Chapter 1

Introduction

Microwave communication systems require different types of passive and active
components. The important passive components are antennas, filters, couplers, multiplexers
etc. In passive component design, miniaturization (size) and performance (bandwidth) are
the main features to be achieved while keeping the cost of the design as low as possible.
These desired features can be achieved by choosing suitable technology and innovative
technical designs. Optimal component design is possible by choosing the design techniques
that take advantage of the physics of a component. The cost of the microwave component
and, subsequently, the cost of the microwave system is decreased by reducing the design

cycle of the component.

The coupler in microwave systems is also used as a passive component to split or
combine a signal, and is available for various purposes. In particular, a directional coupler
is applied to a linear amplifier to improve inter-modulation properties between stations of
recent mobile communication systems. The performance of directional couplers can be
evaluated by indices that include coupling, directivity, and reflection loss. On the bases of
the evaluation results, a directional coupler with wide bandwidth and high directivity can

be used as the main module of communication systems or testing instruments.

The directional couplers are circuits that are essential in many optical
communications systems and microwave bands. A directional coupler is a device capable
of extracting a part of a signal that travels over a transmission line or waveguide, leaving
the rest of power not coupled direct route at the exit. Between its main applications we can
mention the measurement of the power, the measurement of the stationary wave, sampling

of the control signal, the combination of the microwave signals. They can even be used for



performing signal processing tasks: part of balanced amplifiers, mixers, phase shifters,

modulators, and demodulators.

1.1 Thesis Outline

The objective of the project is to study the design of a coupled microstrip line directional
coupler and its properties and then to calculate the directional coupler’s length, width and
spacing between the lines from the known specifications. The known specifications are

coupling, port impedances and the operational frequency.

After calculating physical dimensions of the directional coupler and simulating the
coupler designed, the structure of the coupler is modified in order to obtain high isolation

and thus high directivity.

The thesis is organized in six chapters. Chapter 1 and chapter 6 describe the
introduction and conclusion respectively. The outline of the remaining chapters is given

below.

Chapter 2 gives the basic review of microstrip lines. The two port parameters generally
used in microwave components are explained. The mode propagation, various parameters

and losses in microstrip lines are explained in this chapter.

Chapter 3 explains the basic study behind the directional coupler. The general analysis of
parallel coupled lines is done describing the coupled mode theory. The even- and odd-mode

analysis of coupled microstrip lines is done in this chapter.

Chapter 4 presents the design of directional coupler and discusses the various methods

present in the literature to improve the directivity of the directional coupler.

Chapter 5 shows the conventional coupler design and the modified coupler design and

their simulation results.



Chapter 2

Review of Microstrip Lines

2.1 Planar Transmission Structures

One of the principal requirements for a transmission structure to be used as a circuit
element in microwave integrated circuits (MICs) is that the structure should be planar in
configuration. A planar configuration implies that the characteristics of the element can be
determined by the dimensions in a single plane. For example, width of the transmission line
on a dielectric substrate can be adjusted to change its impedance. When the impedance can
be varied by dimensions in a single plane, the circuit fabrication can be conveniently
carried out by techniques of photolithography and photoetching of thin films. Use of these
techniques has led to the development of hybrid and monolithic MICs [1].

There are several transmission structures that satisfy the requirement of being
planar. The most common of these are: (i) microstrip, (i1) coplanar waveguide, (iii) slotline,

and (iv) coupled microstrip lines.

Microstrip Line

A microstrip line is the most popular transmission structure. Microstrip has a very simple
geometric structure but the electromagnetic fields involved are actually complex [2].
Microstrip cannot support a pure TEM, or any other simple electromagnetic field mode and
this leads to the propagation of hybrid modes called as quasi-TEM mode. In microstrip, the

simple transitions to coaxial circuits are feasible.

Figure 2.1 Microstrip Line



Slotline
This transmission line structure consists of a dielectric substrate metalized on one side only.
The metallization has a completely separating narrow slot etched into it to form a slot line.
Slotline suffers from following disadvantages:
(a) Characteristics impedances below about 60 ohms are difficult to realize.
(b) Circuit structures often involve difficult registration problems (especially with
metallization on the opposite side of the slot).

(c) The Q-factor is significantly lower than the other structure considered here.

&

Figure 2.2 Slotline

Coplanar Waveguide

The structure supports quasi-TEM mode of transmission. The metallization is formed on
the one side of the substrate alone. Each side-plane conductor is grounded and the centre
strip carries the signal; thus much less field enters the substrate when compared with
microstrip. The structure has been used in special applications such as mixers. The open

nature of the structure causes radiation at higher frequencies.

&

Figure 2.3 Coplanar Waveguide

Coupled Microstrip Lines

Coupled lines are lines which are laid alongside each other in order to permit coupling
between the two lines. In such a configuration there is a continuous coupling between the
electromagnetic fields of the two lines. Coupled lines are used extensively as a basic

element of the directional couplers, filters and variety of other useful circuits.
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Figure 2.4 Coupled Microstrip Line



The planar structures discussed above are studied with the help of S-parameters and ABCD

parameters which are discussed in the next section.

2.2 Two Port Parameters

2.2.1 The Scattering Matrix

network
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Figure 2.5 Incident and Reflected voltages shown in two-port network

At high frequency, two port networks are best characterized in terms of scattering
parameters, rather than in terms of the admittance or hybrid parameters. Scattering
parameters are defined in terms of travelling waves, which are the natural variables to be

used in a transmission line environment [3].

The scattering or S parameters of a two-port network are defined in terms of the

wave variables as:

b,

Si1=—| fora, =0 (2.1)
a,
b

512 = — fOT' al = 0 (2.2)
a
b,

521 - fOT' aZ == 0 (2.3)
a,
b,

Szz = — fOT' a1 = 0 (23)
a

where a, = 0 implies a perfect impedance match (no reflection from terminal impedance) at

port n.



These definitions may be written as:
o=l slle)
= 2.5
b, S21 Sz2lla, (2:5)
where the matrix containing the S parameters is referred to as the scattering matrix or S

matrix, which may simply be denoted by [S].

The parameters S;; and Sy, are also called the reflection coefficients, whereas Si»
and S, the transmission coefficients. These are the parameters directly measurable at
microwave frequencies. The S parameters are in general complex, and it is convenient to
express them in terms of amplitudes and phases. Often their amplitudes are given in

decibels (dB), which are defined as:
20log|S,n|dB m,n =1,2 (2.6)

where the logarithm operation is base 10. For filter characterization, we may define two

parameters:
L, = —201log|Syn| dB m,n=12(m #n) (2.7)

Lg = 20log|S,,,|dB  n=12 (2.8)
In network analysis or synthesis, it may be desirable to express the reflection
parameter Sy in terms of the terminal impedance Zy; and the so-called input impedance Z;,

= /I, which is the impedance looking into port 1 of the network.

_ Vi/\Zo1 —\Zo1hy
Si1 = (2.9)
Vi/\Zo1r +\Zorly

Replacing V' by Z;,1/; results in the desired expression:

Zin1 — Zo1
SiH=5—— 2.10
H Zinl + ZOl ( )
Similarly, we can have
Zing — Zo2
Syy =5—— 2.11
22" Zing + Zo (210)



where Z;,, = V>/I, is the input impedance looking into port 2 of the network.

The S parameters have several properties that are useful for network analysis. For a
reciprocal network S1; = S3;. If the network is symmetrical, an additional property, Si1; =
S2, holds. Hence, the symmetrical network is also reciprocal. For a lossless passive
network the transmitting power and the reflected power must equal to the total incident

power. The mathematical statements of this power conservation condition are
S21531 + 511811 = 1o |S[* + 8111 =1 (2.12)
S12812 + 82255, = 1or |Sp,|* + [S,° =1 (2.13)

Any circuit consisting of resistors, capacitors, inductors, transformers and length of
transmission line will be reciprocal. Any circuit that happens to be symmetrical, whether

reciprocal or not, will of course have a symmetrical matrix, but the converse does not hold.

