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Abstract

This report discusses planar analysis of microstrip discontinuities using seg-
mentation and/or desegmentation method. Computer program for imple-
mentation of planar analysis is discussed. The numerical results obtained by
planar analysis are compared with results obtained by quasi-static analysis
and by full-wave spectral domain analysis. Also, the planar analysis is used
for optimization of microstrip discontinuities; and the results are compared
with experimental results given by Hammerstad.
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Chapter 1

Introduction

An accurate and reliable characterization of microwave/millimeter-wave cir-
cuit components is one of the basic prerequisites of a successful CAD. The
degree of accuracy to which the performance of microwave/millimeter-wave
integrated circuits can be simulated depends upon the accuracy of the char-
acterization and modelling of components. Inadequacy of the modelling of
junctions and discontinuities in transmission structures has been recognized
as one of the key bottle-necks in microwave/millimeter-wave CAD.

Various methods available for characterization of microstrip discontinu-
ities may be divided into three groups:

* 1. Quasi-static techniques for evaluation of capacitances and induc-
tances associated with various discontinuity configurations.

* 2. Planar model analysis leading to frequency dependent scattering ma-
trix evaluation of discontinuities like steps, bends, tee-junctions, cross-
junctions, etc.

e 3. Full-wave analysis techniques using spectral domain and/or moment
method or finite-element analysis or TLM approaches.

This report discusses the planar analysis of microstrip discontinuities us-
ing segmentation/desegmentation method (see [1], [2], (3], 4], [5], [6], [7]).
Planar analysis of microstrip discontinuities is based on the parallel-plate
waveguide planar model of the microstrip line fields. Planar analysis of mi-
crostrip lines and discontinuities gives more accurate results than quasi-static
analysis does, and it is simpler than the rigorous full-wave analysis. Before



the discussion of segmentation/desegmentation methods, the planar wave-
guide models of microstrip line and microstrip discontinuities are presented.
The computer code developed for planar analysis of microstrip discontinu-
ities, the convergence of the results and the shift of reference planes are
discussed in the Section on implementation. The numerical results are com-
pared with quasi-static analysis and spectral domain analysis results. The
use of planar analysis using segmentation/desegmentation method for opti-
mization of microstrip discontinuities is discussed and some comparisons of
the numerical results are presented. Finally, the conclusion and the plan for
future work are discussed in the last Chapter.



Chapter 2

Planar Waveguide Model of
Microstrip Line

In this Chapter, the planar waveguide model of microstrip line is discussed
(see [5], [8], [9], [10]). The frequency dependent quantities such as the effec-
tive width, characteristic impedance, effective dielectric constant, and losses
are discussed first. The last Section describes the modelling of microstrip
discontinuities using the planar waveguide model of microstrip line.

2.1 The effective width of planar waveguide model

The planar waveguide model of microstrip line is shown in Figure 2.1. The
ideal planar waveguide consists of two parallel conductors bounded by mag-
netic walls (i.e. no normal component of the electric field, nor tangential
component of the magnetic field) in the transverse directions. The electric
and magnetic fields in the dielectric region are uniform because there are no
fringing fields outside the magnetic walls (see Figure 2.1(b)).

The width of the model is larger than the physical width in order to
account for the fringing/edge fields of microstrip. This width is called the
effective width w.(f). The effective width is determined from the character-
istic impedance Zo(f) and the effective dielectric constant e, (f) according
to the parallel plate waveguide formula:

h
we(f) = — 2 2.1
) Zo(f) €7'e(.f) ( )
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Figure 2.1: Planar waveguide model for microstrip line: (a) original circuit;
(b) planar model.

where 7 is the wave impedance in air/vacuum (= 12079); h is the substrate
height; Zo(f) is the dynamic characteristic impedance; and e, (f) is the
dynamic effective dielectric constant.

2.2  Characteristic impedance and effective dielectric
constant

An accurate closed-form expression for characteristic impedance and effec-
tive dielectric constant has been reported by Hammerstad and Jensen [11].
The expressions for Zo(2,¢ = 0) in a homogeneous media (e, = 1) and for
&.(%,€,t = 0) are derived from functional approximation of analytical equa-
tions for ¢ (the strip thickness) equal to zero. The expression for Zo(%,¢ = 0)
for €, = 1 based on [11] is given below:

Zg(%,t =0) = %ln(f—(é@ +14/1+ (i}—h)z) (2.2)
where, 0.7528
f(%) = 6+ (27 — 6)eap(~(30.666=) ) (2.3)



This expression valid for 0 < % < 00. The maximum error of Equation (2.2)
15 0.01% for ¥ < 1 and 0.03% for ¥ < 1000 compared to the exact solutions.

The expression for €. (%,€,t = 0) given by [11] is an extension of the
Schneider’s equation [12]:

&+1 e —1 10A

w
e, 6t = 0) = —a( 3 )b(er) 2.4
eihm, ) 7 T U+>w) B (24)
where,

w I, () 4 (32)? 1 w
V=1 1 h 52h In(1 3 5
%) ™) a0t (g 29)

e — 0.9

b(e.) = 0.564( ———2)0-053 2.6
(€) (@+3) (2.6)

The accuracy of this expression is better than 0.2% for 0.01 < % < 100 and
1<e <128.

