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Abstract

ABSTRACT

Constant development of the telecommunication systems led to a situation, when more and more
advanced technologies, standards and higher frequency bands are adopted each year to satisfy the
consumers’ needs. At the same time, the economic part of any new solution requires to be cost
effective. These two different points of reference result in the contradictory requirements for the
systems and their elements. Therefore, the balance between the performances and technology
advancements needs to be accompanied by reasonable cost. The integrated circuit approach
adopted to many electronic circuits seems to follow the balance path while that allows to obtain very
good results introducing many advantages on both, economic and technology sides. However, the
designer’s situation is far more complex than a pursuit to reach the performance goals with the
simultaneous cost effective solution. Among the existing inevitable rules and requirements to any
project, the stability pays extremely important role. Therefore, in order to succeed in any amplifier
design it is vital to understand the importance of the stability matter. Consequently, in the 1* chapter
of my thesis | described the basic stability concept together with the time and frequency domain
based stability tests. In that very part of the research, for the sake of introducing the stability issue in
a more familiar field of the microwave engineering, the commonly used circuit descriptions along
with the frequency domain stability test methods applicable to them are demonstrated. Afterward,
the particular problem of the odd mode instability is displayed, revealing the shortcomings of the
classic and over trusted tests. The critical situation of not detected instability affects particular group
of PA, making the designers’ actions a gamble.

Then, various approaches to the problem of the contradictory requirements imposed at the power
amplifiers designs allow to find different compromises. Among them a power combining approach
serves a crucial role. Consequently, in the 2" chapter | emphasized the power combining’s
importance, along with a specificity of the Integrated Circuit approach to it. The presented result is
especially prone to the previously mentioned Odd mode instabilities so that assistance and guidance
in solving this particular stability problem have become the goal of this work.

Thus, two potentially useful methods that detect odd mode instabilities have been chosen and
investigated in the chapter 3. Ideas of the tests along with possible CAD implementations were
drafted with the outcome of the analysis of the simple odd mode unstable amplifier.

In the chapter 4 we focus on the CAD implementation of the Freitag method in case of the ideal
corporate amplifier. Symmetry of such a structure permits great simplification when implementing
the test. The example PA structures are stabilized by the means of the Freitag method. Later, they
are compared with the Ohtomo test results. Inconsistency is noticed and the dedicated PA examples
are applied to study its origin through the Time Domain simulation results. The end result lets to
comprehend the limitations of the original method thus, the method gets improved and positively
verified. Moreover, the automation of the procedure is defined.

Furthermore, due to the contradictions of the Power Amplifier’s nature, as well as the condition of its
small signal test, the Freitag method is extended to the Large-Signal/Small-Signal operation in the
chapter 5. More, the example circuit has been tested with the extended method, then the
parametric odd mode instability has been detected. Eventually, the results are successfully verified
by the means of the Time domain simulation.

Vii



Abstract

Ultimately, in the chapter 6, the dilemma of non ideal symmetry of the amplifier bisections is
discussed. As a consequence, modification of the method was proposed and the generalized method
was tested. In the end, the results were confronted with the Ohtomo tests, revealing full agreement

between methods.
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Chapter 1 Stability problem in electronic circuits

1 STABILITY PROBLEM IN ELECTRONIC CIRCUITS

1.1 Introduction to stability

It is perfectly understandable why designers pay special attention to the stability of designed circuits.
Any unwanted oscillations occurring in circuit can be responsible for harmful behaviours like
generation of spurs signals, pushing active devices into large-signal modes and deterioration of
performances. Finally, oscillations may even damage active devices. Unwanted behaviour of the
circuit in the design and laboratory testing phase is as frequent as arduous case. Nevertheless, in that
stage it is yet a simple task to remove the oscillations if their source is found. On the other hand, if
the oscillations occur at a production phase it will increase time and cost of a manufacturing product.
But if they occur while the product is already on the market that makes it the worst case scenario.
From this point of view, it is essential in the design process to be able to determine if the circuit is or
is not stable. Stability in this case is understood as circuit immunity for causing spurious oscillations.
If the circuit is unstable, the signal at any point of circuit can increase without any limits. This is
possible only in case of ideal linear circuits. In real life, circuits nonlinearities limit the maximum
signal level and either set it into a steady state oscillation or stop it completely. But in most cases, the
oscillation starts with a small signal, therefore linear conditions and in the end it leads to nonlinear
work of system.

This situation gives an opportunity to eliminate several problems, even with the simplifying
assumption of the linear and small signal regime. To achieve this, a robust design tool is needed.
Such a tool will provide knowledge about ability of circuit as to oscillate in wide frequency range and
different terminations. Possession of such a tool became more and more important for saving time
and money in the design flow. Therefore, a short introduction to stability problems is given in a form
of a review through basic stability concepts, definitions and finally through approaches of the
stability test in general, and in the particular case of the microwave circuits. Stability tests will be
considered with attention to their shortcomings and major idea of usefulness in CAD design reality.

1.1.1 Stability concept

While considering the stability concept, an intuitive example of a ball on the surface is often applied
[1]. The ball which is free to roll on the surface could be placed in different points. For the presented
fragment of the surface a particular set of points was chosen and marked on the figure with letters:
A, E, F, G. Also ,there was marked the set of points between B and D, and an example point C. Each of
those points is so called “equilibrium point” of the presented system.

In the space within which the possible instantaneous states of the system may be described- so
called “state space”, the equilibrium point is a point where the state of the system is not changing
through time in the absence of inputs and disturbances. If the system is in the equilibrium point —
and if there is no input or disturbance, it will remain there. While observing Figure 1 it is possible to
ascribe intuitively stability properties to each mentioned equilibrium point. Infinitesimally
disturbance which is to move the ball from its original position in case of points A and F will cause it
to diverge from these points. In case of points E and G it could be expected that the ball will
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eventually return to its original position after the disturbing action. If only a displacement action will
be held in point C, the ball will remain in new position.

7 //%A/
’ "fqm})m%/””r’

'/r/
Figure 1 The example of the ball and surface system.

These naturally distinguished three different behaviours due to the presence of infinitively small
disturbance will classify equilibrium points as: not stable, stable and neutrally stable. Moreover, it is
intuitively justified to ascribe another property to the stability considered in the following way: its
locality. It happens due to infinitively small value of disturbance used in the considerations. If ball will
be displaced from the point G to the left, behind the point F, it will never return to its original
position. Thus, depending on the value of the displacement different conclusions may be made.
Such a matter should rise awareness before one labels system as a stable or not. As we observe in
this simple example, the stability of the system is not a general feature of the system itself. It is
rather the property related to different equilibrium points or to the steady state solutions, related to
the value and character of disturbance. Then, it could be made a conclusion, that stability problem
deals with questions of system state in the presence of perturbation. What will be the response of
the system after the perturbation was applied in the case of the equilibrium point? Will the system
return to its original equilibrium? Or will it never return to its original equilibrium, will it remain close
to it? Or maybe it will diverge from the equilibrium state with time? Same type of questions can be
asked regarding the steady state solution. Fortunately, previously introduced linear assumptions of
the initial phase of the design may be applied here. While the system under consideration is linear,
the origin of the state space is the equilibrium point. In case any of the eigenvalues of the system
matrix is equal to zero, an infinitive amount of equilibrium points exist, which corresponds to the
example equilibrium points between B and D on the Figure 1. But if otherwise, the equilibrium point
is an isolated one and at the same time this is the only equilibrium point of the system, what greatly
simplifies the stability problem.

1.1.2 Stability definitions

Taking into consideration drafted ideas based on the system of the ball and the surface it is possible
to present few definition of the stability. In literature exists a variety of different definitions but in
this consideration two of them are of greatest importance.

O _ o, w) =,

(1)
For the linear system without input signals (1.), it is assumed that there exists a unique solution as
follows:

x(t,xy,t,) =D(t,t,)) x,
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(2.)
While the origin is an equilibrium point it is stable: if for every & >0 , there exist a §(&) > 0 such
that, if HXOH <O then Hq)(t,to)-xo“ <& for every ¢ > ¢, . Stability defined in this way is so called

stability in sense of Lyapunow (abbreviation - i.s.L.). This kind of stability ensures that system state
will be kept with a € in norm, while perturbation will be less than & in norm.

Vit 2t,,Ve>0,36(g) >0,

X| <= |01, x| <&

Taking into consideration that:

| 10)- x| <@, )]- b
Definition can be rephrased to:

x| < = [, 1, )] < N(z, )

Vi>t,,Ye>0,IN(t,) >0,
' ' Nty

Equilibrium is asymptotically stable if it is stable in the sense of the Lyapunow (i.s.L.) and there exists

number §'(¢,) > 0 such that whenever HXOH <0’ solution in time satisfies lim||®(z,7,) - x,[ =0 -
t—x0

Which means that the solution will return to the equilibrium point after the infinitive time.

Vt>t,,35'(t,) >0,

x| <d'= }im”d)(t,to)-x()" =0

(4.)
Important observation can be made that the asymptotic stability of the linear system does not
depend on the xq. Thus, if linear system is asymptotically stable it is globally asymptotical stable.
Therefore the definition can be rephrased again to:

(1) =0

1.1.3 State space representation

Lets apply this definition of stability to the formalized description of the system called the “state
space representation”.

dx(t)

=A-x(t)+B-u(t)
Wt)=C-x(t)+ D-u(t)
(5.)

It is often used general mathematical model of physical system where input signals u(t), output
signals y(t) and state variables are related by first order differential equations. These variables are
expressed as vectors and equations are written in the matrix form, therefore A, B, C, D are matrixes.
State variable vector is defined as the smallest set of variables which describes the state of the
system at any given time. It is assumed that the considered system is linear time invariant.
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The time invariance manifests itself in the system description with matrixes A, B, C, D being constant
in respect of the time. A general solution of such a system to any particular steady excitation is
composed of a linear superposition of transient and steady state responses (6.).

The transient response depends on the initial state of the system, while the steady state response
involves the input signals but not the initial state.

t
x(t)=e" - x, + J-eA(H) ‘B-u(r)-dr

o x, =x(t=0)

y(@t)=C-x(t)+D-u(t)
(6.)
Response of the system for zero input condition called “free” or “natural response” is investigated
with previously described stability definitions.
x(t)=e" - x,

x,=x(=0) and u(t)=0
y(t)=C-e" - x, ’

System will be stable if:

Vt>t,,Ve>0,35(¢) >0,

X|<o= HeA’ -xOH <&

System will be asymptotical stable if additionally:

lim"e”” =0

>0

9.)
Norm of the solution is rather cumbersome therefore the properties of the A matrix are investigated.
It will be assumed that n independent eigenvectors & and eigenvalues A; were founded for matrix A.
Since this set of eigenvectors is linearly independent it can determine the basis for the new state
space Z, and at any given time t, state x(t) can be expressed as:

x(t)=q, ()& +q,(@)- &, +..q,0)- &,
(10.)

Same time product of matrix B and input signal vector can be expressed as:

Bu(t)yeX — B-u(@)=p -6 +p-5++p,¢,

(11.)
Applying (10.)and (11.) to the system description (5.):
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dx(t
%:A-x(t)%rB-u(t)
WD) o ) D)
=q - AE+q AE g AE+PE AP E e+ B E
(12.)
And recalling the relationship:
A& =2,
(13.)