A two port network for which the reverse transmission coefficient for the input
matched is zero is known as a unilateral two port network. Thus a unilateral two port
network is a one that works in only one direction, while a reciprocal network is a one that

acts equally well in the both directions.

Although scattering parameters are undoubtedly the most useful and the most
commonly used parameters for characterizing a two port network constructed with
microstrip lines, they do not always present the simplest way of dealing with certain
problems. Many microwave networks consist of a cascade connection of two or more two-
port networks in this case it is convenient to define a 2 x 2 transmission line, or ABCD

matrix, for each two port network. This is discussed in the next section.



2.2.2 The Transmission (ABCD) Parameters

A 4
>
@)

A

+

y "

Figure 2.6 ABCD Parameters of Two port Network

The ABCD matrix of a two-port is defined using voltages and currents. The ABCD

matrix is defined by:
V]_ = AVZ + B(_Iz) (2.14‘)
11 B CVZ + D(_Iz) (2.15)

In matrix form this provides the relation,

| |%
()= D) 216)
Depending on the properties of the ABCD matrix, the structures can be classified
into the following categories:
Reciprocal: In this case, the determinant of the ABCD matrix is equal to unity:
AD—-BC =1 (2.17)
Symmetrical: In this case, the parameters 4 and D are equal:

A=D (2.18)



2.3 Microstrip Lines

Microstrip line is one of the most popular planar transmission line, primarily because it can
be fabricated by photolithographic processes and is easily integrated with other passive and

active microwave devices [4].

The general geometry of microstrip is shown in the figure 2.7. A conductor of width
W is printed on a thin, grounded dielectric substrate of thickness h and relative

permittivity &,; a sketch of electric field lines is shown in figure 2.7(b).
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Figure 2.7 Microstrip transmission line. (a) Geometry. (b) Electric and Magnetic field lines

2.3.1 The Quasi-TEM Mode of Propagation

The microstrip involves an abrupt dielectric interface between the substrate and the air
above it. Any transmission line which is filled with a uniform dielectric can support a
single, well defined mode of propagation, at least over a specified range of frequencies.
Transmission lines which do not have such a uniform dielectric filling cannot support a
single mode of propagation; microstrip is within this category. The phase velocity of TEM
fields in the dielectric region would be c¢/+/€,-, but the phase velocity of TEM fields in the
air region would be c. Thus, a phase match at dielectric-air interface would be impossible to

attain for a TEM type wave.



In actuality, the exact fields of a microstrip line constitute a hybrid TM-TE wave.

So, the fields are referred to as quasi-TEM.

The static or quasi-static solutions of these modes can lead to the good

approximation of Static-TEM parameters discussed in the next section.
2.3.2 Static-TEM Parameters

The microstrip synthesis problem consists of finding the values of width w and length [
corresponding to the characteristic impedance Z, and electrical length 6 defined at the
network design stage. Initially a suitable substrate of thickness h and relative permittivity &,
will have to be chosen. The choice also depends upon certain limitations of frequency. The
synthesis actually yields the normalized width-to-height ratio w/k initially, as well as a
quantity called the effective microstrip permittivity &,¢5 . This quantity is unique to mixed-
dielectric transmission line systems and it provides a useful link between various

wavelengths, impedances, and propagation velocities [2].

The Characteristic Impedance Zo
For any TEM-type transmission line the characteristic impedance at high frequencies may

be expressed in any one of three alternate forms

L
Z, = j; (2.19)

Zo = vyl (2.20)
Zo = ! 2.21

Equation 2.20 and 2.21 involve the phase velocity v, of the wave travelling along the line.

The phase velocity is given by

(2.22)
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When the substrate of the microstrip line is removed we have an air-filled line along
which the wave will travel at c, the velocity of light in free space is 3*10°m/s. the

characteristic impedance of this air-filled ‘microstrip’, Zo;,

L
Zot = |— 2.23
0= |= (223)
Z()1:CL (2.24)
1
=— 2.25
0 =g (225)

where L remains unaltered and C; is the capacitance per unit length for this structure.

Combining equations (2.19), (2.24), and (2.25) yields the result

1
Zy = (2.26)

N

This means we have the required characteristic impedance only if we can evaluate

the capacitances per unit length of the structure, with and without the presence of the

dielectric substrate.

The effective microstrip permittivity &,5¢

For the air-spaced microstrip line the propagation velocity is given by
1

JLC,

and dividing equation (2.27) by equation (2.22), we obtain
C c\’
—=|— (2.28)

The capacitance ratio C/C; is termed the effective microstrip permittivity,e.f, an

(2.27)

CcC =

important microstrip parameter.

c 2
Eeff = (v_) (2.29)



The relationship between Z), Zy; and €, is given by

Z
Z, = —2 (2.30)
 Eeff
that is,
ZOl = ZO«/Seff (231)

For very wide lines nearly all the electric field is confined to substrate dielectric, the

substrate resembles a parallel plate capacitor, and therefore, at this extreme,
Eeff 7 &r

In the case of very narrow lines the field is almost equally shared between air

(&, = 1) and substrate so that, at this extreme
1
The range of &,5fis therefore
1
E(Sr + 1) < Eeff <& (233)

It can be convenient to express effective microstrip permittivity as follows
gerr=1+q(e—1) (2.34)

where the new quantity, filling factor, has the bounds

N =

<g<1 (2.35)
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Synthesis: the width-to-height ratio w/h

The width to height ratio (w/h) is a strong function of Z; and of the substrate

permittivity &,..
Synthesis formulae (Z, and &, given)

For narrow strips (i.e. when Z, > {44 — 2¢&,} ohms):

w_ <eXp L >_ (2.36)

h 8 _4epo’

where

,=Zo 2(e, +1) 1(&—1)( T 1 4)

In+—In—
119.9 ZAEEY AR

2.37
2 & @ ( )

For wide strips (i.e. when Z; < {44 — 2¢.}ohms):

w2 & —1 0.517
Y Zid—-1)—In(2d -1} + {m(d ~1) 40293 — } (2.38)
h T s ST
where
59.9572
d= (2.39)

ZoVer

Analysis formulae (w/h and &, given)

For ‘narrow strips’ (w/h<3.3):

Zo=—22 |in]aly 16<h)2+2 1(‘gr_l)(1”+11 4) 2.40
" 2(e + D MW w 2\e, +1/\ "2 7 ' (2.40)

For ‘wide strips’ (w/h>3.3):

1199 [w In4 In(em?/16) /e, —1\ €.+ 1, me w -1
= et /)(r >+T { (—+0.94)}]

= — In—+1
0 2\ [2h 2 g2 2me, "2 +in 2h

where e is the exponential base: e=2.7182818
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2.3.3 Effect of Finite Microstrip Thickness on Characteristic Impedance

Practical microstrip circuits have a finite thickness, ¢ which must influence the field
distribution. For most single microstrip lines the effect of this thickness on the design
parameters is very small and may often be neglected. Even in the case of microstrip circuits
using thick film technology, there is usually no need to allow for thickness when
calculating impedance or effective microstrip permittivity because such films invariably

taper towards the strip edges [2].

With some etched microstrip circuits, on plastic substrates, and circuits where the
microstrips are designed to carry at least moderate power, the thickness may be significant.
An indication of change in electric field distribution is provided in figure 2.8. We can see

that the increase in thickness leads to radiation of electric field in air. Thus there is power

loss.
Yy
. A
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Figure 2.8 Changes in the distribution of electric field (transverse cross-section) as a
thickness of microstrip is altered

Some accurate expressions have been reported which are now reported here.