2.2.1 Expressions for Z, and ¢, taking into account the effect of
finite conductor thickness of microstrip

The expression for Zo(2, £, €) and er.(%, £, € ) are derived by Hammerstad
and Jensen [11] from a functional approximation of the numerical results for
conductor thickness ¢ > 0 and conductor width w, = w + Aw (w, not to be
confused with w.(f) in Equation (2.1)). The resulting expressions are very
accurate for narrow strip and for substrates with low dielectric constant. For
homogeneous media (e, = 1) the width correction is [11]:

t 1
Awe = —In(1 + deap(1)

T (i)cothz(m)) (2‘7)

where exp(1) = e = 2.71828 (base of the natural logarithm); and w,o =
w + Aw,o is the corrected strip width for e, = 1. For ¢, > 1, the width
correction is [11]: :

A’lvgo 1
Aw, = —(1 2.8
e 2 (1+ cosh(+/e, — 1)) (2.8)

10



where we = w+ Aw, is the corrected width for ¢, > 1. Thus, using Equations
(2.7) and (2.8) the effect of strip thickness can be included in the computa-
tions of Zy and €., [11] as follow:

w t We |
ZO(—}:,E’GT) - ZO(Tat—(LEr)
_ Zo(%,t =0) (2.9)
Ve (et =0,¢,)
and
w i . Zo(w;'o ,t=0) 9
Ere(ﬁ’ Eaer) - (ZO(%’t — 0,6,.))
We Zo(g';’—o,t = ) 2

= e, (—,t=0,¢) 2.10
Ge(h 6)( ZO(_u;l_e,t___O)) ( )

where Zy(%e,t = 0) and Zo(%2,t = 0) are given by Equation (2.2); and

&.(%5,t = 0,¢.) is given by Equation (2.4).

2.2.2 Expressions for Z, and ¢, taking into account the effect of
dispersion in microstrip

Both characteristic impedance and effective dielectric constant vary with fre-
quency because microstrip propagation is not purely TEM. Getsinger [13]
used the Longitudinal-Section Electric (LSE) mode dispersion model to ac-
count for the dispersion in the effective dielectric constant. The model con-
sists of a wave medium that allows LSE modes to propagate (see Figure 2.2).
The wave conductor model is defined by electric and magnetic walls. Since
the field distribution in the model is different than in the original circuit
hence, the dispersion model does not have exactly the same dispersion func-
tion €.,(f) as the original circuit. A good approximation can be achieved
because the fields in microstrip are concentrated below the parallel plate ca-
pacitor section and in the conductor edges (fringing fields). Near the conduc-
tor edges the electric field is parallel and the magnetic field is perpendicular
to the dielectric boundary. Thus, the model is divided into three regions (see
Figure 2.2(b)).

Region [ is a planar waveguide with dielectric constant e, (the same €, as
the substrate of the original circuit) and an arbitrarily chosen plate separation

11
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Figure 2.2: LSE dispersion model: (a) original circuit; (b) LSE dispersion
model.

h which generates the parallel plate capacitor field. The other regions, II
and III, represent the fields in air of the original configuration. The planar
waveguides of regions II and III have larger plate separation because the air-
filled section is larger than the substrate. The E-field lines are parallel and
the H-field lines are perpendicular to the dielectric boundary in the model.
The dispersion of the model is adjusted to be the same as the dispersion of
the original circuit by choosing the right values of b/a, c/h and b/h. The right
choice of b/a and ¢/h will match the values of Zo(¥, 1, ¢:) and €, (2, £ €) of
the model to the original circuit. Thus, the dispersion function &.(f) of the
model is determined by the transverse resonance method [14]. If the result
matches the numerically determined dispersion function of the original circuit
then the value b/h can be determined. The resulting dispersion function is
[13]:

(f) = & - T Eelinine) (2.11)

w i

where f is the operating frequency and f, = Zo(%, £,¢.)/(210h) is an ap-
proximation to the first TE-mode cut-off frequency. G is a dimensionless
factor which is empirically determined. The expression for G by [13] fits
experimental data for alumina substrate only. Hammerstad and Jensen [11)

12



gave an expression for G for any types of substrate now in use:

. \]271’20(%,%,6,) (.12)

a 12 Ere(%)iafr) To

Based on the parallel-plate model and the theory of dielectric the char-
acteristic impedance can be expressed as follows [11]:

_ w i ere(y)', Lafr) Ere(f) -1
2o(f) = Zo( 5 30 ) 6::(}) P - (2.13)

where Zo(}, 7, €) is given by Equation (2.9) and &.(%, 5,€) is given by
Equation (2.10). These last two equations for Z, and ¢,, (Equations (2.11)
and (2.13)) are used in computing the effective width of the microstrip as
given in Equation (2.1).

2.3 Losses in microstrip line

The conductor loss is computed [5] by assuming that a very small electric
field (small enough not to disturb the field configuration) exists on the surface
of the conductors. Thus, the Poynting vector has a small component normal
to the conductors. The attenuation constant is derived from the power at-
tenuation rate, knowing the surface impedance of a metallic material when
the conductivity o is much larger than (we). Hence, the attenuation constant
due to conductor loss can be expressed as [5]:

r
e = — .14
& = wy/pesr (2.14)

where h is the plate separation and r = ﬁ is the skin depth of the
conductor.

Similarly, the dielectric loss is derived from the power attenuation rate
due to dielectric loss [5]. The expression for the attenuation constant due to

the dielectric loss is given below:

tan é

ag = wy/ue 5 (2.15)

where tan § is the loss tangent delta of the dielectric.

13



Comparing Equations (2.14) and (2.15), one can define an equivalent loss
tangent delta to account for the conductor loss as:

tan §, = L (2.16)
° hyprfo '
Thus, the effective loss tangent of the dielectric (including the conductor
loss) can be expressed as:

tané. = tané + tané,
1
= tand + ——— 2.17
hy/umfo ( )
where p1 = p is the free space permeability; f is the operating frequency;
and o 1s the conductivity of the metallic material.

2.4 Planar waveguide model of microstrip disconti-
nuities

Planar waveguide models of microstrip discontinuities can be derived from
the planar waveguide model of microstrip line. The planar waveguide models
of four microstrip discontinuities are illustrated in Figure 2.3.