After reorganization system can be described as:

(d%(t) . dg,(1) _
dt dt

dq, (1)

A-qg—B |-&=0
7 o4, ﬁnje‘n

21'%_ﬁ1j'§1+( Az'%_ﬁzj'gz*"”*'(

(14.)

While set of eigenvectors & is linearly independent this leads to n independent equations:

dq,(t) =A-q+ B for i=12,.n
dt
(15.)

Which demonstrates that while A possesses the full set of eigenvectors, the system is completely
described by a set of n uncoupled equations to which solutions are as follows:

q,(t) = e’ G0+ J‘ei"(H) B u(r)-dr
0

(16.)

By recalling the definition of the state vector (10.) it is possible to notice that the solution is a sum of
so called n system modes. With this interpretation it is easy to obtain a more convenient form of the
previous equation with the use of so called modal matrix (17.). This matrix is created as a row matrix
with each element corresponding to one of eigenvectors.

M=[.¢..¢,]
(17.)
x(t) =M -q(1)
(18.)
While M is constant due to the time invariance of the system:
(19.)

Therefore, :
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M 99D g+ B u)

dt
(20.)
With simplifying notation for the elements of the final equation:
J=M"-4-M
B =M"-B
c,=C-M
1.
It can be rephrased as:
dg(t) ... G dq(1)
——==M"-A-M-qt)+ M~ -B-u(t ——==J-q@®)+ B, -u(t
- a(0) () T T=T 40+ B, u)
y=C-M-q(t)+D-u(t) y=C,-q)+D-u()
(22.)
Finally, if the exponent function will be represented as infinitive series:
£ £
et =1+ At+ A —+ A4 —+--
2! 3!
(23.)
Joining (21.) and (23.) it is possible to see that:
t2
M e M=M"1M+M" - A-M-t+M™"-4-M-M" -A-M-5+--- =
t? |
=l+Jt+J —+-=e
2!
(24.)

This leads to a final conclusion that previously obtained zero input response can be presented in a
new form:

e 0 0
0 e 0

x(t)y=e" x,=M-e" -M"-x, =M e' M- x,
0 0 et

(25.)

Therefore it is possible to present the system state using the system modes:
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A Ji -1
x()=e" x,=M-e"' M -x,

(26.)
While eigenvalues are in general complex numbers Ai=0+jw; it is possible to describe the state of any
of n system mode as:

(oi+jay)t ol . jot

ql.(t):e’w “qo; =€ 4y, =€" € " gy,

(27.)

Clearly, the first exponential element of the final product will be responsible of the amplitude
evolution of the mode in time. Therefore, the real parts of the eigenvalues are indicative of the
stability properties of the system. The results of this analysis allow the interpretation of the previous

stability definitions with use of the matrix A eigenvectors. Three different possibilities emerge than
as follows:

=  Asymptotical stable system if all eigenvalues A; of the A matrix have a negative real part
Re(2,)<0 i=12,-.,n

= Stable i.s.L. system if no one of A; eigenvalues of the A matrix have a positive real part
Re(4,)<0 i=12,-,n

= Strongly unstable system if any of A; eigenvalues of the A matrix have a positive real part
Re(2,)>0 i=12,,n
A practical example of analysis will be presented with a very simple example: RC circuit — Figure 2.

t=10

"v’..uT — K

Figure 2 Example of the simple RC circuit.
The circuit state is represented with the voltage V(t) and described with the following equations:
dv(t V(t
o470 _ro

dt R
V(t=0)=V,

(28.)
When the system state description is used:
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AO__1 0 O _ 4o
dt -RC d
It/O =V(t=0) xot: x(t = 0)

V(t)= Voe_(RC} x(t)=e" - x,

(29.)

While this equation is scalar, its stability analysis simplifies. For scalar value of the A, eigenvalue is
just a value of the scalar element. Moreover, the norm of solution will be just absolute value of the
solution. Therefore, it is easy to observe that the circuit stability depends on the product of the R and
C circuit elements’ values. Assuming C as a real and positive we can differentiate three different
possibilities.

Positive resistance, R >0 therefore:

lim e =0
t—> o
(30.)
Circuit is asymptotically stable when it is returning to its equilibrium with time — Figure 3.

1,2

1
0,8

2 06
>
o \\
0,2 P —
\\
0
0 2 4 6 8 10
Time [ns]
Figure 3 Evolution of voltage V [V] after t=0 while R>0.
Open circuit, R == therefore:
R
Vi>1,,Ve>0,35(e)>0,V|< 8= limle "/ -V |<e,
—> w0
(31.)

State of the system will be always equal to zero state, thus if zero sate is limited, the resulting state
of the system will be limited — Figure 4. For this reason the circuit will be stable i.s.L. system.
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1,2

0,8

0,6

VI[v]

0,4

0,2

Time [ns]
Figure 4 Evolution of voltage V [V] after t=0 while R=co.

Negative resistance, R<0 resulting in unstable system, while the system state is diverging from the
equilibrium point — Figure 5.

1
vV, #0,VRC < 0,limV,e [RC] =0

t—0

(32.)

14

. /
8 =

VIv]
\

Time [ns]
Figure 5 Evolution of voltage V [V] after t=0 while R<0.

The results of this simple analysis are in agreement with the results of the simulations made with
usage of Time Domain CAD. Unfortunately, it is not too convenient to describe the electronic circuits
using differential equations. While they are powerful in their ability to describe behaviour of the
systems, they are also difficult to solve in the case of not well established solutions. Once again, the
properties of the linear time invariant system are of a great help when allowing the usage of Laplace
transform.
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1.1.4 Laplace transform

Laplace transform is one of the best known mathematical tool commonly used by engineers. Thanks
to applying the Laplace transform the ordinary differential equations are converted to easily solvable
algebraic equations. Laplace is integral transformation that maps original functions f(t) in the time
domain into the image functions F(s) in the s domain- called complex frequency domain. While
transformation is defined as:

F)=L{fwh=[ fiv-e"-dt

(33.)

The complex frequency is defined as a complex variable s = o+jw. The transformation is defined for
positive time. Another useful property of Laplace transform is that many relationship and operations
over image functions are simpler than over the original functions. It is easily recognizable when the
properties of Laplace are given:

Linearity of Laplace transformation:

L{a- fi() +b- fo,()}=a-F,(s) +b-Fy(s)

(34.)
Laplace transform of the derivative:
n n—l
L{d ]:(t)}zsn _F(S)_an—k—l _f(k)(0+)
dt par
(35.)
Laplace transform of the integration:
t F
L{ [ fw-a } (S) b2 j 10 - dt
(36.)
Laplace transform of the convolution:
LU= OV =L\[ A0 £t 9dr |~ F(s)- )
(37.)

Knowing some basic properties it is possible to apply Laplace transformation to the space state
representation of the system (5.) .

{d’;(t’) A-x(t)+B- u(t)}—m X(s)=x(0)=4-X(s)+B-U(s)

X(s)=[s- I—A]"-x(0)+[s- T—4]"-B-U(s)
(38.)

If exponential function will be represented as the infinitive series it is possible to calculate its
transformation:

10
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2
t
e =I+At+ A" —+--

2!
2
9 0SS ) STy Sy LR NE T 1O )
2! s s s
(39.)
Therefore the solution can be easily obtained:
X(s)=[s-T-A]" - x(0)+[s- T A]"-B-U(s)
x(t)=L{X(s)}=e" -x, + J‘OteA(“’) -B-u(r)dr
(40.)

The resulting equation is identical to, (6.), although than it was presented without any proof.
Additional exercise can be performed with the previous RC circuit example.

e _ve L{CdV(z)+m:O}
di R di R
Vis) _

Cos ¥ (s)=C V(O +— > =0

C-7(0") _ V(0")

Vs)= ;
s-C+— s+ —
R RC
V)= V(0+)-ef[ﬁ} — Voy=L'W(s)}="L" V(0+1)
St

@1.)

The result obtained is exactly the same as the one before (29.). Laplace transformation and the
complex frequency domain in presented examples serves only as a tool allowing to solve differential
equation more efficiently. This is due to transformation of ordinary linear differential equations to
simple algebraic ones. Moreover, the usefulness of the complex frequency domain is not restricted
only for that transformation. In case of the distributed elements ubiquitous in the microwave
circuits, the time domain is very inconvenient. In contrast, the natural and accurate models of such
elements are available in the frequency domain. Hence, it is very convenient to describe and solve
the stability problems directly in there.

1.1.5 The complex frequency domain

Thus, the idea to describe and solve the stability problems directly in the complex frequency domain
will be conducted with the usage of the system state representation. As a starting point, the
equation describing the system will be transformed from the time domain to a complex frequency
domain.

11
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L{d’;(tt) - A-x(t)+B-u(t)} > 5-X(s)—x(0) = 4- X(5) + B-U(s)

42.)

Then for the zero input response the previously defined relationships are applied: (18.), (21.):

s-X(s)—X,=4-X(s)

(s-1—A)-M-O(s)=M -0, § =y 0 0 O, (s) O
M7 (s T=4)-M-0(s)=0, — | . S_:;L” (:) : QZZ(S) = Qf’o
(S.I—M-I.A.M).Q(s):QO 0 0 ws=a o) 0,
(s-1=-J)-0(s) =0, ’

(43.)

To solve this set of n linear equation the Cramer’s rule is invoked:

| |
Wi Wi ! Z - Wi,
det(, Wy W Lz oW
Wey=z - ( ,) M, = 21 2 ! .1 a .211
det(w) L
| |
Wnl Wn2 ! Zl ! : Wnn

Ti™ column

det{(s-1-J),}

0= s 1-)

(44.)

A careful investigation of (44.) leads to the subsequent observation:

_det{(S'I—J),-}: (s=A)(s=4) Qo (5-4,)(s-4) _ G

O,(s)= -
detls- T=J)  (s=A)(s=24)-(s=24)-(s=A,)-(s=4,) (s=4)
(45.)
Once again, the recalling relation (18.) state of the system can be described as:
Q0
X,(s)= ZM,, 0,(9=3M,,-
Jj=1 ( _/1 )
X,(0)= ZMI',./ O e = ZMz‘,j Oy e
j=1 j=1
(46.)

Clearly and as it was already stated: the real parts of matrix A eigenvalues will be responsible for the
stability of the system. However, knowing the result it is possible to stop before the end of the
analysis and deduce that the zeros of the determinant of the matrix (s-I1—J) are equal indication of
the stability. These zeros are eigenvalues of J. Whereas A and J are similar matrixes, their eigenvalues
and determinants are equal:

12
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J=M"A4M — det(J)=det(M "-A-M)=det (M) -det( A)-det( M) =det( A)

(47.)
So it is also true:
(s-I-J)y=M7"(s-IT-A4A)M — det(s-I—-J)=det(s-I1— A4)
(48.)
As the description of the circuit state is:
(s-I-4)-X(s)=X,
(49.)

Zeros of the denominator of the (s-1— A) are eigenvalues of A and they are referred as natural

frequencies of the system or poles of the system. In agreement with the previous definition of
stability, the system will be unstable if any of the natural frequencies have a positive real part. Such a
result shows that it is likely to resolve the stability issue directly in the complex frequency domain.
Alas, due to the complexity of the system, the space state representation is not preferred by the
engineers in this domain. Consequently, it is more convenient to use existing notations ubiquitously
used in designs like admittance or impedance matrix description. As a result, by means of the
previously defined properties of Laplace transform, the basic circuit elements description will be
transformed to the complex frequency domain:

L{i(t) =G- v(t)} = i(s) =G- v(s)

L{i(t) = C%} =i(s)=C-s-v(s)+C-v(0")
= [soaf =91

(50.)