Forw/h<1:

60 h W,
Zy = In <8— +0.25 —) (2.42)
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For w/h >1:

_ 1207 {% +1.393 + 0.667 (% + 1.444)}_1 (2.43)

7, =
° V Eeff

where with w/h <1/2n

w, w 125t
—=—+ﬂ—<1+ln—> (2.44)

with wh >1/2xn

A . — 1+ In—

t

w, w 125t 2h
( ) (2.45)

where w, is the effective microstrip width when thickness of the microstrip is finite and

cannot be ignored and is denoted by t.

Finally, the effective microstrip permittivity &.sr should be evaluated using

expressions given previously and the following term subtracted:

- —1Dt/h

So that the final value is given by

For microstrip having t/h <0.005, 2 < &, < 10, and w/h > 0.1, the effects of this
thickness are negligible. At smaller values of w/h or greater values of t/h, the significance

increases.

There are various losses involved in microstrip lines. These losses are discussed in

the next section.
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2.3.4 Losses in Microstrip Lines

Dielectric losses

The dielectric substrate has a complex relative permittivity given by € = €,6,(1 — j tan §)
where tan § = (G/wC) is the loss tangent for the substrate. The loss tangent represents the
ratio of conduction to displacement currents that flow in the dielectric region [3]. For a
TEM wave propagating along a low-loss uniformly filled transmission line, the attenuation

due to the losses in the dielectric material is
B GZ, _ wCZ,
=" T

tand neper.m™! (2.48)

A dielectric-loss effective filling factor, g4, is introduced now to allow for the fact
that the lossy dielectric material does not completely fill the whole microstrip cross-section.
It is clear that q; will differ from a similar effective filling factor for capacitance
calculations since, on the one hand, for evaluating g, there is no conductance component
associated with the air region above the substrate, even though there is energy transfer
through this region, while on the other hand, for &,¢f calculations there is a capacitive
component for the air region. In the above equation, C is the total capacitance per unit
length of line and,

v Eerf

€2y = (2.49)

It follows that

nf\/€ers

ag = qu tané (2.50)

The effective filling factor for the dielectric loss tangent

electric energy stored per meter in the substrate W

U= Clectric energy stored per meter in the complete line W
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Furthermore, it is shown that

aw W ow w
=— and = (2.51)
aET & a&'eff geff
giving
Oerr _ Eorf Ws _ Eeff
= — = 2.52
de, e W & a ( )
Thus
& aeeff
Qg = ——— 2.53)
d geff aer (

The variation of &.rf with & for a given line geometry is found by using

grr =1+ q(e — 1), from which

_ & _ ai}
o (A GRE 254)

It is observed that for all substrate parameter permittivity, 0.5 < g < 1.0, and for

w/h =1, for which slope is about the largest

dq 0.03
—=— 2.55
de, £? (2:55)
Thus the expression
81"
qQa = (2.56)
Eess

will slightly overestimate the dielectric loss, but not more than about 1% if €, > 2.5. Hence,

equation 2.50 becomes

ag

nf./g £ -1
SRR T @)

c el g —1

or on rearranging

-1
o eers |1 (eers)
T |1t

where 4, is the free space wavelength.

}tan6 neper.m™! (2.58)
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Conductor losses

At microwave frequencies, the current flows through a thin layer on the outside surface of
the microstrip conductors. With the transverse dimensions much greater than the measure
of this layer thickness, called the skin depth, the skin effects of an actual conductor surface
may be analyzed in terms of a plane wave propagating along the normal into the conductor.
For a plane wave propagating in a good conductor with no magnetic losses and with the

conductivity o > we, the propagation coefficient

1

i wLG\2
y =./joLG = azﬁz(T>

1
WUO

> a=p=(22) (2.59)

Where u is the permeability of the conductor that, for non-magnetic materials, is taken as

Uo, the permeability of free space. Thus the fields and currents decay exponentially into the

1

conductor and, at one skin depth,d have decayed to e™" of their surface values, i.c.

& = a~ 1. Hence the skin depth

N =

5= {wiw} m (2.60)

It may be assumed that if there are at least three skin depths of conductor thickness from
each surface then the assumption of the uniform current distribution will produce errors that
are negligible in comparison with other possible sources of error, such as the effects of

surface roughness [3].
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Chapter 3

Parallel Coupled Microstrip Lines and
Directional Coupler

3.1 Introduction

A “coupled line” consists of two transmission lines placed parallel to each other and in
close proximity as shown in the figure 3.1. In such configuration there is a continuous
coupling between the electromagnetic fields of the two lines. Coupled lines are utilized
extensively as basic elements for directional couplers, filters, and a variety of other useful

circuits [1].

Figure 3.1 A pair of parallel, edge-coupled microstrip line

Because of the coupling of electromagnetic fields, a pair of coupled lines can
support two modes of propagation. These modes have different characteristic impedances.
The velocities of propagation of these two modes are equal when the lines are embedded in
a homogeneous dielectric medium. This is a desirable property for the design of circuits
such as directional couplers and filters. However, for transmission lines such as coupled
microstrip lines, the dielectric medium is not homogeneous. A part of the field extends into
the air above the substrate. This fraction is different for the two modes of coupled lines.
Consequently, the effective dielectric constants (and their phase velocities) are not equal for
the two modes. The non-synchronous feature deteriorates the performance of circuits using

these type of coupled lines [1].

When the two conductors of a coupled line pair are identical we have a symmetrical

configuration. This symmetry is very useful for simplifying the analysis and design of such
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coupled lines. If the two lines do not have the same characteristic impedance, the

configuration is called asymmetric.

For the lines operating in the TEM mode or when the analysis can be based on
quasi-static approximation, the properties of the coupled lines can be determined from the
self and the mutual inductances and the capacitance for the lines. In the case of lines
operating in the non-TEM mode, a full-wave analysis is needed for the two modes of

propagation.

3.2 General Analysis of Coupled lines

3.2.1 Methods of Analysis

The four different methods that are generally employed for determining the propagation
characteristics are the even- and odd-mode method, the coupled mode formulation, the

graph transformation technique, and the congruent transformation technique.

The even- and odd-mode method is the most convenient way of describing the
behavior of symmetrical coupled lines. In this method wave propagation along a coupled
pair of lines is expressed in terms of two-modes corresponding to an even and an odd
symmetry about a plane that can therefore be replaced by a magnetic or electric wall for the

purpose of analysis [1].
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Odd Mode Even Mode

Figure3.2 Even and Odd Mode Analysis of Coupled Microstrip Lines

20



In the coupled mode approach, the wave propagation is expressed in terms of the
mode of propagation on individual uncoupled lines modified by the coupling because of
mutual capacitances and inductances. This approach, therefore, provides an insight into the
mechanism of coupling. The method is quite general and is applicable to asymmetric
coupled lines also. This approach finds application in all types of coupled systems used in

various disciplines.

Coupled microstrip lines are characterized by the phase velocity and characteristic
impedances of the two modes. For the purpose of synthesis, the charts and graphs can be
prepared for a number of coupled line parameters and thus using tables the desired
information can be obtained. This procedure is time-consuming. So, the design equations

can be used to save time.

With our present work we will be discussing the first two methods to study the
equivalent behavior of the coupled lines. The coupled line theory is discussed next which

relates the coupled lines with the equivalent capacitance per unit length.

3.2.2 Coupled Line Theory

The coupled lines can be represented by the structure as shown in figure 3.3. If we assume
a TEM type of propagation, then the electrical characteristics of the coupled lines can be
completely determined from the effective capacitances between the lines and the velocity of

propagation on the line [4].

As depicted in the figure 3.3, C;, represents capacitance between two strip
conductors in the absence of ground conductor, while C;; and C,, represent capacitance
between the two strip conductors in the absence of another strip conductor. If the strip
conductors are identical in size and location relative to the ground conductor, then

Ci1 = Cyy.
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Figure3.3 Equivalent Diagram of Coupled Microstrip Lines [4]

Now consider two special cases of excitations for the coupled line: the even mode,
where the currents in the strip conductors are equal in amplitude and in the same direction,
and the odd mode, where the currents in the strip conductors are equal in amplitude but

opposite in directions.