In all of these cases, the straight section of microstrip lines are mod-
elled using the planar waveguide model of microstrip line with their effective
widths, effective dielectric constants, and effective loss tangent computed
using Equations (2.1), (2.11), and (2.17) respectively. The discontinuity re-
gion 1s modelled by extrapolating the effective dimensions. In Figure 2.3(a),
the outer corner (between planes T' — T') is obtained by extending the outer
dimensions to meet at oc. In Figure 2.3(b), the poins z and y, which are
obtained by replacing w by we(f), are joint together. In Figure 2.3(c), the
Junction planes T — T is shifted towards the narrower line by an amount
Al (obtained from the open-end capacitance of microstrip of width w). In
Figure 2.3(d), the planar model of the tee-junction is obtained by extending
the effective boundary as shown.

14



—————— !—-—-'—-—-;"C —_— =
! | i\\/Ac
A~ i f A i \}\’
W x W -
L v '— — —-}—nT ‘L - !.-. — L:——T
————— l — e — o
T B r k |
We () - w [ N Wetf) - W I w |1
2 ; « ; 2 LT |
Lol w0
x
1 I 1 |
“’e(f) -W T we(f.) - () T
2 2
a) (b)
—y le—al We, (§)-
. 2
{ Sl oo
_____ o A T T T
w‘ T n?o—-a,r
z b
W
U . : — = r==
: boofwgf ]
|
F L af (1]
! 1 | - e
We ()~ W, = T 1 T We () - W,
2 T We-wa Rl tadt 2
2
() (d)

Figure 2.3: Planar waveguide models of four microstrip discontinuities: (a)
right-angle bend; (b) chamfered right-angle bend; (c) step-in-width; (d)
tee-junction.
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Chapter 3

Analysis of Planar Structures

Three methods of analyzing the planar structures will be presented in this
Chapter. The first one is the Green’s function approach which is used if the
structure is made up of a single regular segment only. The second method is
the segmentation method which is used when the structure is a composite of
several regular segments for which the Green’s functions are available. The
third method is complementary to the segmentation method and is called
desegmentation method.

3.1 Green’s function approach

Consider an N-port arbitrarily shaped planar circuit shown in Figure 3.1.
The ports are located along the periphery and their widths are w;, w;, ... etc.
The rest of the periphery is an open boundary. Thus, the magnetic wall
boundary condition (88% = 0) holds. The excitation is done by coupling
an external circuit to one of the ports of the planar circuit. The dimen-

sions in z,y coordinates are comparable to the wavelength but, the substrate

height normally is much smaller than the wavelength hence, one can assume
that there is no variation of fields in the z-direction. That is, g; = 0 and
H, = E, = E, = 0, and the field components satisfy the two-dimensional
Helmholtz wave equation. Therefore, for homogeneous and isotropic sub-
strate the two-dimensional Helmholtz equation for E, can be written as:

(V2 + K)E.(2,y) = 0 (3.1)

16
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Figure 3.1: Microstrip type planar circuit: (a) side view; (b) top view of the
planar segment.

where,
d* a?
V2= _—— 4+ —
T fz2 + dy?

k =w,/pe (3.3)

(3.2)

The voltage for this two-dimensional component is related to the electric
field E, as:
v(z,y) = —hE,(z,y) (3.4)

where h represents the spacing between the planar conductor and the ground
conductor (i.e. the substrate height). This voltage is related to a z-directed
source current ¢(zg, o) by an impedance Green’s function defined as:

v(2,9) = [ [ G2,y | 20,30) i(z0,y0)dwodys (3.5)
The impedance Green’s function G(z,y | o, o) is the solution of;
(V3 + K)G(r | 7o) = — jophs(r — o) (3.6)

where V7 is defined by Equation (3.2); k is defined by Equation (3.3); and
7 represents the voltage point and 7y represents the source location.

17
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Figure 3.2: Equivalence between the port current and the z-directed current
density at the junction between two planar circuits (the feed structure and
the circuit being fed): (a) isometric view; (b) side view.

If the planar circuit is fed by another planar circuit as shown in Figure 3.2,
the current flow J,(2o,y0) is in 2 — y plane and not in the z-direction as
assumed in the evaluation of the Green’s function above. However, this feed
current can be expressed in terms of an equivalent fictitious electric current
density (z-directed) at the edge of the planar circuit being fed by considering
the vertical interface between the two planar circuits (see Figure 3.2(b)).

The feed current can be expressed as J, = § | J, | and it is related to the
magnetic field in the planar structure by J, = # x H where 7 underneath
the strip is in —z-direction. The equivalent electric current density at the
interface between the feed structure and the circuit being fed may now be
expressed as:

J, = axH

Since the feed current J, = 5 | J, |= —z x H hence, using this in Equa-
tion (3.7) will give the following:

J.=:2|H|=z|J,| (3.8)

18



Thus, J, for a planar structure-fed port can be replaced by an equal mag-
nitude of z-directed fictitious equivalent electric current density at the port
location.

The equivalent z-directed current i; fed at the j** port of width w; as
shown in Figure 3.1 is given by:

ij(mano) ‘—”/ Js(l’fo,yo)dr—o (3.9)
w:
where J,(zo, o) is the input current over the port width wj. Thus, from
Equations (3.5), (3.6), and (3.9), and with the assumption that the current
density are constant over the port widths w; and wj, the elements of the
impedance matrix of the planar circuit can be expressed as:

1
Zij = / / . G(:I);,yi [ mj,yj) df,-dr“_,- (3.10)

w;w;

where d7; and dr; are the incremental distances over the port width w; and
w; respectively.

The expressions for finding the impedance matrix elements of rectangular
and three different triangular planar segments are given in the Appendix A.

3.2 Segmentation and Desegmentation methods

One of the methods used to analyze a more complex planar circuit (i.e. the
circuit is made up of two or more regular segments) is known as segmentation
method [1], [2], [3], [4], [5], [7]. A complementary procedure is known as de-
segmentation method [2], [3], [5], [6]. The segmentation and desegmentation
methods using impedance matrices [1], [6] are discussed in this Section.