Moreover, the transmission lines are expressed by:
Y, =Y, = Y,ctgh( »/) and Y, =Y, = Y,esch( yl)

Eizg and 7/2\/((}+SC)(R+SL)

Where: Y, =

(51.)

G,C,R,L are: shunt conductance, shunt capacitance, series resistance and series inductance per length
of the line, where | is the line length.

Then, via the admittance representation we can describe dynamic response of the circuit as the
vector equation:

Y(s)-V(s)—1I(s) =0
Y(s5)-V(s) =1(s)

(52.)

13
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where: Y(s) - is n x n system matrix and V(s) is system state vector 1 x n and I(s) is 1 x n vector of
excitations of n node circuit. Zero input response is described as:

Y(s)-V(s)=0
(53.)
Two different solutions are possible. Trivial one when state vector is simply zero and non trivial,

when the system matrix is singular. In the latter case equation is true for non zero state vector and
this is possible if the determinant of the system matrix is equal to zero.

V(s)# 0= det{Y(s)}=0
(54.)

Equations (49.) and (53.) are similar and as stated before the zeros of the determinant of the matrix
description of the system are natural frequencies or poles of the system. This plain observation
allows applying the zeros of the determinant in stability analysis exactly in the same way as
eigenvalues of matrix A.

The previous practical example is now modified according to the used notation. The switch is now
closed and an input port is introduced.

t=10

v‘.T-_:;&?_R B Vi = %R

=] —
— —
— v
-

Figure 6 Example of the simple RC circuit modified to a new description.

The matrix description can be omitted, while each matrix consists of one element only. The system is
described with equation:

Y(s)=—"T=
(s) C
(55.)
As a result, the zeros of the determinant are simply zeros of the Y(s) element:
det{Y(s)}=Y(s)
1
detY(s)j=0=s=— —
{Y(s)} ( ch

(56.)

Such a result is in agreement with all the previous analysis for this example.

14
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1.2 High frequency circuits stability

Evaluation of the zeros of the circuit determinant presented in paragraph 1.1.5 is a direct and
comprehensive way to determine the stability. Regrettably, it is very laborious for larger networks.
Moreover, with use of the determinant, circuits stability can be assured only for one set of the
source-load termination value. Occasionally, often at low frequency applications the circuit needs to
be stable only for a range of possible termination. Unfortunately high frequency circuits need to
operate in difficult conditions of changeable source-load terminations. Obviously their performances
do not need to be maintained in case of source-load termination deviation from assumed range, but
their stability need to be assured for any passive source-load termination. Moreover high frequency
electronic introduce different concepts of the circuit description and measurement techniques that
reflect its specific therefore stability test need to be able to operate with them. Furthermore, with
nowadays importance of CAD tools, the stability tests need to be easily integrated with existing CAD
environments. Also it is very convenient to have an opportunity for inclusion of the stability tests in
the optimization routines, which save time in the search for an optimal design. Such demanding and
a particular design oriented requirements rules out test as laborious as the determinant. More
efficient methods are required than. One of the ways leading to efficiency is simplicity, what in case
of the stability analysis involves a transition from the state variable description to the two-port
representation of the circuit.

1.2.1 Description of the two port network

In most popular cases we are interested to describe the designed circuit in a way which is most
natural and simple. That is, to employ only input and output terminals and describe interactions
between the quantities at the terminals as the linear dependence. In order to achieve precision in
the terminology the term port is used a name for pair of terminals on the input and output. For
typical applications like filters, amplifiers, phase shifters two ports are needed to represent circuit
behaviour. It is not entirely spot on because the real circuits are not only nonlinear but their
behaviour is also dependent on many, not only electrical variables, often with memory effects.
Nevertheless, for most passive circuit and linear region of work of the active devices this
representation is extremely useful in terms of the basic design process or as a starting point.

Figure 7 Linear two-port circuit.

Assuming linear, time invariant and memoryless two-port network shown in Figure 7; there have
been gathered the most significant two port circuit descriptions below:
The admittance matrix Y:

15
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]:|:Il:|:|:yll y12:|.|:Vl:|:Y.V
I, You  Vn Vv,

7’

(57.)
where elements of Y matrix are determined by the equation:
1.
J
Yi= 7
Vi V=0, k=i
(58.)
Term V=0 means that any port other than the input one will be terminated by short.
The impedance matrix Z:
V, z z 1
V:[ 1}{ y uH I}ZZ ,
Vy Zyn Zn» 1,
(59.)
where the elements of Z matrix are determined by the equation:
U,
z,=—"
P1=0, k=i
(60.)
Term /,=0 means that any other port than the input one will be terminated by open.
Transmission matrix ABCD:
LA RN
AN -1
V. A B V. 20y, 20y,
{ 1} - { } { 2 }, where elements are determined by fo P
1| |c D||-1, g_h p-_bh
Vz _12=0 _12 V2=0

61.)
These forms of description are very useful but somehow abstract in the microwave circuits. This is
due to the fact that the voltage or current measurements are difficult or unattainable unless a clearly
defined terminal pair is available. Also, a pure short or open circuit are very difficult to obtain except
for the narrowband solutions. Besides, the active devices are often prone to short and open
terminations becoming unstable in these conditions. For that reason, the equivalent voltage and the
current waves concept were introduced. Voltage and current in the point z are described by means
of equivalent voltage and current incident (V+,I+) and reflected (V-,I-) waves - (62.). For this
description the reference plain is also defined at z=0 providing a phase reference.

V(z)=V* e 41 .e/*
I(z)=1"-e” -1 -e”*

(62.)

16
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The above definitions extend possible descriptions for the natural microwaves concepts of the
incident, as well as for reflected and transmitted waves. The reflection and transmission coefficients
related to them are, according to the microwave measurements, natural quantities. They may be
defined as ratio of voltage waves due to:

T = Vl T. = Vj
J V+ 4 Ji V+
Ey=0, k=i T p=0, kei

(63.)

This in turn means, that the reflection coefficient at terminal j, is a ratio of reflected wave to the
incident voltage one, when any other incident waves equals to zero. The transmission coefficient
from port i to j is than the ratio of transmitted wave to port j to the incident wave at port i, with all
the other incident waves equal to zero. With the use of relations between the current, voltage and
characteristic the impedance at reference plane z=0 (62.) leads to:

(64.)

If the normalisation with the terminal impedance Z,; is performed, the final description of the
incident a; and reflected b; wave at the terminal i is obtained:

_Vi+Zo,i'[i i , ;
“= 2.z, © " 2z,
(65.)

This particular form - (65.) - is very useful as it may be treated as normalized voltage or current and at
the same time square of it is proportional to the wave power. By applying these quantities in order to
describe the microwave network presented in Figure 8 the result in form of the definition of the
scattering matrix S (66.) is achieved:

a, a;
—_— =
(o — Er—
< —

b, b,

[S]

Figure 8 Linear two-port circuit described in terms of S parameters.

[v]= [bl} = {S“ S Hal} = [5]-[a], and their elements; S, _b

b, Sy Sn] la; 4, ay=0 ki

(66.)

17
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Term a,=0 means that any port other than the input one needs to be terminated with the
characteristic impedance Z, leading to =0. This, in consequence leads to a;,= b *I, =0. In other
words, we need to close each port with a match, in order to avoid reflection from load impedance.
What is more, the input port needs to be connected to the source with a characteristic impedance
Zo . Obviously, the diagonal elements of the S matrix, for which the subscript numbers are equal, are
also equal to the reflection coefficients, S;=[;. Other elements are the transmission coefficients with
subscript numbers indicating interacting ports and direction, S;=T;. The utility of S parameters matrix
is connected with a straightforward and intuitive wave description of the circuit together with the
nature of s parameters reflecting the real measurements.

1.2.2 Simple two-port stability tests for the linear two ports

With the circuit characterized the same way as in one of the previously mentioned matrix we can
now refer back to the stability analysis and the simplified approach presented by Rollett in [3].

An equivalent statement to the stability based on the determinant of the system is: “(...) the real part
of the immittance looking in at only one of the two ports remains positive with arbitrary passive
terminations at the other, provided also that the characteristic frequencies of the two-port with ideal
terminations (infinite immittances, i.e., open or short circuits, as appropriate) lie in the left half-
plane”.

This definition depicts unconditional stability of the circuit reduced to the two-port and represented
by the matrix as shown in Figure 9. It may be expressed with the use of the reflection coefficient with
what follows:

vI, | |<1=|r,|<1

VI [G|<1=]r,,|<1

(67.)

where [s denotes the source reflection coefficient, I' is the load reflection coefficient, I, input
reflection coefficient, and I, output reflection coefficient.

=)

z,
s SH 812 |::|Z|_
al e
I, L

Figure 9 Two port described by S matrix with the denoted four reflection coefficients used in stability analysis.

Definition of the circuit stability given by Rollett is very intuitive. The term ‘unconditional’ in Rollett’s
case refers to the circuit which is stable for any source and the load passive termination. Alas, this
approach requires the designer to check all the possible terminations on each side of the circuit, due
to the previously mentioned rules and given equations for I, and I, - (68.). Besides, this test needs
to be done for each frequency not limiting the calculations only to the band of interest, but should be
performed for the whole band, where two-port is not a passive circuit.

18
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|1—~ _ Sy 81,1
in nty r
—Sptlp
T g Sy 81y I
out 22 1 F
—Slg

(68.)

Basing on such described I;,, [t and recalling the terms of stability, three kinds of impedance could

be differentiated. For the two-port explained here with S matrix, they will be called and described as

follows:

= impedances leading to stability - Z;s - value of impedance causes I' on other side to be less than
one,

= |eading to instability and - Z; - value of impedance causes I on other side to be higher than one,

= borderline - Z, - value of impedance causes I on other side to be the equal one,

,where T is reflection coefficient looking into the circuit port, on other side of the circuit than the

connected impedance. Three groups in each side of the circuits can be distinct by checking previously

defined I, , louw. Adding another subscript, the source and load side is differentiated. All the cases

were collected together bellow:

Z, =7, :>|Fin <1 Zy=Zg, =<1
ZL:ZLb:>|Fin =1 Ly=Zs, =, =1
Z =7,= |rin >1 Ly=Zs, =y, >1

(69.)

While each group will be plotted on the Smith Chart they will create two regions separated by the
circle for each side of the circuit. If the circuit is unconditionally stable, the Unity Smith chart will be
free of impedances different than Z. If there is not any point on either side denoting Z; or Z, in the
Unity Smith Chart, it means that the passive impedance leading to the instability not exists in there.
A circle created from the points representing all Zs, will be named the source stability circle. Solving
(68.) oy for I's leads to expression for the circle centre position Cs and a radius rs.
_ s —5A _ |S21S12|
- 2 20 'sT 2 2

Jsul = A Jsul =

N

(70.)
Graphical representation of the source stability circle was shown in Figure 10. A circle created from
the points representing all Z, , will be called the load stability circle. Same procedure leads to a
description of the centre position C, and radius r, for the load stability circle.