For the even mode, the electric field has even symmetry about the center line, and
no current flow between the strip conductors. This leads to the equivalent circuit shown in
the figure 3.4, where C;, is effectively open circuited. Then the resulting capacitance of

either line to ground for the even mode is
Ce = C11 = Cp (3.1)

assuming that the two strip conductors are identical in size and location.

NN N N NAY NN 2
I

I
Hvirall

Figure3.4 Even Mode Excitation [4]

Then the characteristic impedance for the even mode is

Zo,= LoV _ 1 62
%™ Ic,” €, vC, '

where v is the velocity of propagation on the line.
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For the odd mode, electric field lines have odd symmetry about the center line, and
a voltage null exists between the two strip conductors. We can imagine this as a ground
plane through the middle of C;,, which leads to the equivalent circuit as shown in

figure 3.5.
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Figure3.5 Odd Mode Excitation [4]

In this case, the effective capacitance between either of the strip conductors and
ground is

CO - Cll + 2C12 - C22 + 2C12 (3.3)

and the characteristic impedance for the odd mode is

Zyo = (3.4)

In words, Zy.(Z,,) is the characteristic impedance of one of the strip conductors
relative to ground when the coupled line is operated in the even (odd) mode. An arbitrary
excitation of coupled line can always be treated as a superposition of appropriate

amplitudes of even and odd modes [4].

3.2.3 Coupled mode Approach

In this approach coupled lines are characterized by the characteristic impedances and phase
velocities for the two modes. These two modes are obtained by considering the effect of the
self- and the mutual inductances and capacitances of the modes in the individual uncoupled

lines [1].
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For coupled mode analysis, the voltage on one line is written in terms of the
currents on both lines and the self- and mutual impedances. Similarly the current in each
mode is written in terms of voltages and admittances. Eliminating currents or voltages
yields the coupled equations. The solution of these coupled equations determines the

propagation constants for the two modes.

The couple mode analysis for coupled lines with unequal impedances is described

next.
Analysis

The behavior of two lossless coupled transmission lines is described in general by the

following set of differential equations:

—% =710y + Ziniy (3.5(a))
—% = Zipiy + Z,i, (3.5(p))
—% =Y, v, + Vv, (3.5(e))
—% = Y,v; + Yov, (3.5(d))

where Z;,Y; (j=1, 2) are self-impedances and self admittances per unit length of lines 1 and
2 and Z,, and Y,, are mutual impedance and mutual admittance per unit length,
respectively. Voltages and currents, which are function of z, are represented by v, and i

(k = 1,2), respectively. A time variation e/®* is assumed [1].

Eliminating i; and i, gives the following set of coupled equations for the voltages

v; and vy:
d?v,
472 a;v; —byv; =0 (3.6(a))
d?v,
i b,v; =0 (3.6(b))
where
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a1 = lel + YmZm (3.7(0,))

bl = Zlym + Y2Zm (3.7(b))
az = YZZZ + YmZm (3.7(C))
bz = ZZYm + Y1Zm (3.7(d))

The coefficients a4, a,, b; and b, are constants.

Assuming a variation of the type v(z) = vye™"* for the voltages v; and v,, the

coupled equations reduce to the eigen-value equation
[y* —v*(ay + az) + a1a; — byby]Jvg = 0 (3.8)

The solution leads to the following four roots of y:

Y12 = tVcand y34 = 1y, (3.9)
where
a, +a 1
Ven = % x 5 [(a; — ay)* + 4byb,]"/? (3.10)

The subscripts “c” and “n” refer to the ¢ and m modes for asymmetric coupled lines. The
propagation constants for these modes, y.and y,;, correspond to in-phase and anti-phase
waves, which reduce to even and odd-mode waves, for symmetrical lines. The roots with

plus or minus sign represent waves travelling in the +z or —z directions, respectively.

The ratio of voltages v, and v; on the two lines for the ¢ and © modes is obtained

from the equations discussed above and is given as

2
Vo _Y —a_ b

3.11
%1 by Y% —a, ( )

If the corresponding ratios for the ¢ and m modes are represented by R, and R, then

R, (_ vi fory = ch) - 2_1191 [(az —a)) +{(az —a;)* + 4b1b2}1/2] (3.12)

v

1
Ry (= Z— fory = ty,) = 7 1@ a0 + (@ —a)? + 4bip}?] (313)
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It may be observed that R, is positive real and R, is negative real, thus representing in-

phase and anti-phase waves.

In terms of the four waves, with propagation constants +y,. and ty,, the general

solution for the voltages on the two lines may be written as
Ul == Ale_ycx + Azeycx + A3e_yﬂ:x + A4eyﬂ:x (3.14‘)
172 = RC(Ale_ny + Azeycx) + Rn.(A3e_y“x + A4ey"x) (3.15)

The currents i; and i, are obtained by substituting the corresponding voltages v; and v,and

may be written as
il == Ycl(Ale_YCZ - Azeycz) + Ynl(A3e_y7TZ - A4ey”2) (3.16)
iz == YczRC(Ale_ycz - Azeycz) + Yn-an-(Age_ynZ - A4€ynz) (3.17)

where Y1, Y., Y71, Yo are the characteristic admittances of lines 1 and 2 for the two

modes. These are given by

Zy, —ZmR, 1
Yoo =Veso— = (3.18)
Gz -2 Za
ZiR, —Z 1
Vg=dellleZom_ (3.19)
Rc lez - Zm ZcZ
Similar relations hold for the w mode. Substituting the values of R.and R,; gives
Ycl Yn’l
—=—R.R; =— (3.20)
Yc2 o Yrrz

The above analysis has been carried out in terms of the two independent modes of
propagation termed “c” and “mr” modes with propagation constants y.and y,;. The voltages
v;and v,on the two lines are related through v, /v, = R, and R;;. The corresponding ratios

for the currents are given by i,/i; = —1/R,and —1/R,, respectively.
Symmetric lines
For the case of symmetric lines, a, = a, and b, = b;. Therefore v, /v,
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v,/v; =R, =+1 for ¢ mode (even mode) (3.21)

v,/v; = Ry =—1  for m mode (odd mode) (3.22)

Even and Odd mode Analysis

The two coupled lines make a four port device. The total voltages that result when port 1 is
excited by an input signal are shown in figure 3.6(a). If the two ports at one end of the
structure are driven with same phase and magnitude voltages, the even-mode configuration
results with four voltages and four currents at the ports. These variables are distinguished
by the superscript “(e)”. For the odd mode, port 3 is driven anti-phase to port 1 and the odd-

mode voltages and currents are denoted by the superscript “(0)”.

The total voltages at each port are given by superposition of the even- and odd-

mode voltages [3]. Thus
Vl — Vl(e) + VL(O) V2 — V()(e) + VO(O)

The transverse electric field patterns for the even and odd modes for a microstrip
line are illustrated in the figure 3.7. As was the case for the single microstrip line, rather
than evaluating the inductance per unit length for each mode, each of the even- and odd-
mode impedances, Zy, and Z,,, is found from both air-filled and dielectric filled line
capacitances for the respective mode. The mode impedances represent the propagating
wave voltage/current ratio on each line when the pair of coupled lines has been

appropriately excited.
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(a)

Total voltages

(b) Vs
2
Even mode
voltages
Vs
(c) 2
Odd mode
voltages

Figure3.6 Parameters of coupled transmission lines. (a) The total voltages that result when port 1 is
excited by an input signal. The voltages in (a) are decomposed into two sets, (b) the even mode voltages,
and (c) the odd mode voltages [3]
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Even Mode Symmetry