3.2.1 Segmentation method

Segmentation process involves breaking up a more complex planar circuit
configuration into segments of regular shapes. Then, each segment is charac-
terized by its impedance matrix. The combination of the impedance matrices
of all the segments is used to evaluate the characterization of the whole cir-
cuit. To illustrate this segmentation process, consider the right-angle bend
discontinuity shown in Figure 3.3. The discontinuity is broken up into two
multiport segments (see Figure 3.3(b)). The impedance matrices for these

19



two segments are [Z,] and [Zp] respectively. The two segments are connected
together by interconnected ports (g; for segment A and r; for segment B).
The computational effort is reduced if q; is connected to rq, ¢, to 7o,...etc.
[1]. The external ports for each segment (p, for segment 4 and p, for segment
B) are numbered first before the interconnection ports. The number of the
external ports of segment A is p, and that of segment B is p,. There are g
(=r) interconnected ports. The Z-matrices of both segments A and B can
be written together as follow:

Ve Zp Zpq  Zpr I,
V;z = qu qu qu Iq (3-11)
A Zep Zrg Zw | | I

where p = p, + p»; V, and I, are the voltages and currents at the external
ports p, and py; and V,, V; and I, I, are the voltages and currents at the
interconnected ports g and r. The conditions for interconnecting g¢; to r; are:
V,=V, (3.12)

and,
I,+1,=0 (3.13)

The Z-matrix of the overall configuration shown in Figure 3.3(a) can be
computed by substituting Equations (3.12) and (3.13) into Equation (3.11)
and eliminating V; and I,:

Ze = Zpp + (qu - Zpr)(qu + er)ml(zrp - qu) (3-14)

The voltages at the interconnected port, related to the currents flowing

in the external ports p, can be computed by substituting Equations (3.12)
and (3.13) into Equation (3.11) and eliminating V, and I,:

Vq = [qu + qu(qu + er)_l(er - qu)]]p (3'15)

Finally, the Z-matrix can be converted into an S-matrix representation
by the following relation:

S = \/Yo(Z. = Zo)(Ze + Zo) "'/ Zo (3.16)
where Zo, \/Zy, and /Y, are diagonal matrices with the diagonal elements
given by Zo1, Zoz, -+, Zon; v/ Zo1s 2oz, -+ 5 \/ Zon; and ﬁ, \/—%3, e ﬁ

respectively. The diagonal matrix elements Zoy, - - -, Zo, are the normalizing
impedances at the various ports of the circuit.

20
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Figure 3.3: Right-angle bend discontinuity: (a) original/overall configura-
tion; (b) the configuration is broken up into two multiport segments.

3.2.2 Desegmentation method

Desegmentation procedure is complementary to the segmentation method.
It is used for two reasons: first, for analyzing circuit configurations which
can not be solved by the segmentation method (see Figure 3.4); second,
some circuit configurations are easier/simpler to analyze using desegmenta-
tion rather than segmentation method (see Figure 3.5). The desegmentation
process involves adding a new segment /s to the original configuration. Then,
the resulting new configuration and the added segment /s are characterized
by their impedance matrices. The characterization of the original circuit is
carried out by removing/de-embedding the impedance matrix of the added
segment /s from the impedance matrix of the new configuration. To illustrate
this desegmentation procedure, consider the chamfered right-angle bend dis-
continuity configuration shown in Figure 3.5(a,c).

If a triangular segment 3 is added to the original configuration «, the
resulting new configuration ~v is a right-angle bend which was analyzed in
Section 3.2.1 (see also Figure 3.3). The impedance matrices for these two
configurations are [Zg] and [Z,] respectively. The two configurations are
connected together by interconnected ports (g for configuration « and r;
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Figure 3.4: Circuit configuration for which desegmentation is needed: (a)
original circuit; (b) a circular segment is added to perform the analysis.
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Figure 3.5: Chamfered right-angle bend discontinuity: (a) original circuit; (b)

segmentation process involves analyzing four segments; (c) desegmentation
process involves analyzing three segments only.
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for configuration 3). As in the segmentation process, ¢; is connected to ry,
g2 to 7az,...etc. The d-ports are the external ports of segment B and the
number of d-ports must be at least equal g or . The p-ports are the external
ports of segment o. Thus, the external ports of configuration v are p and
d. The conditions for interconnecting g¢; to r; are given by Equations (3.12)
and (3.13). Therefore, the impedance matrix of the original configuration «,
with d = g = r, can be expressed in terms of the impedance matrices of the
B and v configurations as:

Lioxp) = Zpp — Zpa( 23y — Zdﬁd)_lzdp (3.17)

It may be noted that Equation (3.17) valid only for d = ¢q = . Thus, the
scattering matrix of the original configuration (i-e. configuration a) can be
determined using Equation (3.16) with Z, replaced by Z* found from above.
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Chapter 4

Numerical Implementation

A computer program for implementation of planar analysis is discussed in the
first Section of this Chapter. Then the three parameters that influence the
convergence of the results are discussed next. In the last Section, a procedure
for shifting the reference planes is described.

4.1 Planar circuit analysis program

A computer program for analyzing microstrip circuits/discontinuities has
been developed. The formulas implemented in the computer program are
those given in Chapter 2, Chapter 3, and in the Appendix A. A flowchart
of the code implemented is provided in Figure 4.1. The input to the pro-
gram can either be physical dimensions or line impedances. In both cases
the effective parameters can then be computed from the formulas given in
Chapter 2. Once the effective dimensions are obtained, then the configu-
ration is broken up into multiport segments and the ports coordinates are
computed. The impedance matrix of each segment is found by using the
appropriate expression for a particular shape of the segment given in the
Appendix A. The impedance matrix and the scattering matrix of the overall
discontinuity configuration can then be determined from the formulas given
in Section 3.2. Finally, the reference planes are shifted using the procedures
outlined in Section 4.3.
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Figure 4.1: Flowchart of the Planar Circuit Analysis Program
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4.2 Convergence of results