Sk

*
Sy —85,A _ |321512|

- 2 2 2 L~ 2 2
|Su| _|A| |Szz| _|A|

L

(71.)
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|_S z,.

Figure 10 Graphical representation of the source and the load stability circle examples.

Interpretation of the circles is simple and intuitive, however each one of them can carry two possible
solutions. The region of the impedances leading to the stability might be inside or outside the circle.
This difference between that solutions is shown in Figure 10. The source stability circle internal
points are set of impedance leading to instability in contrast to the set of the impedances leading to
stability in case of the load stability circle. Due to gain full knowledge about the character of the
impedances inside the stability circle, an additional test of the membership on one arbitrary chosen
passive impedance needs to be performed. The reached information gives a full picture and allows to
name the areas leading to instability or stability.

The circles are a very useful design tool in case when the unconditional stability of the circuit is not
mandatory. They could be also very supportive in the search for the solution to stabilize the circuit
denoting a forbidden area of impedances. This method however, is still not simple enough, as it
requires a graphical inspection or checking three parameters for each side of the circuit.

Rollett in [3] resolved this problem by defining parameter k called the stability k-factor. It is
determined as follows:

k= 2p1,p5 —Re(y1,751)
|712721|

(72.)
where p,, = Re(y,,) and ¥ will be used for any of the z, y, h, g of the two-port parameters.

Usage of the defined k-factor criterion for unconditional stability may be written down as:

k>1 provided p,,p, 20

(73.)
Then, the criterion may be expressed in terms of S parameters as follows:
1- |S11|2 - |Szz|2 + |A5|2
- 21 wh Agl= -
‘ 2|S12 "S21| =1 where | S| |S22S” S12S21|
(74.)

Provided that any of the following:
20
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B, =1+|S,,[ =[S, ~|as[ >0
B, =1-|S,,[ +]S,,| —[as[ >0
Ay <1
=[S, ” >S50
1=[S,[" > [S,8|

(75.)

If the circuit satisfies condition £ > 1 with any of the additional conditions (75.) it is unconditionally
stable. According to the definition it implies that for any passive termination at one port, positive
immittance is observed at the other port.

Even simpler test was based on geometrical approach and mapping functions between the pairs of
reflection coefficients oy, s and [, .. Edwards et al. in [4] defined the conditions for the
unconditional stability of the two port linear circuit described with S parameter matrix in the
following way:

1_|SU|2 >1 or " 1_|Szz|2
; H'= ; >1
Szz - SnA‘ + |S12S21 ‘Sn - SzzA‘ + |SnSz1|

IL[ =
|

(76.)

At this point, the described p factor and companion W’ factor possesses very intuitive meaning. It
presents the distance between the unstable region and the centre of the Smith Chart. Then, it is
achievable to use p or Y’ as a measure of stability, as the higher the value, the farther lay instability
region on the complex plane.

1.2.3 Problems with the simple two-port stability tests

The above, relatively simple methods were quickly accepted and extensively used in a design
process. Unfortunately, many designers forgot that proviso which needs to be fulfilled is priori to
them . As it was described by Rollett: the system must be stable for one specific set of passive
terminations. Traditionally, this condition used to be neglected though, as the designers based their
designs on devices S parameters from the measurement data. This in consequence implied that
proviso was fulfilled, as the proper measurements were possible only in a stable circuit. Nowadays,
the designers tend to use devices models instead of the measurement results and what is more, the
designed circuits became more and more complex. These facts lead back to the importance of the
proviso.

In [6], [5] the examples of the circuits which pass test for K and A or 4 may be found, but they are
unstable. Double-checking of the proviso shows that the network has poles in Right Half of the
Complex Plane - so the test is invalid. A simple T structure presented in the Figure 11 is one of such
examples.
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, R

>/\V\/ \/\/\r(-‘?
Jos 3L
L I

Figure 11 Simple T structure to test k-factor.

A=A\
A=A

To test its behaviour L and C components will be chosen to resonate at 1 GHz and R; and resistors
will be fixed to 10 Q. With the usage of ADS environment, k and B, factors are plotted as a function
of resistor R value, at the resonance frequency.

k - red, B1- blue
w
|

Figure 12 Rollett’s k-factor and B1 for simple T network from Figure 11 as function of resistance R.

From the Figure 12, it is seen clearly, that the circuit is stable when R>-5 Q and when conditions (74.)
and (75.) are fulfilled.
To verify that result, Z matrix description of the circuit will be used:

R +R R
1 RI'S2+(11?+C)S+L1C %
[Z(S)]: 5 1 ’ S 5 (Rl +R)
s+ S+ - st 5+
R-C L-C C R-C L-C

(77.)

It is also easy to monitor that the common element for [Z] matrix is the source of problems in case of
the stability analysis. A detailed investigation of that element denominator (78.) reveals two zeros —
s; and s,. These zeros automatically become the poles of all matrix elements. Their value is
dependent on R, L and C values. With the assumption of constant value of L and C and the R value
changing from -50 Q to 50 - the evolution of the poles position on S-plane is presented in Figure 13.
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Figure 13 Position of Z matrix common element poles for different R values.
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Figure 14 The real and the imaginary part of Z matrix common element poles values (s1, s2).
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For an easy interpretation of the results, the imaginary and the real part of the poles were presented
separately in Figure 14. By recalling that any Right Half Complex Plane pole in the circuit description
may break the proviso, it is justified that in such a case the circuit will be unstable for R<0. Such a
conclusion questions the validity of k-factor test without a priori provision check.

Next example is shown in Figure 15. If Z, is equal to the reference impedance, the circuit is matched
and the reflection coefficients are equal zero.

|, o,
V, T % z, % é/\/\’(‘T ,
'i' = - 'i'

Figure 15 Unilateral two-port.

S matrix representing circuit is as follows:

0 0
Sol=|_1L
2-(s—1)
(79.)

Clearly, the circuit will pass k-factor test as being unstable. Again, the validity of k factor as a
standalone test is proven to be wrong, by underlying the importance of proviso in the stability tests.

1.2.4 Problem of a reduced network representation

The two port representation of the circuit was presented here as a response to the stability test
simplification requirement. Obviously, the stability issue was not a major force leading to its
creation, but its existence simplifies the stability problems. The two port representation’s intuitive
meaning and availability in CAD environments together with linear stability tests like k or p factors
shapes design reality nowadays. Such a situation may be hazardous as k or p factors became most
available tests whilst there are no common tools to check the proviso. As it was shown in the
example from Figure 11., the simple k-factor test gives misleading information about the stability. By
carefully investigating a matrix description it can be found that the circuit is unstable despite k>1 and
B,>0. However, in actual complex designs most nodes of circuit are treated as internals. Now and
then there exists only two port representation of the complex circuit. A question arises than: does
the reduced representation of the circuit give enough knowledge to assure of stability? This dilemma
will be approached with the use of example parallel amplifier circuit presented in Figure 16.
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Figure 16 Parallel amplifier example circuit.

In the above simplified example of an amplifier the two controlled current sources represent active
devices with parasitic capacitance C and resistances R; and R,. Input and output combining structures
are created with the usage of two inductors L and a common resistor R. Two port Z matrix
representation of circuit presents as follows:

% 1 - +S'2L+R l R,
1—7 1+Rl-(1+gJ+ 1
g+—+ S.l R, R,-s-C
1 R2+7
s-C
Z= g 1
1-—= R ———
1 s-C 1 s-C +S'L+R
2 g 2 2
1 1 1—7 1+R | —+g |+
1+ g+——+ S.l 2 R,-s-C
R,-s-C R, R+
L s-C i
(80.)
All matrix elements share common pole:
1
S =
C-(R1+g-R1-R2+R2)
(81.)

Evidently, positive and finite values of R1 and R2 will shift the pole to LHCP. Therefore, the proviso is
fulfilled and matrix can be used in k-factor test. For value of the circuit elements are as follows:
R=150Q, R;=R,=1kQ, L=25.3nH, C=0.2pF g=0.5S, K-factor is computed and presented in Figure 17. The
circuit is unconditionally stable while k>1 and B1>0 for all frequencies.
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Figure 17 K-factor and B1 coefficient of example parallel amplifier.

Following this particular result, the empirical experiment is performed in CAD environment - Figure
18. With exploiting the time domain, the simulator response for voltage pulse is computed.

Tran

Tran1 _.._) |_._
StopTime=200.0 nsec c
MaxTimeStep=1.0 nsec c1
C=0.2 pF
out a
R1 Rz
L
LL1
L=25.3 nH
R= = VCCS =
L SRC1
R G=0.58S 3
R2 I:EZS 3nH 25.3nH 2250 Oh
R=150 Ohm R= -o—) |—— R= = m
(¢}
Cc2
VtPulse C=0.2pF out b
SRC5
Viow=0 V R R2
Vhigh=1V
Delay=10 nsec
== Edge=linear
~ Rise=1nsec = Vces =
Fall=1 nsec SRC2
G=0.58

Width=3 nsec
Period=200 nsec

Figure 18 Time domain simulation setup of the example parallel amplifier.

Limited output for limited input excitation is not unexpected, while asymptotical stability of the
system implies BIBO stability. The curves presented in the Figure 19 seem to confirm it as well. Sadly,
the time domain simulator is crashing without visible reason at t=121.713 ns.
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Figure 19 Time domain simulation results of the example parallel amplifier.

Not even inspection of input and output signals reveals any reason. Then, internal voltages are
investigated.
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Figure 20 Internal voltages of example parallel amplifier.

So, inspection of the voltage curves from Figure 20 finally exposes the cause of the simulator crash.
While circuit is linear, instability grounds internal voltages to grow outside numerical range of the
simulator. Moreover, the nature of this instability justifies lack of symptoms at input and output of
the circuit. While voltages at branch a and b are of the same value and of the opposite phase, there is
no contribution to output or input voltage. In ideal symmetrical and linear circuit this internal
oscillation is invisible from the input and output terminals. It is also not detectable in two port
representation of the circuit as it was already demonstrated using k-factor test. Therefore, the
previous question concerning the amount of information enough to assure stability guides us to
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another class of circuits for which two port representation is misleading when stability properties are
brought up. A simple experiment shows the source of this error. As it was demonstrated by Platzker
and W. Struble in [2] original and reduced network, the determinant carries different amount of
information about the circuit properties. If original circuit is described as follows:

[Yu YUHVI} {Il}
Y21 Y22 VZ O

, where Y11, Y13, Y21 and Y5, elements are sub-matrices and V4, V, and |; are the column vectors of the
appropriate dimensions. Y,, can be eliminated by a direct substitution and the representation of the
reduced circuit is obtained as:

(82.)

[Yll -Yy, 'Yz_zl Yy ] [Vl]: [Il]

(83.)
The determinants of the original and reduced circuits can be obtained:
det [Y11 Y, Y, Y, ] det [Y,,]  -forthe original circuit
det [Y11 -Y, Y, Y, ] - for the reduced one.
(84.)

The difference between the two above determinants is clear and the impact on the stability analysis

could be summarized into the three cases:

= The determinant of the sub-network has no zeros in the Right Half Complex Plane. Any network
pole can originate only from zeros of the determinant of the reduced network and can be
detected.