Odd Mode Symmetry
Figure3.7 Electric field lines shown in the Even mode and Odd Mode for parallel-coupled microstrip
transmission lines [3]
Consider the line with characteristic impedance Z, as illustrated in figure 3.8. The

load and source impedances give voltage reflection coefficients, I}, and I'5 respectively, at

the ends of transmission line. The voltages at each end of the line is given as

- L[ Bee

When I's = [}, = T, the above equations become
v, = %[1 — % (3.26)
Vo = %[%] (3.27)
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This formulation of the line voltages is also applicable to coupled lines in terms of
the even- and odd-modes on the lines. For the even mode, the load and source impedances

are Z, and the characteristic impedance Z, so that

i .
VSZS@ tv Zy w1 §|ZL
@ p @

: ’

Figure3.8 Parameters for terminated transmission line [3]

Further, the Vsbecomes Vs /2 in the figure, giving

Vs[.  L(1-e7%)

v = + -1 T e (3.28)
v = % %} (3.29)
Likewise, for the odd mode in the figure,
y© = % :1 - % (3.30)
v - % %l (3.31)

Note that 8 in the even and odd mode equation is identical, by virtue of the

assumption that the even and odd mode velocities are equal [3].
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Input match condition

Apply an input signal to port 1 only. The input voltage V; = Vi(e) + Vi(o) , so that

Vs . I, I,
_’s — (1 — )26 e o >} :
= {1 +1-(1-e )(1 — 2o Y T [2g 0 (3.32)

The condition for a matched input at port 1 in figure is V; = Vs /2, given when

( e + Lo )=0 (3.33)

1_1"eze—j29 1_1"Oze—j29

To satisfy this condition in a frequency independent manner, i.e. for all8,[, = —I is

sufficient. Now,

Zo _ Zoo

=2 = (3.34)
Zoe Zy

i.e. Zer()O = Zg

Isolation

The voltage at port 4, where good isolation is required, is given by Vo(e) - VO(O) yielding

Vs (1—T2e™? (1-r2)e
A (v N e (335)
4 1-— peze j26 1-— 1"028 j26
Again, I, = —I, is clearly sufficient, and may likewise be shown necessary, to make
V4_ = 0.
The coupled port
At port 3, the coupled port
Ve I,(1—e/?° r,(1—e /2
Vs = — 1—e( — )—1+°( — ) (3.36)
4 1— Qze j26 1-— Foze j26
With I, = =TI,

31



Vs (I,(e/ —e=J°
V= —— e(.g — ) (3.37)
2 | e? —TpeI®
Giving,
V= VS{ 2jI, sin @ }
7 21 -T2)cosO +jsinO(1+T2)
Vs 1 21  sin 6
———5( : ) J (3.38)
2\ + 17 (1_Fe>cost9+jsin9
1412
Now, it can be readily shown that
21, Zoe —Z,
_ e _ Oe 0o =c (3.39)
1+T172 Zye +Zg
where ¢ will appear as a coupling coefficient. It is simple to show that,
1-r2\?
1-c%= = 3.40
¢ <1 + 1;2> (3.40)
Thus
V- Vs < jecsinf ) (3.41)
S22 V1 —c?cos6 +jsin6 '
Transmission
With the same condition I, = —I},, the transmitted signal at port 2 may be similarly found
as
V—VS< 1-c ) (3.42)
2 2\VI—cZcosO +sinb '
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Summary and discussion

When Vs is set as 2 V for each of the two modes, a unit input voltage at port 1 results and

the following relationships are found,

Vv, =1 (3.43)

v, = 1= (3.44)
®  VI-cZcos +sinf .

Ve = jesin@ (3.45)
’ V1—c?cos0 +jsin6 '

V, =0 (3.46)

The maximum coupling from port 1 to port 3 occurs when the coupling length is

one-quarter wavelength, i.e. 8 = /2. Under these conditions

V=1
V2=_jm
V;=c
V,=0

To summarize, with the assumptions made earlier, the following points have been

noted down

a) Port 4 always has zero output, irrespective of the electrical length of the coupling
region. In practical circuits, a major cause of the poor isolation may be unequal
phase velocities of the even- and odd-mode.

b) The input at each port is matched to the feed line characteristic impedance, Z,,,
again irrespective of the electrical length of the coupling region.

c) The total output power equals the input power.
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d) The maximum coupling to port 2 occurs at the frequency that gives a quarter-wave
coupling length. This will be the mid-band frequency. Because of this property,
these couplers are also known as quarter-wave couplers.

e) At this maximum coupling frequency, the through line voltage V, is 90° out of
phase with the coupled line voltage V5, i.e. this coupler may be defined as a
quadrature coupler. The coupled voltage V5 is in phase with V; and thus V, lags V;
by 90°, the latter phase difference being identical to the electrical length of the
coupling region.

f) At frequencies other than the maximum coupling frequency, the ideal frequency
response is found by evaluating the terms |V, (6)| and |V5(8)|, remembering that 6
is a function of frequency.

The coupling of the directional coupler is generally expressed in dB, i.e.

coupling, C = —201log(c)

Thus it follows that

1

1 =
1+c\2 1+ 107¢/20\2
2 =2(1=) =% (70w (47)
1
1— 10—6‘/20 2
ZOO = Zg - ZOe = ZO <m> (348)
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Chapter 4

Design of Directional Coupler and Its
Directivity Improvement

4.1 Design of Directional Coupler

Various design charts and methods are being developed and implemented in order to

calculate the physical parameters of the directional coupler.

Earlier the methods given by Bryant and Weiss [5] calculated the capacitance,
characteristic impedance and velocity of propagation of even- and odd normal modes using
the physical parameters of the directional coupler. Kirschning and Jansen did a frequency
dependant analysis for the even and odd mode characteristics of parallel coupled microstrip
lines [6]. The design charts were plotted but they gave only the physical parameters of
directional coupler versus even- and odd-mode impedance. As a result, these were not
practically implemented on real applications. These design charts used backward
calculations in order to determine the physical parameters of the directional coupler. The
process is cumbersome and tedious. Also, the reverse process was needed where the

designer required knowing about the physical geometry from impedances.

Akhtarzad et al. gave a design method so that a directional coupler can be
implemented using synthesis technique [7]. The strip width for single microstrip line was
calculated corresponding to the even and odd-mode impedances of the coupled microstrip
lines. These were further corrected by Hinton [8] by correcting w/h ratios using Wheeler’s

formula [9].

Eroglu in his paper [10] discussed the three-step design procedure with accurate
formulations to have a complete design of symmetrical two-line microstrip directional
coupler including physical length at the desired operational frequency. The design

procedure requires the knowledge of the port termination impedances, coupling and the
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operational frequency. The even and odd mode impedances are calculated in the first step.
The second step calculates the physical dimensions s/4 and w/h. The third step calculates

the length of the coupler.
The three steps to design the directional coupler are

a) Calculation of even and odd-mode impedances

The even- and odd-mode impedance of the microstrip coupler is given by

1
14+ c\2 14 107¢/20
Zoe = Zo (1 — c) = Zo| T 1g-c/20
1
1— 10—6/20)7

1
2

— 72 _ —
Zoo —%*%;;—%(m

where C is the coupling required and is given in decibels.

b) Find physical dimensions s/h and w/h

The physical dimensions are calculated by different researchers using different
formulae. Akhtarzad et al. calculated the physical dimensions using synthesis technique
[7]. The corrections were made on the calculations and are given in [8]. Eroglu [10] in his

paper employed the corrections and calculated the dimensions.

The spacing ratio s/h of the coupler is given by

cosh 3 ()| + cosn 5 (), | -2

cosh [Z (%) ] - cosn 5 (%), |

(w/h),. and (W/h),, are the shape ratios for the equivalent single case even and odd-

2 -1
s/h = ;cosh (4.1)

mode geometry.
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(w/h) is the corrected shape ratio for the single microstrip line,

\/[exp% ) ]7+(4/£r) 1+1/e,

081
[exw (2= +1) - 1]

(4.2)

where R = Zy./2 or R = Z,, /2.