There are three parameters that influence the convergence, hence the accu-
racy, of the results:

o The number of terms used in computing the impedance matrix ele-
ments. The number of terms needed in the impedance matrix compu-
tation depends on the location and orientation of the ports involved
in the computation. For the step-in-width discontinuity where all the
ports are oriented in the same direction the number of terms needed is
about ten as seen from Figure 4.2. However, larger number of terms are
needed (about thirty) if the discontinuity analyzed is either right-angle
bend or tee-junction. The number of terms needed is found by iterative
computations. In the code developed 100 terms are used.

o The number of interconnected ports used in connecting two or more
multi-port segments. The number of interconnected ports needed de-
pends on the size of the segments involved. The values of | S3; |
obtained as a function of the number of interconnected ports in a sym-
metric step discontinuity is shown in Figure 4.3. From these results
one can conclude that at least three interconnected ports are required.
It might be noted that this result is valid only for one particular case.
Again an iterative process is needed to find the optimum number of
interconnected ports. In the code developed the number of intercon-
nected ports is taken to be eight over the effective width of the line.

o The choice of reference plane for evaluating the impedance matrices.
The choice of the reference plane means choosing the length of the
segment that contains the external ports. There is a minimum length
required for a segment in order to make sure that the higher order mode
excited by the discontinuity decay to negligible value at the location of
the external ports. In Figure 4.4, the value of | Sy; | for a symmetric
step discontinuity is plotted as a function of the length of the wider
segment normalized by its width. From the plot one can conclude that
the length of the wider segment must be at least about 0.15 times its
width. However, segment lengths of J and 4 are to be avoided in order

2 segments and

to avoid any numerical error since Z,; = Zy; — 0 for 7

Z11 = Zyy — oo for % segments.

26



MAG. S11,512,521,S22 VS. NTERMS

1.270100
E N

1.143100

1.016100 E

889010 - [

762010 E /

635010 E

S11,512,821,822

508010

381010 £

MAG.

254010 E [\

127010 £ -

O § i 1 i 1 1 1 A 1 i 1 1 " 1 n 1 L i n L 1 i " " A i A A i L
0 5 10 15 20 25 30

NTERMS

Figure 4.2: Variation of the number of terms (NTERMS) in step-in-width

discontinuity analysis

27



MAG. S11 VS. NC

.394809

T

394409 F
394010
393609 E

.393209

AT

MAG. S11

392809
392409 E
.392009 F

.391609

T

.391209

T TTTY

NC

Figure 4.3: Variation of the number of interconnected ports (NC) in
step-in-width discontinuity analysis

28



MAG. S11 VS. L2/PW2

1.000100 3
.900010 §
.800010 ;
700010 i
.600010 ;

500010 E

MAG. S11

400010 E
300010 £
200009

.100001 E

0 ; Il " I ] n L !

o 3 =& .9 1z 1s
L2 / PW2

Figure 4.4: Variation of the length of the wider segment normalized by its
width (L2/W2) in step-in-width discontinuity analysis

29



4.3 Shift of reference planes

In the analysis of microstrip discontinuities, the reference planes for speci-
fying the scattering parameters are normally taken at the physical junction.
However, the results obtained from segmentation and desegmentation meth-
ods are with respect to the reference planes at the edges containing the exter-
nal ports of the discontinuity configuration. Thus, the reference planes given
by these methods need to be shifted to the physical discontinuity planes.
The situation for a 2-ports network is shown in Figure 4.5. For an N-ports
network, the shift of the reference planes can be carried out as follows:

Sl = Sy exp(2v;L;) fori=1,2,--- N (4.1)

for 2 = j; and for 7 # j the following is used:

Si; = Sijexp(viLi +v;L;) for { ; (4.2)
where S;; and Si; are the shifted [S] matrix; Si; and Si; are the unshifted
[S] matrix; L; and L; are the lengths between the old and the new reference
planes at external ports i and j respectively; and +; and v; are the complex
propagation constant of the microstrip lines connected to the external ports
2 and 7 respectively. The propagation constant ; may be written as:

Yi = a;+36;

: Ttan b, /¢, (f) 2rf /€. (f)
- » +7 . (4.3)

for i = 1,2,---, N and where tané, is the effective loss tangent as given by
Equation (2.17); €, (f) is the effective dielectric constant at port 7 given by
Equation (2.11); A is the free space wavelength; f is the operating frequency;
and c is the speed of light (= 3 x 108 meter/second).

Thus, using Equations (4.1) and (4.2) the reference plane of any N-ports
networks/circuits can be located anywhere inside or outside the circuit. If L;
is positive then the reference plane is shifted inward (from the external port
to the circuit inside). On the other hand, if L; is negative then the reference
plane is shifted outward (external to the circuit).
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Chapter 5

Numerical Results

In this Chapter the results obtained using the planar analysis are compared
to the results obtained by using other methods, namely quasi-static analysis
and spectral domain analysis. The use of planar analysis for optimization of
microstrip right-angle bend discontinuities are discussed and the results are
compared with the results obtained by Chadha in [15] and Hammerstad in
[16].

5.1 Comparison with quasi-static analysis

For this comparison a tee-junction discontinuity has been chosen. The pa-
rameters are chosen to be within the range of the quasi-static formula used
which are given in [2]. The parameters used are given in Table 5.1 and the
tee-junction configuration is shown in Figure 5.1.

The results for | Su1 [, | S12 |, | S1z |, and | S33 | obtained by the two
methods are plotted in Figures 5.2-5.5 as a function of frequency (1 GHz
to 18 GHz). The results show that at low frequency (~ 1 — 5GH:z) the

Table 5.1: Parameters for tee-junction discontinuity
Substrate height 25 mil
Strip thickness 0.7 mil
| Dielectric constant | 9.8
Loss tangent delta | 0.001
Conductivity 5.8 x 107 mho/meter |
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Figure 5.1: Tee-junction discontinuity configuration used for comparison with
quasi-static analysis.

Table 5.2: Percent differences between planar and quasi-static analysis at 18

GHz.