= The determinant of the sub-network Y,, contains all the Right Half Complex Plane zeros of the
original network determinant. The determinant of the reduced network will have no zeros or
poles in the Right Half Complex Plane and its analysis will not give us true information about the
stability of the original circuit.

= Both determinants have zeros in Right Half Complex Plane. In this case, only partial information
about stability can be obtained from analysis of a reduced network.

When the two-port representation of the circuit belongs to the second class of the circuits system

poles, they are not observable via two port parameters. In such a case the positive result from the

classical two port stability methods give no certainty about the unconditional stability of the

network. It can be observed in case of the example parallel amplifier presented before. If

determinant of the circuit terminated with 50Q terminations is tested with numerical methods, three

zeros are found:

s, =-1.221-10°
s, =—1.483-10"
s, =-1.682-10"

(85.)
If additional two ports will be introduced in a way presented in Figure 21, the circuit will be described
with the equation (86.):
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Figure 21 Example parallel amplifier as a four port network.

For the numerically computed zeros of the determinant of the four port description a right half
complex plane conjugate pair of zeros is revealed.

n+y 0 Y Y
0 Y,+Y, Y, Y.
det 2000 TR B s =1.139-10° £2.25-10°
v, n, Y; Y
v, v, Y, Y

(87.)
The same conjugate zero pair could be discovered while the matrix (88.) is checked. This matrix is

equivalent of Y,, element from equation (82.) and contains elements of four port description of the
example parallel amplifier - (86.).
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Yo+y 0 1Y X
yo| 0 Yotk iy Dy _FIE_L_YIE}
b, ¥, iYgg Y| [Ya |15
b, v, 1Y, Y
det(Y;, ) = det [i” :ﬂ =0—s, =1.139-10° £2.25-10°
34 33

(88.)

This result indicates the second possibility , for that reason two port representation will not give us
true information about the stability of the original circuit. It is quite a disturbing discovery as the
amplifier used as an example is representative of a general group of the multi-device parallel
amplifiers. These amplifiers are an important group, especially in the integrated circuits
environment. The idea behind the paralleling smaller amplifiers is to introduce a compromise linking
more complicated structure and loses of additional combiners versus higher: output power, gain and
bandwidth performances of a single smaller power stage. However, as it was presented, these
amplifiers are susceptible to particular instability called Odd mode oscillations.

1.2.5 0dd mode oscillations

In general, in the circuit of n parallel combined devices can exist n modes of operation. The stability
analysis with K and A or p factors addresses only one particular mode of the circuit, thus amplifiers
can still oscillate in others in spite of fulfilling the requirements of the previously mentioned factors.
The typical, two port representation of simplified circuit of the parallel combined amplifier was
supplemented with internal branch currents and presented in Figure 22.

[y ]

[y:l

Figure 22 Parallel amplifier example with marked odd and even mode currents.

The voltage in each branch at input and output is the same. In contrast, the input and output branch
currents may not be equal. This situation is described with following equations for input terminal.
Same equations could be used to describe output currents.
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I=1,+1y
Ly =1 gy even L it oaa J —_J Ly =1 g1 even L it oaa
_ Blodd — ~ * Al,odd .
IBI - ]Bl,even + IBl,odd ]Bl - ]Bl,even - IAl,odd
Il = Al,even + IAl,odd + IBl,even - IAl,odd = IAl,even + IBl,even = Il,even

(89.)

It is clear form (89.) that odd component of the internal currents l; and lg; is not observable from the
input terminal of the amplifier. The input current is related only to the even component. This is the
base of the failure for the standard two-port network stability tests. They are related only to even
component which is in general the only one of n super-positioned current components in the circuit.
This is exactly same situation as in case of the state space representation stability analysis with use of
the system modes. In this situation system modes will be called ‘modes of operation’. In case when
each amplifier is excited by a desired mode in phase and with the same signal amplitude it is called
the Even mode. In contrast, unintentional modes characterized by the opposite phase among parallel
branches are called Odd modes. In a truly linear circuit the odd modes instabilities lead to oscillations
which are not observable from the circuit terminals which was demonstrated with the previous
example. But in case of the real circuits the oscillations will mix with the even mode on nonlinearities
and will become detectable as spurs signals. Such behaviour leads to deterioration of the amplifier
performance and eventually shows the way to catastrophic failures of the active devices.

Another interesting observation resulting from the fact that the odd mode is decoupled from
terminals of circuit is the independency of the odd mode oscillations from the input and output
impedances values. They are dependent only in the internal structure of the circuit. This happens in
contrast to the even mode stability of the circuit. These differences between Even and Odd mode
results in the end in the ineffectiveness of widely used, common stability tests. At the same time the
growing market of the IC power amplifiers faces designers in need for designing amplifiers prone to
the odd mode instabilities. Thus, the robust test as well as a designing tool allowing to avoid this
particular problem is needed. In the following chapter than, designing reality concerning multi-device
power amplifiers will be presented. Then, a few stability tests dedicated to such structures are to be
presented along with extensions and example CAD implementation.
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2 MULTI-DEVICE POWER AMPLIFIER

Historical start of the electronics could be dated back to 1906 and the invention of the triode lamp.
Lee De Forest discovery triggered off interest in electronic that did not weaken till today. In result,
new science lead to development of such ubiquitous possessions of nowadays as: radio, radar, TV, or
wireless communication, which dramatically changed our life and our perspective of the world.
Freedom of the relatively young personal wireless communication was quickly adopted and became
a must be in modern world. Increased mobility of the people forces wireless communication systems
to a constant development and growing accessibility. This in result leads to hunger for more and
more advanced technologies and at the same time costly effective solutions. This tendency has a
direct impact on today’s microwave electronics as tubes, historically first, are now slowly abandoned
holding to the last resort of the high power applications. Moreover, with technology improving each
day, more and more circuits built with younger in comparison to tubes solid state discrete devices
are integrated into the single chips. Reproducibility obtained in such a way results in a mass
production possibility. Combining this fact with the integration capability causes fewer number of the
components in the system as well as increased reliability, while integrated circuit approach leads to
pricy effective solution. At the same time increasing throughput demands from communication
systems forces new standards involving a more complex digital modulations schemes. Speed and
complexity of these modulations place designers in a difficult position while linearity and bandwidth
requirements are somehow in contradiction to the output power and efficiency of their designs. It is
especially evident in the case of the power amplifier which is an essential element of any transmitter
and in result, this contradiction will have a direct implication on any mobile device performance.
Linearity and bandwidth requirements forced by the system requirements will have negative impact
on the efficiency and the output power. These two factors can be observed directly with limited
range and battery operation time of the device. Additional requirements to a mobile device like
space occupation and thermal performances as well as low cost make the design task very
demanding. All these factors have a direct implication on today’s power amplifier design reality and it
is not only restricted to mobile device power amplifiers. Bandwidth, gain, efficiency, output power,
cost and complexity, plus thermal management trade off the existence of any power amplifier
designed commercially. Therefore, there are various approaches to the problem of the power
amplifier design that allow to find different compromises. Among them a power combining approach
serves a very important role. In the following chapter its importance is emphasized along with a
specificity of the Integrated Circuit approach to the power combining. A draft of the simple design of
the example combining/matching section is presented with a special attention to a widely used
cluster matching approach and capacitive loading.

2.1 Way to increase output power of the Power Amplifier

If a question arises: how to design a power amplifier within some specific set of rules? A
straightforward answer will be to search for an appropriate active device that can fulfill these
requirements. However, what kind of an approach will be possible if the output power requirement
is increased? Again, a straightforward idea is to find a bigger device. Unfortunately, this is not always
achievable. Moreover, if otherwise, bigger device in comparison to the smaller one will suffer from
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bigger parasitics, increased Q-factor and limited maximum frequency of operation. That will have
influence on bandwidth performances, poor phase linearity and lower manufacturing tolerance of
the final amplifier. The size increase of the multi-finger devices will result in higher phase differences
between the fingers what leads to a smaller gain. Moreover, scaling rules at some point are no longer
linear restricting device maximum size. And finally, in case of the high power active devices thermal
problems become difficult to resolve.

Another approach is a well know possibility of power combining. With an assumption to use the ideal
combining structures it is theoretically possible to reach any output power level maintaining
performances of the combined amplifiers. Obviously, this is not likely in the real world but in most of
the cases combining techniques can greatly extend design possibilities of the power amplifiers. A
tendency to use a bigger device is not always better or cheaper solution. Moreover, in the integrated
circuit reality it may be not even possible while the biggest size is limited by thermal issues or DC
current handling possibilities of the process. Besides all, the previously mentioned limitations will
deteriorate performances of the bigger device in comparison to the smaller one. Ultimately, in most
of the cases, foundries provide and support device models only in some specific range of the
dimensions, making the use of bigger devices inconvenient and risky. Therefore, combining
techniques in monolithic approach are very common despite of the low loss combiners design
difficulties, limited space and planarity requirement. Further, the combining techniques could be
used to introduce additional properties to amplifiers and they may be introduced either onto the
device, circuit or system level. Thus, a special attention will be paid to the combining techniques and
combining structures in the following paragraph.

Obviously, the simplifications introduced into the idea of the amplifier design and its redesign in case
of the increased output power requirement was very serious. Therefore, the initial design was
considered as a single ended simplest case. There exists a variety of alternatives that can be used as a
starting point or yet as techniques to increase the output power.

2.2 Power combining

As it was already stated before, power combining serves an important role extending design
possibilities to the power amplifier designers. Moreover, the power combiner/splitter serves a crucial
role as a fundamental building block in mixers, modulators, phase shifters, feed networks of phased-
array antennas, linearizers. Thus, there exist various approaches to power combining which reflect
special needs of applications where combiners are used. Each type of structures developed for them
will possess unique set of advantages and disadvantages that will be additionally strengthen or
weakened by technology used for the realization. Importance of the combiners as a building blocks
triggered development of counter-measures techniques and a variety of version of original ideas
widening subject of power combining even more. While a detailed analysis of power combining
structures is outside the scope of this work only brief analysis will be made. (Interested readers can
find more deep analysis in Appendix 1).

First of all, a brief division between combining structures is done to allow later to focus on most
common combining techniques used in integrated power amplifiers - Figure 23. Spatial and non-
spatial combiners can be differentiated by number of the dimensions used to perform the combining
action. The difference lies in the use of a full 3D environment for combining power in the spatial
combiners. That does not mean that in non-spatial combining the environment is flat but in fact
indicates that the third dimension is not used to propagate waves. In multi-layer case the
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environment can be described as 2,5D. In contrast, spatial combining uses three dimensional wave
interference and diffraction to combine power. Clearly, the main interest in nowadays reality is taken
in non-spatial combiners leaving the second case for the very particular and exotic applications. Main
division that occurs in case of non spatial power combining circuits is between the resonant circuits
and the transmission line circuits. It origins in turn from the interest to use metal conductor in order
to propagate wave or to obtain a specific field pattern. In case of resonant circuits we will find
application of patches, sector components and rings in various configurations. Their sizes are either
bigger or comparable to wavelength. They are mostly narrow band structures but there are examples
of structures with fractional bandwidth exceeding 40%.

Power
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1 | |
Maon spatial Spatial Power Multiple level
combining combining
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Figure 23 Division of combining structures focused on planar structures.