Z,se and Z g, are the characteristic impedances that correspond to single microstrip

shape ratios (W/h)s, and (w/h),, respectively. They are given as

Zpe, = 20 4.3
ose — T ( . )
Z Zoo 4.4
0so — T ( . )
W/h)se = W/h)|g=z,,, (4.5)
W/h)g = (W/h)|R=zoso (4.6)
The corrected term (w/h)s5, is given as
(%) = 0.78 (%) +0.1 (%) (4.7)

N N se

Using the above formulae the spacing ratio, s/4 can be calculated. After the spacing

ratio, one has to find the shape ratio w/4. The shape ratio for the coupled lines is given as

() Lonria-3()

where

B, Jo st »

g = cosh [% (%)] (4.10)
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c) Calculation of Physical Length of the Coupler
The physical length of the coupler is obtained using
LA ¢
474 T 4 ey

where ¢=3*10* m/s, and f is operational frequency in hertz. Hence the length of the

(4.11)

directional coupler can be found if the effective permittivity constant &,¢¢ of the coupled

structure is known. &.¢¢ can be found using

_l_
Jeors = Veerse tEerso (4.12)

2

The €.¢fc and .55, are the effective permittivity constants of the coupled structure
for odd and even modes, respectively. &.¢r, and €57, depend on even- and odd-mode

capacitances C, and C, as

geffe = (413)

geffo = (414‘)

Ce
Cer
CO
Cor
All the capacitances are given as capacitances per unit length. C,q,q 1s the

capacitance with air as dielectric.

1) Even-Mode Capacitance Calculation: The even-mode capacitance C, is
Co=Cp+Cr+Cf (4.15)
C, 1s the parallel plate capacitance and is defined as

w
C, = Eobr (4.16)

where w/h is found in earlier section. Cy is the fringing capacitance due to the microstrips

being taken alone as if they were a single strip, which is equal to

VEserr Gy
Cr = -— 417
= 2cz, 2 (417)

Here, &g¢55 is the effective permittivity constant of a single strip microstrip, which

can be expressed as

&e+1 & —1 F (W) (4.18)

= —+ —
Eseff =73 2 h
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where

-1
hy /2 w2
- - w
1+12W) +0.041(1 h) , Vsl

-0

k<1+12£) , W/h21

(4.19)

C; is given by the following equation:

cl = & e (4.20)
Ty A(h/s)tanh (8S/h) Eseff .

where A= exp (—o.1exp(2.333 —2.53 W/h)) (4.21)

2) Odd-Mode Capacitance Calculation: The odd-mode capacitance C,, is

Co=Cp+Cr+Cyq+ Cyq (4.22)
Cyq 1s the capacitance term in odd mode for the fringing field across the gap in the air
region. It can be written as
K(k")
Coa = &0 ey (4.23)
where
1 1+ VK’
(—ln<2 ) 0<k?*<05
K(k" T 1 -k’
— = U (4.24)
K(k ) 05<k?<1
2 i (o LHVE
1-VK’
°/
h
k=c—— (4.25)
Int2%/n
k' =1 —k? (4.26)
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Cyq represents the capacitance in odd mode for the fringing field across the gap in the

dielectric region. It can be found using

£, E TS 0.02 1
Coa =21 <coth (ZE)> +0.65C; <ﬁ\/s—r +1- §> (4.27)
Since
Z,n = ! (4.28)
N '
Z,, = ! (4.29)
* (Y, CoCol .
Then we can write
C, = ! 4.30
el — CZCezge ( . )
1

Cor = 55 4.31
ol CZCoZgO ( )

Substituting these equations in the previous equations gives the even- and odd-mode
effective permittivity €57, and €.rr,. These equations help us to find the effective
permittivity constant &.¢r of the coupled structure. Thus, the length of the directional

coupler can be designed.

The performance of directional couplers is characterized by the following three

values.

4.2 Parameters of Directional Coupler

4.2.1 Coupling
Coupling is defined as the ratio between power coming through P; and P,, for a given

frequency. The expression defines the value of the coupling

P
C(dB) = 1010gP—1 = —2010g|S,,| (4.32)
4
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4.2.2 Isolation

Isolation is defined as the power transferred from port 1 to port 3 of the directional coupler.

It is expressed as

P
1(dB) = 1OlogP—1 = —2010g|S;]| (4.33)
3

4.2.3 Directivity

The directivity is the ability to transfer power from the input port to the coupled port and to
reject the power that can come from the through port, due to reflections on this.

It is a parameter that defines the technical and technological quality of directional
coupler. The higher value of this parameter is the greater the technical quality of the

component will be.

P S
D(dB) = 1OlogP—4 = —2010g5—31 (4.34)
3 34

4.3 Improvement in Directivity of Directional Coupler

Directivity is one of the most important parameter of the directional coupler. Directivity is
defined as the ratio of leakage of incident signal to that of the desired reflected signal.
Lower the leakage signal, higher the directivity and better the accuracy of reflection
measurement. The directivity is a measure of the coupler’s ability to separate forward and

reverse wave components.
D=I1-C dB (4.32)

The ideal coupler would have infinite directivity and isolation. But, practically this
is not possible. The main reason behind the poor directivity is due to the unequal even and
odd-mode phase velocities. Microstrip directional couplers suffer from poor directivity

because of inhomogeneous dielectric, i.e., partly dielectric substrate, partly air. For this
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reason, odd and even modes excited in the coupled region exhibit different velocities and
consequently different wavelengths. Typically loosely coupled backward wave microstrip
couplers have directivities which decrease with increasing frequency. High directivity
becomes more difficult to obtain as the coupling is loosened. The problem appears to be
that the propagating velocities of the odd and even modes are not equal. The directivity
becomes worse when the operating frequency is increased or the dielectric constant

decreases.

Various methods have been proposed in the literature to improve the directivity and
isolation of the microstrip parallel coupled-line coupler [11, 12]. Dielectric overlay is
proposed to decrease the odd-mode phase velocity of the microstrip coupled-line to
compensate the difference in phase velocities. Dielectric overlay [13, 14] equalizes the
modal phase velocities by increasing the odd-mode effective dielectric constant and slightly
lowering the even-mode value. The presence of the overlay causes a reduction in the width
and separation between conductors, if the even- and odd-mode impedances are to be
maintained constant, which results in increased conductor and dielectric loss compared to a

conventional device.

In another approach [15], wiggly line has been proposed to compensate the phase
velocity difference and improve performance of the microstrip coupled-line coupler.
Wiggling the adjacent edges of the lines in the manner pictured in figure 4.1 slows the odd
mode wave without much affecting the even mode. If the outsides of the lines were wiggled
in unison with the insides then the even mode would be slowed down, and the wiggling

would have to be more severe before velocity equalization would occur.

SAAAAAANL

|

Figure 4.1A typical wiggly line coupler[15]

In another technique, lumped capacitances are added at the ends of the microstrip

coupled-line coupler to increase the electrical length of the odd-mode at the design
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frequency [16, 17]. However, the capacitors values are restricted by the modal phase

velocity difference.

Another attempt tries to compensate the difference in phase velocities by

introducing ground-plane aperture to the ground plane of the coupler [18].

Lee presented in his paper the accurate method to design the directional coupler

with high directivity with shunt loaded inductors [19].

The wiggling and slotting techniques are marked by broadband phase-velocity-
compensation which is achieved by the modification of structure of the coupled-line
section. The idea is based on the fact that the wiggly or slotting structure raises the odd
mode inductance more strongly than that of the even mode due to the different current

distributions between both modes [20].

Lei Han proposed a method with multi-element capacitive compensation to improve
the directivity of the microstrip directional coupler. The directivity of the couplers with
multi-compensated capacitors greatly improved compared with the conventional structure,
the couplers with three- and four-compensated capacitors obtain the wider frequency

response compared with the coupler with two-compensated capacitors [21].