Magnitude of Percent difference
S11 = Sa2 14.6
S21 = Sia 10.35
S13 = 83 = S23 = Sz 3.32
Saa 57.64

planar analysis results are relatively close to the quasi-static results. As the
frequency increases the difference between these two results becomes more
and more pronounced. This descrepancies at high frequencies are as expected
since the quasi-static analysis does not account for the dispersion effect in
microstrip discontinuities. The percent differences at 18 GHz are given in
Table 5.2. Thus, one may conclude that in this case quasi-static results
should not be used above about 5 GHz.

5.2 Comparison with spectral domain analysis

Koster and Jansen have done extensive analyses of microstrip step-in-width
discontinuity (shown in Figure 5.6) using spectral domain method [17]. The

33
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PLANAR VS. QUASI-STATIC ANALYSIS
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Table 5.3: Parameters for step-in-width discontinuity

Dielectric constant | 2.32 10.0
Loss tangent delta | 0.0009 0.0009
Substrate height 4.8 x 10™* meter 6.0 x 10~* meter
Strip thickness 1.778 x 1075 meter | 1.778 x 10~5 meter
Frequency 10.0 GHz 10.0 GHz
IT
x
1 ! |
Foll"r O u| ‘ wz —0 P?{f
i !
N
1€ L. e — Ly ———
1T

Figure 5.6: Step-in-width discontinuity configuration used for comparison
with spectral domain analysis.

comparison between planar analysis and spectral domain analysis are carried
out for low dielectric constant (e, = 2.32) and for high dielectric constant
(€- = 10). The parameters chosen for these two cases are given in Table 5.3.
This choice of parameters corresponds to wy/w; = 3 and d/ Ay = 0.16 for the
low dielectric case (e- = 2.32); and w,/w; = 3 and d/Xo = 0.02 for the high
dielectric case (&, = 10.0) on the graphs given in [17], where d is the substrate
height used in [17]. It may be noted that in this comparison %L = 5.4 and
2 = 11.8 for the low dielectric case (e- = 2.32); for the high dielectric case

(,;, =10.0) ¥+ =29 and ¥ = 5.1.

The comparison between planar analysis and spectral domain analysis is
shown in Tables 5.4 and 5.5. The magnitudes of the reflected and transmitted
wave given by planar analysis are in good agreement with those obtained by
spectral domain analysis. The open end extension Al (see Figure 2.3(c)) was

taken to be zero in the planar analysis. Thus, the descrepancies in the phases
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Table 5.4: Comparison between planar analysis and spectral domain analysis
for low dielectric constant step-in-width discontinuity

I € = 2.32 |
Quantity | Planar | Spectral domain | Percent
Analysis Analysis Difference
| S11 | 0.393 0.395 0.5
£S11deg. 163.3 175.7 7.1
| Sy | 0.917 0.917 0.0
LS12deg. -4.7 -3.8 23.7
[Syrdeg. | 7.3 3.3 95.9

Table 5.5: Comparison between planar analysis and spectral domain analysis
for high dielectric constant step-in-width discontinuity

[ & = 10.0 |
Quantity | Planar | Spectral domain | Percent
Analysis Analysis Difference
| Su | 0.310 0.314 1.3
[Sndeg. | 165.3 175.7 5.9
| S12 | 0.945 0.944 0.1
LS12deg. -3.5 -4.2 16.7
[Syydeg. | 7.8 -3.3 95.6

of the reflected and transmitted wave are large.

5.3 Optimization of right-angle bend microstrip dis-
continuity

Right-angle bend are used in microstrip circuit frequently. At the discontinu-
ity section (i.e. at the bend) both the fields and the currents get disturbed.
The current lines are concentrated at the inner corner, while at the outer
corner there exists an extra fringing electric field. To eliminate/reduce this
unwanted fringing fields, the outer corner of the bend is chamfered/mitred
as shown in Figure 2.3(b). Thus, the compensation of right-angle bend dis-
continuities involves finding the optimum amount (percentage) of chamfering
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Figure 5.7: Definition of cham{ering in microstrip bend discontinuity

" needed to get zero or minimum reflection coefficient. In general, the percent
chamfer for the bend shown in Figure 5.7 is defined as:

% chamfer = (1 — ;Db—cos(—;é)) x 100% (5.1)

For right-angle bend discontinuity, ¢ = 90°, the % cham fer becomes:
b

w+/2

% chamfer = (1 — ) x 100% (5.2)

In general, there are three criteria for determining an optimum disconti-
nuity configuration:

e 1. minimum reflection (i.e. minimum | Sy, |)
® 2. minimum variation of the equivalent electrical length with frequency
e 3. minimum radiation loss from the discontinuity

The planar analysis, reported here, allows one to satisfy the first and the sec-
ond criteria. The equivalent electrical length Al normalized by the substrate
height can be computed as follows:

Al ¢z

T 'IB—,: (5.3)
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where h is the substrate height; ¢;, is the phase of the transmission coefficient
(in radians); and B8 = (27 f,/€..(f))/c is the propagation constant, with f
is the operating frequency, ¢, (f) is the effective dielectric constant given by
Equation (2.11).

The results of optimization of microstrip right-angle bend using planar
analysis are compared with two other published results. The first one is
based on the same method (i.e. planar analysis using segmentation method)
[15]. The second one is the experimental results given by Hammerstad in
[16].

5.3.1 Comparison with Chadha’s results

Planar analysis of chamfered microstrip right-angle bend using segmentation
method has been presented in [15]. The effective parameters of the chamfered
right-angle bend analyzed are: dielectric constant = 6.781, width = 1.882
millimeter, and the substrate height = 0.65 millimeter. The comparison
between the present results with those reported in [15] is shown in Figure 5.8.

The slight descrepancies between the two results are attributed to the fact
that in the analysis performed in [15] the dielectric and conductor losses were
not taken into account. Also, the formulas for computing the characteristic
impedance and the effective dielectric constant used by [15] were not the
same as those given in Chapter 2, i.e. the effect of dispersion was not taken
into account in the analysis of [15]. Detailed computations show that the
optimum chamfer is 41.4%.