Transmission line combiners are structures which use the properties of transmission lines to perform
power combining. The main division applicable here is differentiating between N-way combiners,
corporate (tree) and chain combiners. N-way structures as it may be recognized from their name
perform N way combining in one step. They are the most promising structures in obtaining high
efficiency because of low loss. Unfortunately, a planarization of the structures when N>2 is often
problematic. In many cases N-way combiners for N>2 are fully three dimensional structures and their

35



Chapter 2 Multi-device Power Amplifier

planarization leads to the loss or limitation in such important features like isolation or match.
In case of corporate and serial combiners the signal needs to travel through n stages of loss network,
what lowers the combining efficiency. If combiners will be lossless it is possible to obtain any amount
of power at the output. Unfortunately, when they introduce losses, the efficiency of combining
network is dependent on the number of stages and the loss of combiner. For corporate combiners it
is possible to add a binary number of sources. Number of inputs of the network is than equal to N=2",
where n is the number of combining stages. Network can be built with the use of the same three-
port combiner structure, which matches impedance of input ports to the output port and maintains
the isolation between inputs. For these purposes hybrid couplers are significantly useful. In case of
the chain combining, we need N-1 combiners to combine N inputs. The following combiners have 3
dB to 10*logyo(N) dB of unequal power division ratio and they add 1/N power to the main path. Loses
are not equal for each combining path. Chain combining scheme is non binary and in ideal case we
could combine any number of sources. Limiting factor as in the case of chain network is the loss of
combiner but also difficulty to design combiners with high division ratio when N is large.

Problem of decreasing efficiency is more complex than the issue of losses of the combiners used to
build the combining network. Other factors related to final quality of design are imbalance of
amplitude and phase of combined signals. Problem can occur at the input of network but also inside
corporate or chain networks between stages. There occurs another difficulty when large amount of
signal sources are to be combined. Combiners are especially sensitive for phase imbalance. For
example, to maintain 90% efficiency in case of ideal and symmetric hybrid combiner [8], phase
deviation needs to be kept below 30°. Sensitivity on amplitude imbalance is not as big as in the case
of phase. These values are dependent on a type of the combining element used and on the
combining network topology.

Another very important issue of combining structures is a phenomenon of “graceful degradation” [9].
It is a specially important issue in design of the power amplifier with the use of low N power
combiner networks. It refers to the behaviour in the case of failure of the combined amplifiers
modules. Output power of m working devices is equal to N*P*(m/N)® in case of N equal P-power
modules in circuit. So, it is not directly proportional to the amount of power which is generated by

IM

those working devices (m*P). Term “graceful” is related to the behaviour of the circuit which still
generates power, even in the case of a breakdown of some combined modules. This feature could be
interpreted as an advantageous possibility of a “soft breakdown” in comparison to the classic single
ended amplifiers, but for a small amount of the combined devices the loss of power is high.
Furthermore, in case of the monolithic power amplifier, soft breakdown will in the end have exactly
the same consequence as a normal one while the whole amplifier needs to be replaced. Moreover, if
parameters of the working power amplifier are not monitored in detail, “soft breakdown” could be
difficult to detect.

In reality, owing to the fact that resonant structures are narrowband and occupy a large amount of
space for the lower frequencies they are rarely considered as a power amplifier building blocks. They
became more interesting structures while frequency of operation increases due to the decreasing
ration between width and length of transmission lines - Figure 24. The decreasing ratio, increasing
mutual coupling and difficulties with the lumped elements rises either difficulties to build
transmission line couplers without special techniques. Consequently, except for extremely high
microwave frequencies in range of millimeter waves, transmission line couplers are the most popular
solution.
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Figure 24 Ratio between length (L) and width (W) of the 35 Ohm quarter-wave transmission line versus frequency.
Substrate data: Er=12.9, H=100um, T=1.25um, Cond=5.7e7, TanD=0.006. Source - Agilent LineCalc.

2.2.1 Integrated Circuit reality

If Integrated Circuits reality will be considered as an environment for the power combining, the
choice of combining element will be further limited. The most straightforward limitation was already
mentioned: planarity, dimension, losses. A limited height of conductor layer increases resistance of
transmission lines and restricted current handling capabilities. The first effect is partially reduced by
high electric constant of semiconductor substrate which reduces physical dimensions. The second
restricts the range of possible transmission line characteristic impedances for the given guided
power. In addition, the transmission lines dimensions resulting from a direct application of typical
combiners to IC reality are in most of the cases too big. Large in this case means costly, as precious
semiconductor substrate is used to create passive component. As a result, the choice of combining
scheme is again a compromise, where physical dimension and planar realization is confronted with
electrical performance of structures. Unfortunately, the planar restriction affects severely N-way
combiner group and even with the additional electrical layer and air bridges planarized versions of N-
way combiners lose some of their most appreciated properties. Other complicatedness in combining
more than two sources comes from the routing problems and maintaining phase and amplitude
balance within the combining network. Space occupation, losses and restricted range of possible
transmission line characteristic impedances restrict a chain combining to a low number of the active
devices. This results in marginal use of the chain combining idea. For that reason, except some
particular ideas, the corporate combining is the most straightforward choice.

A basic version of the corporate combining network could be easily created with the usage of (N-1)
hybrid combiner of same type. Loss of the efficiency of combining and routing problems could be
minimized due to the symmetry properties of the structures used. Recalling that any signal path
travels through log,N combiners, losses could be maintained on an acceptable level for a limited
number of combined sources. Taking into account the existence of the general three types of the
hybrid combiners designers are able to take advantage of the additional properties in case of
combining/spiting network in the power amplifier. Their advantages will be pointed out with the use
of uncomplicated two amplifiers cell combined: out of phase, in quadrature, and in-phase [7].
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2.2.2 Out of phase combined amplifiers cell

Two amplifier cell was created by feeding two amplifiers from input splitter and recombining the
output signals into output combiner network - Figure 25. Combiners provide equal amplitude and out
of phase splitting.

1

Balun Balun
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T

Figure 25 Out of phase combining in case of two active devices.

One of the benefits from this type of the operation is a possibility of the fundamental frequency
common lead component cancellation. If the amplifiers’ active devices Sources are connected to the
ground with the common lead, the opposite phase of the fundamental current components causes
cancelation, leading to lack of the voltage feedback from the common lead element. At the same
time, such a configuration filters even harmonics, owing to their appearance in the phase at the
inputs of the output combiner. However, even more encouraging advantage of this scheme is
obtained if balun is used as a combiner element. Balun’s characteristic impedance is the same at
unbalanced and balanced output. While the balanced port is used to connect pair of amplifiers in
series, impedance from the standpoint of the transistor matching section will be two times smaller.
This is important feature as the smaller matching ratio sections are less demanding to the design.
Alas, in the high frequency implementation benefits of the balun are weakened as wide band version
of the element is difficult to design. In the case of the integrated circuits, devices are grounded by
direct connection to the via holes or ground plane minimizing source parasitic feedback. Moreover, if
an active device is grounded in many points only few of them are shared, which leads to a further
dilution of the cancellation effect. In the low frequency region very wide band baluns are easily
obtained applying the ferrite cores. Unfortunately, it is not easy at higher frequencies and for the
integrated circuits. As a planar versions of the balun can be considered for example: a rat race
combiner or Marchand balun. These structures occupy large area in the basic version and not possess
a great advantage of decreased impedance at the balanced ports. Existence of other ideas involves
creation of lumped element baluns with applying the low pass and high pass filtering structures
which are even more narrowband solutions.

2.2.3 Quadrature combined amplifiers cell

Other way to combine two amplifiers is to utilize quadrature hybrids to build splitting and combining
network - Figure 26. Theoretically, double amplifier cell created this way posses an incredibly useful
property of being perfectly matched at the input and output port. This property is related to the
phase shift introduced by the quadrature combiners. If any reflection from the amplifiers occurs,
reflected signals will meet in the input/output port out of phase, hence they will not propagate. In
contrast, at the isolated port of the coupler the reflected signals will meet in phase, and as a result
energy delivered to the dummy load.
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Figure 26 Quadrature combining in case of two active devices.

Such an effect can be compared to bringing into use isolators at the input and the output ports plus
two times bigger power amplifier. Additionally, this configuration offers benefit of the easy power
stages cascading without any need or risk of interstage matching sections design. What is more, the
stability of such amplifier is greatly improved. On the contrast, it occupies a lot of space. To realize it,
there exists a variety of different possible combiner structures: branch line coupler, coupled lines,
Lange coupler. These structures are well documented and numerous techniques improving their
performances have been developed.

2.2.4 In-phase combined amplifiers cell

In-phase combination of the amplifiers is the simplest case and most commonly it is prepared with
the employment of Wilkinson combiners - Figure 27.
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Figure 27 In-phase combined amplifiers cell.

Wilkinson combiner is a three port network created by parallel connection of two quarterwave
transmission line impedance transformers and isolating resistors. This is a very particular three port
structure which can be matched at all ports and is lossless while operated properly. This is owed to
the fact that in reality it is four port network with isolating resistor permanently closing one port.
Two amplifiers cell created this way does not have any unique advantages except for the general
simplicity in the design. This simplicity comes from a few facts. The used transmission lines
impedances are in desirable range for typical Zy=50Q application. Full symmetry of structure is highly
appreciated in the case of multi level combining schemes. Isolation provided by the structure helps
to maintain the odd mode oscillations problems. Regrettably, in-phase combining with the use of
Wilkinson combiner suffers from losses in the case of a thin conductor layer and large area
occupation. On the other hand, this combining structure is a well known and developed element for
which many additional techniques have been applied to improve performances or introduce some
additional, particular properties.

By knowing three basic approaches designer is able to trade their complexity for improving some
properties of the amplifier. A brief analysis proves that a low frequency nonintegrated design,
especially in the case of a dedicated pair of active devices works in favor of the out-phase phase
combining. These advantages tend to dilute with higher frequency of the operation along with
additional difficulties due to a design of the integrated balun. However, if it is possible, the balun
impedance transformation property is a great benefit and should not be discarded. Quadrature
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combining offers a benefit of wideband match and improved stability, thus it seems to be very
attractive while in-phase combining seems to carry only simplicity, symmetry and the space
occupation advantage. In most of the cases these tree factors will be the most important. Taking
into account a precious space occupation and simplicity of routing in case of the full symmetry,
Wilkinson combiner is compromise winner. Though it happens so only in the theory while it comes to
the integrated power amplifiers. Size of the classic structure is unacceptable in most of the cases.
Hence, additional several techniques were introduced to a shrink combiner. Among these were:
lumped element equivalent, capacitive loading of the transmission lines, shunt and series stub
loading of the transmission lines, PBG slow-wave transmission lines structures, meander coupled line
with inductive slit, multilayer approaches, active inductors use and stepped impedances. Yet, these
techniques if possible to implement into integrated circuits reality, had a price to pay. Certainly, the
simplicity benefit disappears. Without a doubt, some reasonable compromise needs to be found
again, which may lead to a modification of the initial assumption regarding the combining scheme.
To illustrate the problem, a simplified example of the four device amplifier combining and matching
the output network design considerations is presented below.

2.3 In-phase combining/matching topology discussion

For the amplifier presented in the Figure 28 design of the output section was considered. Also, an
initial assumption was made to use in-phase combining scheme based on Wilkinson combiner to
combine four signal sources.
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Figure 28 Four device power amplifier.