Thus, the various methods and structures have been proposed to improve the
directivity and isolation of the directional coupler. Here, in the present work discussed in
this thesis, the conventional directional coupler will be designed using the synthesis method
discussed before. The spacing ratio s/4 and the shape ratio w/h will be calculated first and
then the length of the directional coupler will be calculated. Then the coupling edges of the
conventional directional coupler designed are modified in order to obtain high isolation and

thus high directivity.
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Chapter 5

Design and Simulation of Microstrip
Directional Coupler

We have studied the various methods employed to design the microstrip directional
coupler. The parameters which should be known to us are the port impedances, the required

coupling level and the operational frequency at the initial stage of the design.

5.1 Design Specifications

Based on the known parameters, the directional coupler has been designed with the

following specifications.
Coupling,C = —15dB
Port Impedances,Z, = 50 ()

Operational frequency,f = 1.5 GHz

The substrate that is being used in the design is Rogers-R03210 which is having a

dielectric constant, €, of 10.2 of height, /4 of 0.5mm.
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5.2 Calculations and Schematic Diagram

The width, w of each microstrip and the spacing, s between the two microstrips of

directional coupler is calculated using the Agilent Advanced Design System Linecalc.

i LineCalcfcoupler. lcs

File Simulation Options Help

Bl==E]
Component
Type [MCLIN | !0 [MCLIN: MCLIN_DEFALLT ~|
Substrate Parameters . 5
D" [MSUE_DEFAULT | hysies /
W o o ]
Er Moz [ =2l |s [0388358  Jom =] = 4
Mur T | L 8418800 [mm v
Hu [39e+34  [mi | . Analyze Calculated Resuls
T o150 [mil =] [a] KE = 7.353
Gad faier [ o] Electrical Egjj%gfgggg
IanD om0 !—)l v ZE [53 845300 O =] gEiﬁngTthg.?DDZ
Component Parameters ;s ::;;;;;ss } E:m ﬂ
Freq [1.500 |aHz =] COE  [q é.DDDDDD ‘ u =]
| | [ EEf  [apoo0 ldeg v
| e -
[ alues are consistent

Figure5. 1 Physical Dimensions calculated using Agilent ADS Linecalc

The design specifications given are entered in the Agilent ADS Linecalc and the dimensions

of the coupled microstrip lines are computed.

The width and spacing of the microstrip are calculated as
Width,w = 0.43mm
Space between microstrip lines,s = 0.39mm.
The length of the directional coupler is calculated here as 19.4mm. But this length is
modified and calculated using the synthesis technique discussed by Eroglu [10]. The
calculation is done using a MATLAB program which is scripted in the Appendix. The

length of the directional coupler is found to be

Length,l = 18.6 mm.
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The schematic for the microstrip coupled line directional coupler is laid down for

the calculated physical parameters and is simulated using S-parameters.

MSub™ | w5 | S-PARAMETERS I
MSUB S_Param
MSubt- - . . SP1
H=0.5 mm. . R Start=0.4 GHz
Er=10.2 Stop=3.4 GHz
Mur=1 Step=100 MHz
1
| S|
+3  Tenn g Term
Term1 1 Term2
Num=1 | S| Term Num=2
Z=50 Ohm MCLIN Term3 Z=50 Ohm
= o Term CL|n1_" i N:IITI=3 —
1 Tm4 Subst="MSub1 Z=50 Ohm _L_
. o Z=50 Ohm . . 5039 mm {i . . o
_ L=194 mm {t}

Figure5. 2 Schematic Diagram for the Physical Parameters calculated

The simulation results are as shown in the figure. The coupling, S4; of the coupler
simulated is -15.197 dB at 1.5GHz. The isolation, S3; provided by the coupler is -22.094
dB. Thus the directivity of the directional coupler is,

D=I-C
= —22.094 + 15.197
= —6.897 dB
m1
freq=1.500GHz
dB(S(1,4))=-15.197|
-10— m
] T
. v
EC
= .30 m2 -
e teq=1.500GHz | |
Bo _40_1 B(S(1 .3})=-22.094-._|
—50_|r|'||||r|"||[|r|'||||r|'|||[|.’|'
00 05 10 15 20 25 3.0 35
freq, GHz

Figureb. 3 Simulation results of designed directional coupler
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The spacing between the coupled lines and the length of directional coupler are

further tuned to improve the isolation and thus the directivity.

Simulate schematic_new_directional_coupler
|While Slider Moves v|
Tune
Parameters |I'I"I 1
frog=1500GHz
Enable/Disable... eLint.= Clinl.L CALAN15,
f -10 m1 !
{rnm) {mm) ] . S g,
value |0.33 ] e M2 ErsatesT |
[ snap slider to Step -20— i Y — =
Hx g 3 ™ %,
Traces and values %% -30 : o~ m2 ""\.I .
32 B Bz 4t | |
e P B(S(1,3))=-22.411| | |
Trace Yisibility. .. ) \/
L L
0.0 0.5 1.0 1.5 20 25 30 35
[ Update Schematic ] freq GHz
[ Close ] [ Help ] Scale bn 14
< | >

Figure 5.4 (a) Tuning of parameters Figure 5.4 (b) Simulation results of tuned coupler

The results are seen at the length of 18.6mm and the spacing is reduced to 0.38mm.

the obtained results are
Coupling, C = —15.024 dB
Isolation,I = —22.411dB

Directivity,D = 7.387 dB



The updated schematic is shown in figure below:

MSub” 3| S-PARAMETERS
MSUB S_Param
MSub1 SP1
H=0.5 mm Start=0.4 GHz
Er=10.2 Stop=3.4 GHz
Mur=1 Step=100 MHz
. .
L1
Lt Term . Temm.
Term1 —1 ) Term2
Num=1 L1 E Term Num=2
Z=50 Ohm MCLIN Tem3 - Z=50 Ohm
= 2 Tam CL|n1_" . N:|m=3- —
1 Term4 Subst="MSub1 Z=50 Ohm _L
- NUm=4 W=0.43 mm = =
7250 Ohm $=0.38 mm {t} _
= L=18.6 mm {t}

Figure 5.5 Updated Shematic

The final physical dimensions that are obtained from the simulation results are
width,w = 0.43mm
spacing between lines,s = 0.38mm

length of the directional coupler,l = 18.6mm

The parameters that are finally obtained are laid down in layout and thus simulated.

It is discussed further.
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5.3 Layout of Directional Coupler

The parameters obtained in the earlier section are being laid down in the layout window of

Agilent Advanced Design System.

The layout of the conventional directional coupler is shown in the figure 5.6:

Figure 5.6 Layout of directional coupler with specified Physical Parameters

The substrate parameters are defined as follows:

=| Create/Modify Substrate: 6

Substrate Layers Layout Layers |

Marme: coupler-15dBlayout_lay

Select a substrate layer to edit OR define a new layer:

Substrate Layers Thickness

Substrate Layer Hame

FreeSpace |EI‘5 ||mm

[Rogers-rozz10 |

Rogers-RO3210

IR aND PR Permittivity (Er)

Permeability {MUr)

|Rel Loss Tangent

|Re, Lass Tangent vl

Real

Real

[10.2

[t |

Loss Tangent Loss Tangent
e |1 [N |

Figure 5.7 Defining Substrate Parameters
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The S-parameters of the plotted layout are simulated using simulation controller

window. The frequency range for which the layout is simulated is 0.4GHz and 2.6GHz.

The simulation control window is shown in the figure 5.8.

=/ Simulation Control: 6

Skimulus

Frequency Flans
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Select a frequency plan From lisk to edit or define a new one

Edit{Define Frequency Plan

coupler_15dE.ds Browse..,

F start F stop Npts/Step Sweep Tvpe

0.4000 GHz 26000 GHz Adaptive w
Start
0.4 ||cHe |+l
Stop
|26 ||aHz |
Sample Points Linnik

Paste Update ] [ Add to Frequency Plan List ]
Process mode: local Siolution Files

Data Display

Reuse files from the Open data display when
W
O previous simulation simulation completes
Foreground b’ Dataset Template

Presentationl Brawse. ..