5.3.2 Comparison with Hammerstad’s Results

Hammerstad presented several experimental results for chamfered microstrip
bends in [16]. For this comparison a 509 chamfered right-angle bend on a
Rexolite substrate was chosen. The parameters of this right-angle bend are
shown in Table 5.6.

The optimum chamfer for this right-angle bend according to [16] is 75%.
In Figure 5.9, the magnitude of Sy, is plotted as a function of the % cham fer.
One can conclude that the optimum chamfer based on planar analysis is 56%.
It may be noted that the values of VSW R (obtained from the planar anal-
ysis) for % cham fer of 75% and 56% are 1.340 and 1.003 respectively. The
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Figure 5.8: Comparison of the planar analysis results for chamfered mi-
crostrip right-angle bend with the results given by Chadha

Table 5.6: Parameters for chamfered right-angle bend
substrate height 3.175 millimeter
strip thickness 5 micron

dielectric constant | 2.62

loss tangent delta | 0.0001

conductivity 5.8 x 10" mho/meter
frequency 1.5 GHz
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Figure 5.9: Optimum chamfer for microstrip right-angle bend

optimum chamfer given by planar analysis is lower than the optimum chamfer
given by experimental results perhaps because of the fact that in the planar
analysis the fringing field at the corner is not taken into account precisely. In
the planar waveguide model of chamfered right-angle bend (see Figure 2.3(b))
the width extension taken at the discontinuity section (chamfered section) is
less than the width extension for microstrip line section. These computation
will be repeated with AC = (we(f) — w)/2 (refer to Figure 2.3(b)).
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Chapter 6

Concluding Remarks

The planar waveguide model for microstrip lines and the segmentation/de-
segmentation methods for planar circuit analysis have been used to develop
a code for analysis of microstrip discontinuities (such as bends, steps, tee-
junction, etc.). The criteria for convergence of results are discussed. The
results for symmetric steps and tee-junctions have been compared with other
results avilable in literatures. For the tee-junctions (on €, = 9.8 and h =
25 mil substrate), the quasi-static results are found to be inaccurate above
SGHz.

A comparison of the planar analysis results with full-wave analysis (spec-
tral domain method) has also been carried out. At 10GHz (both for €, = 2.32
and €, = 10.0) agreement is better than 1.3%. It may be noted that for full-
wave results reported in [17], the numerical accuracy claimed by the authors
is about 1% because of convergence criteria used in their analysis. Also, the
values for the results based on spectral domain analysis shown in Tables 5.4
and 5.5 are read from the graphs of [17]. This process itself can lead to about
2% error. :

The results obtained for chamfered right-angle bend agree with those re-
ported earlier by Chadha [15]. However, the value of the optimum chamfer
(= 56%) obtained from planar analysis is somewhat different from the ex-
perimental result (= 75%) of Hammerstad [16]. As discussed earlier this is
perhaps because of insufficient extension at the chamfered corner. A modified
model of the chamfered corner is planned to be used in future work.

Three other possible configurations for the compensated bend are shown
in Figure 6.1. These configurations will be analyzed and compared with the
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Figure 6.1: Three possible configurations for compensated microstrip
right-angle bend.

simple truncated corner reported in Chapter 5.3.
Further work will also include compensation of tee-junction and step-
junction discontinuity reactances. For the tee-junction, various geometries

that needed to be compared for a compensated configurations are shown in
Figure 6.2.

45



aie

Y}
-junction configurations

Figure 6.2: Compensated tee

46



Appendix A

Expressions for impedance
matrix elements for
rectangular and triangular
segments

Knowing the Green’s function of a particular configuration, the impedance
matrix elements for the configuration can be computed using Equation (3.10).
The impedance matrix elements for rectangular and triangular planar seg-
ments with open boundaries are presented in this Appendix A.

A.1 Z-matrix elements for a rectangular segment

In case of a rectangular segment the impedance matrix elements can be
expressed in a single infinite series [18]. The geometry of the rectangular
segment is specified in Figure A.1
A.1.1 Ports p and g are oriented in the same direction (z or y)
The Z-matrix elements Z,, can be expressed as:

L

Zpg = —C’FZO’Icos(kuup)cos(kuuq)cos('ylz>)cos('yzz<)

=0
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sinc( T Futop ) sime( e )

- CF Z cos(kyug) cos(kyup)

B! Sln('YlF) I=L+1
k., - -
sine( kuwp)sinc( ’wq)exp( gn(vs — o)) (A.1)
2 "
where,
_ ) (ws,u<) for I=m
(o) = { v S 4= (42)
Jwioh
C = A3
") (A.3)
)b forl=m
F—'{a for l=mn (A-4)
_ (mpainq) for l=m
(Upauq) = { (Y ¥q) for l=n (A.5)
= t4/k? — k2 (A.6)
k= wpeoe (1 — 36.) (A7)
here, é. is the effective loss tangent given by Equation (2.17).
) forl=m
ku_{ E for l=n (A8)
_ ) (> —by<) for l=m
(v = { (0 203 Sor 1o (4.9)

s = maz(yy ;) (4.10)
Ye = min(Yp, Yq) (A.11)
Ty = maz(z,, z,) (A.12)
e = min(z,,z,) (A.13)
_J 1 forl=0

o= { 2 for 140 (A.14)

If the ports p and g are oriented along z-direction then [ = m is chosen.
On the other hand, if the ports p and ¢ are oriented along y-direction I = n
is chosen. The sign of 7, is chosen such that Zm(~;) is negative. The integer
L in Equation (A.1) is chosen so that (y,F) is less than or equal to 50; this
choice is a compromise between computational speed and accuracy.
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A.1.2 Ports p and g are oriented in different directions

For this case, the Z-matrix elements can be expressed as:

L
Zpy = —CFZ0'1cos(kuup)cos(kuuq)cos(’ylz<)cos(’ylz>)

=0

sine( 522 )sinc(22%4) d

- —CF cos(k,u,) cos(k,u

e 5 conlhtn)conl
k,w; - —ve — 2

sine( uw)eXP( (vs —ve — 7)) (A.15)

2,0, .
Vi Ww;

The integer [ is chosen so that it satisfies the following condition:
(vs — v — %) >0 (A.16)
Thus, the integer [ is chosen according to the following conditions:

l=m if {maz(y,,y,) — min(yp,y,) — —2—]} >0 (A.17)

=n if {maz(z,,z,) — min(z,,z,) — 31—2)1} >0 (A.18)

If I = m then w; corresponds to the port oriented in the z-direction and
w; corresponds to the port oriented in the y-direction. If | = n then w;
corresponds to the port oriented in the y-direction and w; corresponds to the
port oriented in the z-direction. The notations given in Equations (A.2) to
(A.14) are applicable in this case also.

A.2 Z-matrix elements for triangular segments

There are three different triangular configurations for which their Green’s
functions are available. The three triangular configurations are: right-angle
isosceles triangle, 30° - 90° - 60° triangle, and equilateral triangle [19]. Thus,
the impedance matrix elements for these three triangular configurations can
be computed.
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A.2.1 Z-matrix elements for a right-angle isosceles triangular seg-
ment

The geometry of the right-angle isosceles triangular segment is specified in
Figure A.2.
The impedance matrix elements Z;; can be expressed as:

]wuoh om0 Ir(1)I7(F)
Zi: = A19
’ mZORZ: m? + n?)w? — a?k? (A.19)
where h is the substrate height; k? is given by Equation (A.7) and,
J 1 for m=0
Tm = { 2 for m#0 (A.20)
1 for n=0
o*n—{z For m £ 0 ‘ (A.21)
For ports located along the side O A:
Ir(i) = cos(kyz;)sinc( kwwi)
k'wi
+(=1)™"" cos(k, z; ) sinc( y2 ) (A.22)
For ports located along the side OB:
k! w;
Ir(i) = cos(k,y;)sinc( it )
j k:}: z :
+(—=1)""" cos(kay;)sine( 2w ) (A.23)

For ports located along the side AB:

Ir(i) = (—1)*{cos((ks + k,)z:)sinc((ks + k;)zu\;ﬁ)

+ cos((k, — k;)mi)sinc((k' k')z\;.)} (A.24)

where,
k, = 8 (A.25)
a
,  nTw

The Equations (A.22) to (A.26) can be applied to I7(j) by replacing the
subscript 7 with 3.
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A.2.2  Z-matrix elements for a 30°-90°-60° triangular segment

The geometry of the 30°-90°-60° triangular segment is specified in Figure A.3.

The impedance matrix elements Z;; can be expressed as:

Ir, (2)I1,(7)
Zij = 8]wllzohm;oo n;w 163/3m2(m? 4 mm 1 12) — 9v/3a7? (A.27)

where £ is the substrate thickness; k* is given by Equation (A.7). For ports
located along the side O A:

27l 27l w;

InG) = (1) eos( Zssine( )

27rm 2rm w;

T3a )smc(\/_ 2)

2mn z:) (2 2mn wz)
——z;)sinc

V3a V3a 2
For ports located along the side OB:
27(m —n)

+(—1)" cos(—=

+(—1)" cos( (A.28)

. 2m(m — n)w;
3a yi)sine( 3a 7)
2m(n —1) . 2w(n— 1) w;
3g visind— 5 — %)
27(l — m) 27(l — m) w;

- 25y (A.29)

3a 2
For ports located along the side AB:

It (i) = (—1) cos(
+(—1)" cos(

+(—1)" cos( y;)sinc(

4r(m — n) 4m(m — n) w;

3a yi)sine( 3a Z)
4r(n — 1) . Ar(n = Dw
Tag  vsine = —
dr(l—m) | . Aw(l—m)w;
Tyl)S’LnC(TI) (A.30)

The integers [, m, and n have to satisfy the following conditions:

Ir,(z) = cos(
cos(

cos(

l+m+n=0 (A.31)
The Equations (A.28) to (A.31) hold also for Ir, ().
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A.2.3 Z-matrix elements for an equilateral triangular segment

The geometry of the equilateral triangular segment is specified in Figure A .4.

The impedance matrix elements Z;; can be expressed as:

I, (2) 17, (5) + Ir,(4) I, (4)
Zz — 4 h l 1 2 2
’ J@ko Z Z 164/372(m? + mn + n?) — 9v/3a2k?

M=~00 N=—00

(A.32)

where h is the substrate height and k? is given by Equation (A.7).

For ports located along the side BC the expressions for Iy, () and Ir,(j)
are given by Equation (A.29). For ports located along the side AB or AC
the expressions for I,(i) and Ir,(j) are given by Equation (A.30).

For ports located along the side BC:

(i) = (=1 sin(ZTU =y i 2T ) )
+(-1)™ Sin(’zlr(—;;—-—llyi)sinc(?l%-l—)%)
+H(-1) sin(—~———27r(l3; ™) sinef -—~———2”(13; ™) ) (A33)

For ports located along the side AB or AC:

4m(m — n)yi)sinc(47r(rga~ n) %)

3a
e A Gl L
ﬁr%—(;_@yi)sinc(g%;i)%) (A.34)

Ir,(1) = —sin(
— sin(
— sin(

The Equations (A.33) and (A.34) hold also for Ir,(j). The integers I, m,
and n have to satisfy the condition given in Equation (A.31).
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Figure A.2: Right-angle isosceles triangular

segment configuration and the
ports locations ‘
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O

Figure A.3: 30°-90°-60°

triangular segment configuration and the ports loca-
tions

Figure A.4: Equilateral triangular segment configuration and the ports loca-
tions
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