Then, an optimal impedance of the devices was assumed to achieve straightforwardness as Z,=5Q.
Consequently 1:10 matching sections (OMN) were needed to connect devices and the combining
network. With such a high transformation ratio it is expected that a simple matching circuit will be
narrowband. If for simplicity, quarterwave transformer was assumed as an initial solution, it is
effortless to observe on the Smith chart that a single matching section needs to have much higher Q
than for example three stage one - Figure 29. For the fractional bandwidth defined at Gamma<-20
dB, the following results were obtained: 9% for one section, 34% for two sections, 76% for three
sections - Figure 30. While the combining network fractional bandwidth equals 47%, a three stage
structure was chosen as not to be a limiting factor of the design. Additionally, one section
transformer was also chosen and will serve as a starting reference point as to compare the networks
performances.
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Figure 29 Matching Zs=5 Ohm with one and with three steps.
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Figure 30 Bandwidth behaviour of: one, two, three sections matching circuits and combining network.

If the chosen initially two variants of the circuit were to be investigated, a few important facts needs
to concerned. In general, the size of both structures is in not an acceptable range. If a simple draft is
prepared without any precise consideration of the transmission line widths, it is likely to observe that
the introduction of the three section quarterwave matching circuit nearly doubled the required
substrate area. Furthermore, investigation of the transmission lines impedances of the transformers
reveals their realization problems. taking into account a typical range of possible to realize
transmission line impedances, both networks fall out of it. One stage transformer uses Z;4,~15.8Q
quarterwave transmission line. Three section transformer use Zg4:=7.3Q, Zo4,=15.8Q and Z43=34Q
quarterwave transmission lines. Thus, if the range of the possible in order to realize the transmission
lines is estimated as: Zg min = 40Q t0 Zgmax = 85Q, none of the mentioned transformers could be used.
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Figure 31 Draft of two basic approaches for output combining/matching section of the example amplifier: three section
matching circuit (top) and one section matching circuit (bottom).

If we neglect this difficulty for a moment, it is achievable to notice in the Figure 31 that the
combiners in the draft are not connected with the transmission lines. To complete design, 50Q
interconnection lines need to be introduced. This in turn may well be treated as another waste of
space. In such an arrangement design is clearly divided into a combining and matching block. A
question is raised: what happens if this clear division will be discarded?

2.3.1 Cluster matching

Corporate structures for which matching and combining sections are alternated along the combining
line are often described as the ones involving the idea of the cluster matching [14]. It is particularly
evident while the symmetry is involved in creation of such a tree. If a simple alternation of sections is
introduced to an initial idea of combining/matching circuit, better space arrangement may well be
obtained - Figure 32. Further reduction is yet possible if the first quarterwave line transformer will be
meandered. Sadly, this circuit is unrealizable whilst in the result of the sections alternation,
combiners need to be redesigned for the intermediate values of impedance. In that particular case
these values are Z7,,;=10.7Q and Z,,223.2Q. Opportunely, Wilkinson’s divider designed for

impedance Z, requires transmission lines of the impedance ZO7TL=\/§-Z(), regrettably they are still

outside the proper range with the values of the: Z;1;215.2Q and Z,1,=32.8Q. If realization problems
will be neglected another time, a question may raise: is there a possibility to join the combining
action and impedance transformation? The response in case of the Wilkinson divider is affirmative -
[10]. After this operation, the circuit will resemble the bottom one from the Figure 31 and will be
comprised of one quarterwave transformer along with the two Wilkinson combiners that transform
impedance with same ratio as transformer. Increased impedance of the transmission lines used for
Wilkinson combiners allows a realisation of one of the combiners whereas: Zy7;=22.3Q and
Zo112,=48.1Q. Sadly, further problem exists to connect combiners with unrealizable characteristic
impedance of Z,;23.2Q, and once more, first quarterwave transformer is not reachable.
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Figure 32 Draft of two approaches for output combining/matching section of the example amplifier: separate blocks for
matching and combining (top) and mixed function circuit (bottom).
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Figure 33 Input reflection coefficient for tested networks: single port excitation (left), in-phase four port excitation (right).
1step — one stage transformer, 3step — three stages transformer, 3step_mix — three stages transformer mixed with
combiners, 1step_2steps — one transformer and two impedance transforming power dividers.

If networks performances are to be compared despite the realization doubts, reflection coefficient
simulation procedure requests to be clarified. As it is visible in the Figure 33, there exist two ways to
measure input reflection coefficient of the combining network. One resembles classical S parameter
measurement, when all other ports except the measured one are closed with appropriate
terminations. Reflection coefficient measured in this way is evidently valid but describes network
excited from one port and in case of this example amplifier such a situation can occur only at the
input or output of the whole amplifier circuit. As a result, for this way simulated output
matching/combining network, reflection will be valid no more than for the output port. For normal
operation of the amplifier all the inputs are excited with the same amplitude and phase. For that
reason, to estimate performances of combining network this particular kind of excitation is
requested.
As an outcome to this discovery two observations can be made. One is as effortless as an
interpretation of the curves which shows that bandwidth computed for Gamma<-20 dB is: B;=9% for
the basic structure with one transformer, B,=53% for the three stage transformer, B;=54% for the
three stage transformer mixed with combiners, whereas B;,=40% for the one stage transformer and
impedance transforming Wilkinson combiners. Thus, the preformed actions resulted in increased
bandwidth, according to the intentions. While considering drafts’ area occupation, the bandwidth
increases from B;=9% to B,=53% with a big increase in the circuit size. The second approach resulted
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from the components reorganization - attaining more compact structure but still unsatisfactory big.
The third approach was to preserve even more space by merging impedance transformation and
combing functions into one element. A draft of such circuit is identical to an initial structure with one
transformer while the bandwidth was increased to B;,=40%. An idea behind this concept is to
introduce intermediate impedance values along the combining path in the same way as it is done in
multistage transformer. Smaller impedance changes result in better bandwidth performances,
besides their distribution along the combining path allows for the superior space usage. Similar idea
as in cluster matching, but here with making use of Wilkinson structure rather than parallel
connection of clusters.

Figure 34 Draft of two approaches for output combining/matching section of the example amplifier: with use of Wilkinson
combiners (left) and combiners without isolating resistance (right).

The second observation comes from a problem of reflection coefficient measurement. In-phase
excitation of all input ports adopted to test performances of combining/matching network has an
interesting impact on the Wilkinson combiners. In this case the voltage at both arms of a combiner at
the same distance from common end is equal. Clearly, it also stays the same at the two excited in
phase inputs — so there is no voltage difference across an isolation resistor and there is no current. As
a result there will not be any change in performances of the combiner excited in-phase if isolating
resistor is removed. This is an especially interesting discovery which has potential to solve problem of
Wilkinson combiner topology. These problems are related to pure resistance element required
between the combiner input ports. The element implies its small size due to an expected lumped
nature at microwave frequencies. As an outcome, the problems of coupling, parasitics and difficulties
in routing of the interconnection lines for the combining tree structures are inevitable. Without the
resistor, the combiner can be “opened” solving most of the problems. Consequently, by removing
the resistors it is likely to avoid interconnection lines in not realizable impedance range and increase
efficiency of space occupation - Figure 34. Interestingly, the combiner built this way is in fact just a
parallel connection of two sources with impedance transformers. If characteristic impedance along
combining path is traced, it is possible to observe influence of the transformers and combining on its
value at different points - Figure 35. Starting from the one of the input ports, impedance Z is
transformed to impedance Z; and then to Zq.1=2*Z;,. At this point, the two signal paths are
combined by a parallel connection, thus the impedance is divided by two and decreased to Z;, value.
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A parallel connection of these two sources with identical transformers creates the first level cluster
(Cluster 1 in the Figure 35). Owing to the symmetry, identical structure is used for the two other
sources. Furthermore, to complete the design of the circuit two Clusters 1 subcircuits are required to
be combined and matched to characteristic impedance Z,. Therefore, the quarterwave transformers
increase characteristic impedance Z;, of the Cluster 1 subcircuits to Ztee;=2%Z, and their parallel
connection results in a required value of the final structure output impedance. Combined in this way
first level clusters may well be treated as second level cluster in the case of a further combining
need. This time approach is an exact reflection of the cluster matching idea. Moreover, it presents a
difficulty of the in-phase combining of the N low impedance signal sources, which means a further
increase of the transformation ratio between the input and output by N.
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Figure 35 Characteristic impedance change along combining path in circuit comprised of one transformer and two
impedance transforming power dividers. Top graph — value at f;, bottom - characteristic impedance in normalized
frequency range of (0.5,1.5).

While this was an evolution of the previous approaches, the impedance transformation steps are not
equal and performance of combining matching circuit is not optimal, for that reason could be
improved (for Gamma<19dB bandwidth will increase form B=42% to B=64% due to change for equal
increment in matching sections). Even if impedance Z), is below the realizable value, it is probable to
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avoid its usage whilst the combiners did not use resistors. Alas, the impedance of the two other
transmission lines used is out of the achievable to realize the range.

A removal of the resistor is transparent to performances of the assumed in-phase and equal-
amplitude excitation except that it has it cost. The network designed in such a way loses the benefits
that the Wilkinson combiner has over a simple Tee structure: an isolation between the inputs.
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Figure 36 Isolation of input ports of the tested networks based on: Wilkinson combiner (I_W - left), combiner without
isolating resistor (I_noR - right). Cl1 — input ports from same first level cluster, Cl2 — input ports from different first level
clusters. 1step — one stage transformer, 3step — three stages transformer, 3step_mix — three stages transformer mixed with
combiners, 1step_2steps — one transformer and two impedance transforming power dividers.

The Figure 36 portrays the simulated value of isolation for all the tested circuits with the Wilkinson
combiners (the graphs on the left) and in the case of the combiners without an isolating resistor
(graphs on the right). Moreover, while the combining tree structure is of the second level, two
different curves are possible to obtain, depending on the location of the inputs. The first one, for the
inputs from the same, first level cluster (the top graphs) and the other while inputs are form different
first level clusters. Clearly, the circuit that uses ideal Wilkinson combiner has an infinite isolation at
the central frequency, in a distance from the central frequency value drops. In contrast, isolation of
the circuits without isolating the resistors has finite and rather small value at central frequency and
in band of the combining network. Lack of isolation is responsible for increased problems of the odd
mode oscillations. This is the risk that is introduced due to a more efficient space usage.

2.3.2 A capacitive loaded transmission line technique

A solution to the realization problems of low impedance transmission line could be found in many
publications, regarding power combiners size reduction [11]. The idea is to exchange quarterwave
transmission line Figure 37 (a), with an equivalent circuit. In this case the equivalent circuit will be
build from shorter line of different than the original line impedance at which ends shunt capacitors
were connected - Figure 37 (b). Smaller size of the substitution could be another benefit of this
particular approach.

46



Chapter 2 Multi-device Power Amplifier

() (®)

Figure 37 Quarterwave transmission line (a) and capacitive loaded line (b).

If Y parameters computed at central frequency of circuits are compared (90.), Z and C could be
calculated as a function of 6 and Z, - (91.).
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Clearly, the reduction of transmission line length in equivalent circuit will artificially increase its
impedance. Unfortunately, the equivalent circuit behaves like quarterwave transmission line only at
the central frequency. In general this is low pass structure, what is visible if reflection coefficient is
plotted on the Smith’s chart for a different value of 6 - Figure 38.
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Figure 38 Reflection coefficient of Zy=35Q (2) and Z,=70Q (1) transmission lines (org) and their equivalent circuits (equ).

