 5.1(a) and the circuit of Figure 5.1(b). The three-
dimensional TLM network model is shown both in Figure 5.2 and Figure 5.3. This three-
dimensional TLM mesh has alternate shunt and series nodes in any of the co-ordinate
directions. As shown in Figure 5.2, the three E-field components are represented by the
voltages on the shunt nodes, and the three H-field components are represented by the

currents on the series nodes. Since the six components of the electromagnetic field are
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distributed among the corners of the node cube, this node is called the “expanded node”.
The transmission line which links the neighbour nodes has a length of %. Since there are
two different kinds of nodes in the expanded node, one iteration includes separate steps
of scattering and transmission. First the scattering happens on either the shunt or the
series node, then the impulses travel and reach the other kind of node. The same process
is repeated at every iteration. This model can also be used for inhomogeneous problems.
To account for dielectric and magnetic mediua, open-circuited and short-circuited stubs
are added to shunt and series nodes, respectively. To account for dielectric losses, stubs
of infinite length can be added to the shunt nodes. When these features are included, the
general expanded-node is as shown in Figure 5.4. The scattering matrices of the shunt and
series nodes will bethe same as in the two-dimensional cases. Since the shunt nodes double
the capacitance (C) per unit length of the transmission line and the series nodes double
the inductance (L) per unit length of the transmission line, if the free-space velocity ¢ is
given by:

c= , | (5.5)

S

then the low-frequency velocity of waves on the three-dimensional model v, will be:

— | 1 —

U, =
" 2020

o

(5.6)

5.3 Simulation of the Varactor Diode in the Expanded-
~ Node

Using the same idea as in the two-dimensional case, the model for a varactor diode which
is connected in parallel to the microstrip circuit can be easily extended to the three-
dimensional TLM mesh. As shown in figure 5.5, the varactor diode can be represented by
a three-dimensional submesh. It is essential that the volume of the submesh equals the
‘volume of the diode package.

The capacitance and the resistance of the submesh between the strip and the ground
will be:

N
7
™




i

_4}. Series node —+—

——-—: Short-circuited stub
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—_—— Infinitely long stub

Fig. 5.3 : General expanded-node
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. €ge A '
C = A (5.7)
h
R = i (5.8)

To make this capacitance and resistance equivalent to the effect of the varactor diode
in the circuit, we compare the above equations with equations (3.8) and (3.9) and find that

the variable permittivity and conductivity of the submesh will be:

i .
&) = o= |2ty for v <dof2
s 73 ;
L e S S for 3 do/2 5.9
= ';1_6; 2 Jo(¢—0+ §)+ ‘dy o1 v > ¢o/2 (5.9)
(v) = hel, = (5.10)
olv) = 77 e.\p(kT 5.

v is the voltage applied to the varactor between the anode and cathode. It can be

calculated by:

v o= EpAl (5.11)
E, =V, (5.12)

By updating the voltage-dependent characteristic admittance of the open-circuited stub
(y0) and the voltage-dependent conductivity of the loss stub (go) on the shunt node in the
submesh for each interation, the varactor diode is simulated. As an example. a very simple
3D-TLM mesh as shown in figure 5.6, which involves a submesh for the \i'a.ra.ctor diode, is
simulated with the above formulas. The simulation result (see figure 5.7) the frequency

domain shows the frequency multiplication very clearly.




" 1 nAl

mAL
(a) ; (b)

Fig. 5.5 : (a) The packaged varactor diode
(b) The three-dimensional submesh for the simulation of the diode
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// // nAl
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Fig. 5.6: The 3-D TLM mesh with a submesh for a varactor diode, A [=0.5 mm.
m=5 n=8 p=3

The parameters of a Schotty barriers varactor diode are:
$Go=0.7 (v)
Co=2.5(pF)
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Fig 5.7: Frequency domain response for the mesh shown in figure 5.6
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Conclusion

The new models developed in chapter 2 have been used to simulate both constant ca-
pacitance and voltage-dependent capacitance. At relatively low frequencies (AT‘ < 1),
the results agree well with the results obtained by other numerical methods or analytical
solutions.

Both the open-circuited and the capacitance-loaded stub models have been used for
the simulation of varactor diodes. The two models give similar simulation results. The
open-circuited stub model has the advantages that it is unconditionally stable and less
computationally demanding.

A new TLM structure, its scattering matrix and transmission formulas have been de-
veloped for simulating a series capacitance. Using this method, constant capacitance can
be simulated accurately. Also, the principal portion of a varactor diode mutiplier has been
modeled with this approach. In this case, data for a realistic circuit are used. The result
obtained is quite reasonable. In this thesis, the discussion is limited to the lossless case.
It is, however, possible to simulate a lossy series-connected varactor diode by introducing
~another lossy stub together with the open-circuited stub.

The simulation of varactor diodes has also been extended to the three-dimensional
expanded-node. But it is still a challenging problem to simulate a real varactor diode due

to the many parasitics.
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