Appky

Cancel

Figure 5.8 Simulation Control Window

The results obtained from the given layout are:

m1

req=1.500GHz
dB(S(1.4))=-15.335
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-20 m2
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ok AT m2
oo Lreq=1 500GHz
bt . dB(S(1.3))=-22.335
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04 068 08 10 12 14 168 18

freq. GHz

LB B B
20 22 24

2.6

Figure 5.9 S-parameters of the coupler designed

The coupling obtained at 1.5GHz is -15.335dB and the isolation obtained is -22.335dB. The
directivity calculated is 7dB.



5.4 Design of Modified Directional Coupler

It has been discussed earlier that the directivity of the microstrip coupled directional
coupler can be improved by wiggling and slotting techniques. Wiggling the adjacent edges
of the lines slows down the odd mode wave without much affecting the even mode. If the
outsides of the lines were wiggled in unison with the insides then the even mode would be
slowed down, and the wiggling would have to be more severe before velocity equalization
would occur [15]. Slotting structure raises the odd mode inductance more strongly than that

of the even mode due to the different current distributions between both the modes [20].

The conventional coupler that was laid down earlier is modified and the adjacent

edges of the coupled microstrip lines are slotted down in the form of square wiggles.

The dimensions of the modified directional coupler are shown in the figure:

DO D S _

0.5mm? :0.7 mm
% % - 2 2)

Figure 5.10 Physical Dimensions shown of the modified Directional Coupler

The length and width of the directional coupler remain same.
length,l = 18.6mm
width,w = 0.43mm

spacing between microstrip lines,s = 0.5mm
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The layout of the modified directional coupler is shown in the figure:

Figure 5.11 Layout of Modified Directional Coupler

The substrate parameters are same as earlier and the range of frequencies for which

the directional coupler is simulated is also same.

S-parameters simulation results are:

m1
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dB(S(4,1))=-14.688
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freq=1500GHz |
dB(S(3,1))=-40.0611

T

04 06 08 10 12 14 1B 18 20 22 24 2B
freq, GHz

N
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n
[}

Figure 5.12 Coupling and Isolation of Modified Directional Coupler

The graph reads at 1.5 GHz as follows:
Coupling(S,,),C = —14.688 dB

Isolation(S3,),I = —40.061 dB
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The forward transmission parameter S,; simulated is as shown in the figure 5.13.

m1
freq=1.500GHz
dB(S(2,1))=-0.156

] m1

dB(S(2. 1))

"'1D||||||||||||\||||||||
04 06 08 10 12 14 16 18 20 22 24 286

freq, GHz

Figure 5.13 Forward Transmission parameter S,,of directional coupler

The result in figure shows that there is very less attenuation of the wave signal in
the forward path, i.e. in travelling from port 1 to port 2. The attenuation provided by the
coupler at 1.5GHz is -0.156dB from port 1 to port 2.

The modified directional coupler is symmetrical. This can be proved by plotting and

comparing S3; and S, parameters of the modified coupler designed.
-10
15—
20—

== L | m1

o freq=1.500GHz
Ba 0 dB(S(4,2))=-40.391
[nafui]

©TT

-35— m‘]

40—
45_//
'50\‘|‘\‘|||‘|||‘\‘\‘\‘|

04 06 08 10 12 14 16 18 20 22 24 26
freq, GHz

Figure 5.14 S5, and S,4, parameter of modified directional coupler
The above plot explains the symmetrical behavior of the modified directional

coupler. Whether the excitation is given in port 1 or it is given in port 4, the received signal

at port 3 or port 2 respectively is almost the same.
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Chapter 6

Conclusion & Future Scope

The conventional coupler was designed and simulated for the operational frequency
1.5GHz on Rogers R03210 substrate having dielectric constant,&, 10.2 with the height,h of
0.5mm. The conventional coupler was simulated using S-parameters and the results showed
the coupling,S,; of -15.335dB and the isolation,S3; of -22.335dB and thus directivity came
out to be -7dB. The coupler was modified by slotting down the coupling edges and then it
was simulated. The results obtained showed the coupling to be equal to -14.688dB and
isolation was seen to be equal to -40.061dB. Isolation improved with a large amount. And
thus the directivity came out to be equal to -25.373dB. We can see that the directivity
improved from -7dB to -25.373dB, an improvement of about 18.373dB.

The side effects of the modified coupler were that for the same spacing between the
coupled lines, the coupling between the two lines increased. Thus to bring the coupling
level down to the desired specification, the space between the two coupled lines was

increased from 0.38mm to 0.5mm.

We can conclude that slotting and wiggling the coupling edges of the directional
coupler improves the isolation and thus the directivity increases. If, in the modified
directional coupler, the edges are slotted down densely, a further improvement in

directivity can be seen.

Further modifications in the physical structure of microstrip directional coupler can
be done in order to improve directivity of the coupler. The coupler designed can be used as

power divider and filter.
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Appendix

MATLAB coding for calculation of length of
the Directional Coupler

clc;

Zo= input (“enter the value of port impedance\n®);

C= input ("enter the value of coupling level in decibels\n®);
= Input(“enter the operating frequency in hertz\n");
er=input("enter the value of dielectric constant\n®);
c=3*10"8;

e0=8.854*10"-12;

%Calculation of even and odd impedance

x=1+10"(C/20);

y=1-10~(C/20);

Zoe=Zo*sqrt(x/y);

Zoo=Zo*sqrt(y/x);

% Find physical dimensions s/h and w/h

Zose=Zoe/?2;

Z0s0=200/2;
Ae=((Zose/60)*sqrt((1+er)/2))+((er-1)/(er+1))*(0.23+0.11/er);
WbyHse=8*exp(Ae)/ (exp(2*Ae)-2);
Ao=((Zoso/60)*sqrt((1+er)/2))+((er-1)/(er+1))*(0.23+0.11/er);
WbyHso=8*exp(Ao)/ (exp(2*A0)-2);
SbyH=(2/pi)*acosh((cosh((pi/2)*WbyHse)+cosh((pi/2)*WbyHso)-
2)/ (cosh((pi/2)*WbyHso)-cosh((pi/2)*WbyHse)));
g=cosh((pi/2)*(SbyH));

d=0.5*(cosh((pi/2)*WbyHse)*(g+1)+g-1);
WbyH=(1/pi)*(acosh(d))-0.5*(SbyH);

% Find the physical length of directional coupler%
% Even mode Calculation
Cp=e0*er*WbyH;

xxx= 1/sqrt(1+12/WbyH);
if WoyH <=1
func=xxx+(0.041*(1-WbyH)"2);
else
func=xxx;
end
eseff=((er+1)/2)+((er-1)/2)*func;
Cf=(sqgrt(eseff)/(2*c*20))-Cp/2;

A=exp(-0.1*exp(2.33-2.53*WbyH));
yyy=1+(A/SbyH)*tanh(8*SbyH) ;
CFfd=(Cf/yyy)*sqgrt(er/eseff);

Ce=Cp+CF+Cfd;
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% Odd mode Calculation

k=SbyH/ (SbyH+2*WbyH) ;

kd=sqrt(1-k"2);

w=Kk”"2;

if w<=0.5
fracK=(1/pi)*log(2*(1+sqrt(kd))/(1-sqgrt(kd)));

else
fracK=pi/log(2*(1+sqrt(kd))/(1-sqrt(kd)));

end

Cga=eO0*fracK;

Cgd=eO*er/pi*log(coth((pi/4)*SbyH))+0.65*CF*((0.02/SbyH)*sqrt(er)+(1-
(1/er™2)));

Co=Cp+CF+Cga+Cgd;
eeff=((c*Ce*Zoe+c*Co*Z00)/2)"2;
%length is given by

length=c/(4*f*sqrt(eeff));
display (length)
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