How does it influence performance of the designed circuit? A simple experiment has been performed
and for the previously designed matching/combining circuits the scale factor was introduced,
controlling the length of all quarterwave transmission lines - (92.).
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0 = scale-90°
(92.)
The performances were simulated for the scale={1,0.6,0.1} and presented in Figure 39. While
observing the transmission coefficient, the low pass action of equivalent element circuit is easily

visible. With a decrease of the scale factor, characteristics of the circuits became unsymmetrical and
deteriorated. Hence, further redesign is needed if the method is to be adopted.
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Figure 39 Combining/matching networks performances depending on the scale factor. Top series of graph scale=1, middle
sclae=0.6, bottom sclae=0.1. Gamma — reflecion coefficient, Trans- transmision from sources to output port. 1step — one
stage transformer, 3step — three stages transformer, 3step_mix — three stages transformer mixed with combiners,
1step_2steps — one transformer and two impedance transforming power dividers.

With a reduced size of the quarterwave transmission lines, their characteristic impedance requests to
be increased. If all values used in the four designs are plotted along with the assumed range of a
possible realization, any draft should theoretically obtain the green light for the further
development, whereas with the decreased scale factor all the curves cross the realizable range of the
impedances - Figure 40.

Further development of the circuit includes an introduction of the capacitors at the ends of the
transmission lines. This is difficult due to a couple of reasons. One of them is connected with the
problems regarding via hole structure in the integrated circuits. Its relative size is much bigger than
the one for normal microwave circuits, what in turn decreases significantly freedom of usage. What is
more, the proximity of via holes is a subject to strict rules due to the wafer’s durability. Relative large
dimensions are the issue to an increased coupling to the near elements. Often, dimensions of the via
holes force designers to reduce their number by reusing them. As via hole introduces series parasitic
to this connection, its reusage introduces the voltage feedback between the commonly grounded
subcircuits.
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Figure 40 Change of capacitive loaded quarterwave transmission line impedances used in designs depending on the scale
factor.

Other problems regard the call for introducing more circuit elements like capacitors, tee junctions as
well as interconnection lines. Their parasitic needs to be taken into consideration. A decreased width
of the shortened transmission line could be again the matter to limitation from the current handling
capability and increased resistive losses. This could be in particular difficult if biasing network is
connected to the combining network at high level stage. If we assume that in the presented example
each active device conducts in saturation ls;,pc=120 mA and the current limit due to electromigration
is =12 mA/um, then the minimum width of transmission line that can bias device will be W,;,1=10
um. Although, if two devices were to be combined and biased together it would be Wy,;,,=20 um,
and if the bias circuit was connected at the output, minimum width for the combined current it
would be W, 3=40 um. This additional restriction in case of a larger number of the combined devices
could be burdensome. For that reason, in the next paragraph there was developed another
interesting technique, which is to counteract this difficulty.

2.3.3 Bus-bar combiner

A bus-bar approach [12] will be presented on a base combining tree structure introduced in Figure 41
a). Bus bar combiner is introduced into the first combining stage marked with | in the Figure 41 b). To
bias all the devices connected to the combining network, a wide strip conductor called “bus-bar” is
placed across the network. Combined sources are connected to bus-bar with interconnection lines at
the same distance. From the other side of the bus-bar the rest of the combining tree is connected in
a middle point between the pairs of the sources - Figure 41 c). While the circuit is excited in phase
and with the same amplitude such an arrangement creates virtual openings in the bus-bar at the
points marked with the broken line. Evidently it is so only for the combined signals, therefore this
wide conductor can be still used for the bias devices. To perform this task, the bias circuit needs to be
designed and connected to the one or two ends, providing DC path and the open circuit at the
frequencies of the operation. While the whole idea is based on the symmetry of the structure and a
combining points connection, the symmetry of double biasing will be highly appreciated. In theory
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this can be mixed with any type corporate combining tree, even on the ones not based on two port
structure, the only requirement is to maintain the symmetry and the initial even-number of the
sources.
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Figure 41 Bus bar combiner idea. a) Corporate network, b) bus bar, c) rest of the network.

A compact structure, high current capability for DC feed, the likelihood of the odd-mode stability
problems reduction are the most evident gains. On the contrary, the structure requires
electromagnetic simulations to predict the true behaviour. Any matching structures or
interconnection lines introduced between the signal sources and bus-bar combiner will influence its
odd-mode stability problems reduction ability. While in the base concept impedance seen at the bus
bar combiner outputs is half of the source impedances, its usage shifts burden of high ratio matching
to the higher order combining stages increasing their design difficulty.

2.3.4 Conclusion

The simple example of matching combining section design draft reflects the compromise strategy:
not to lose too much of the electrical performances whilst trying to gain possibly most resourceful
space usage. Highly efficient approach to the task is the simplicity as in phase combining is preferred
along with the cluster matching. This results in lower complexity, better arrangement of components
and their lower parasitic mutual influence. These very features are then related to a much higher
accuracy of the circuit simulated by simple circuital models what in turn allows to avoid usage of the
demanding electromagnetic simulations. Speed of the circuital simulations is extremely vital at the
initial point of the design, especially in the design reality, where the best compromise is often what
designers are looking for. Thus, not only specific and demanding approaches like Bus-bar are
rejected, but also the highly appreciated ones from the stability point are frequently omitted.
Amplifier final tuning and stabilization are often treated as the project final stage problems what may
lead to non optimal results or to a profound redesign necessity in case of the stability problems.

2.4 Power combining impact on the stability and a requirement for
the tools

Power combining offers a series of advantages when considered in the power amplifier design,
moreover it happens that it is inevitable in order to reach the goals of the design. It was existing at
the earliest stages of development of the electronic field and it is yet present nowadays. For that
reason, there is a variety of approaches to the power combining that are related to the requirements
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and the technology of realization. In the event of the Integrated Circuit reality, described more
deeply in this chapter, the power combining suffers from highly compromised approach, related
mostly to the size reduction imposed by lower cost and the introduced simplicity. This reality puts
the designer in the difficult position whereas the amplifier design becomes an art of finding the finest
compromise. Among the factors taken into consideration for this compromise there are basic
electrical performances or physical properties, so consequently the stability properties often become
the last ones to verify. It is above all evident in the case of odd mode stability, which is more difficult
to predict. Regrettably, stability is not a subject of any compromise if given not stable circuit. Makes
it even harder when the odd mode stability tests are not available in the popular CAD environments
and they require additional effort to be conducted. The Integrated Circuit reality is prone to the odd
mode stability problems mainly due to the popularity of in-phase combining and compromised
approach to the combiners, favouring the use of the simple parallel connection over the bigger
structures with isolation. Low cost and efficient space usage force designers to use more risky
approach. Thus, counter measured techniques in form of the efficient tools are extremely important
in similar way as they are present in the CAD environments for the standard two port stability. It
should be possible to address the circuit unconditional stability easily and in case of the conditional
stability or the instability, the source of the problem should be located effortlessly. If given the
standard two port stability, Rollet k-factor or u-factor fulfill the role of the simple and efficient
unconditional stability test. In case of the problems detected by the previously mentioned methods,
making use of the Source and Load Stability Circles can provide great help in the understanding and
eliminating the stability problems. Comparable approach to the odd mode stability problems is highly
desirable while stability of all modes needs to be assured simultaneously. Hence, an effective
method cannot merely return final verdict over the circuit stability. It should as well be a tool
providing precise information that allows to find source and perform an effective countermeasure
action. The same way it should be easy to introduce the method into design at any stage of the
project and possibly involve it into the optimization routines. A matter of an existence and usability
of such methods will be the content of the very next chapter of this work.
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3 SPECIALIZED STABILITY TESTS

It has been already revealed in the paragraph 1.2.4 that the two port representation is not always
enough to assure the circuit stability. This happens to be so in case of multi-device power amplifiers
which requires new concepts of stability test. Among likely solutions two were chosen for further
inspection- Freitag and Ohtomo methods. What is common for them is the first step to divide the
circuit under the test into two subcircuits, another shared feature is the final verdict on the circuit
stability they gave. However, ideas they are based on are dissimilar and this result in a different weak
and strong points of these methods. As a result, more detailed investigation of their usefulness in
multi-device power amplifier design will be the scope of the following chapter.

3.1 Freitag method

The author presented the mathematical framework for the stability prediction of all n mode of n-
parallel devices amplifier [16]. In favour of clarity, the initial steps of the method will be presented
with use of the simple, symmetric in-phase combined parallel amplifier presented in the Figure 42 a).
As it was mentioned before, two port representation could be insufficient to assure stability of n-
device parallel amplifier, so the method accesses the internal nodes of amplifier to address its
stability. The initial step of the procedure is to close the input and output ports used in the two port
representation by appropriate terminations - Figure 42 b). Then, the circuit is divided into two parts
named accordingly as the input and output. Division will take place at input or output of appropriate
amplification stage and will create n-broken connections - Figure 42 c). These broken connections are
exchanged to ports for both bisections. Thus, after initial steps of the procedure two n-port
subcircuits are created - Figure 42 d).
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Figure 42 Example parallel amplifier in Freitag method.
a) circuit, b) input oputput port closure, c) division point d)bisection creation.

Each subcircuit created after division can be described by Z matrix equation, in case of the example
circuit from Figure 42 d) it will be two port representation as follows:
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{Z“ ZDHL} _ {Ul}
Z21 ZZZ IZ U2

If eigenvalue and eigenvector relation (13.) will be invoked and rewritten in terms of Z matrix, an

(93.)

interesting discovery is made:

[Z]' [Ik]= Zy - [Ik]
(94.)

Such a description reveals that with particular current excitation all ports will present identical value
of impedance. These values of impedance will be equal to the eigenvalues of the subnetwork Z
matrix and excitations will be equal to eigenvectors associated with them. If given n*n matrixes
describing bisections, n linearly independent eigenvectors are expected to be found. They will
represent the current/voltage modes that exist in each half of the amplifier. If eigenvectors sets are
equal for both bisections it is justified to expect that any current/voltage waveform existing in
amplifier can be represented as linear combination of these eigenvectors. As a result eigenvectors
correspond to previously mentioned modes of operation- paragraph 1.2.5.

In case of displayed in the Figure 42 d) subcircuits symmetry, not perturbed by the division of the
circuit, allows to write Z11= Z,, and Z;,= Z,;. For that reason, eigenvectors and eigenvalues are easily
found:

{Z” Zj-hkkzk 1]

1 1
I, = {J eigenvectors I, ={ J

Z,=2,+27Z, eigenvalues Zo=2,,-72,

(95.)

The results have very intuitive interpretation as the presented example is in the phase symmetric
parallel amplifier. The desired way of operation on the circuit assumes in-phase excitation of the
active devices and is called even mode. On condition of this analysis vector I is responsible for this
type of excitation. Impedance Z; will be sensed at subcircuit ports in this mode. The second mode is
called the odd mode and assumes out of phase excitation of active devices. In an ideal parallel
amplifier incorporating of in-phase combining odd mode is insensible to the input/output
termination, as virtual ground is created in combining points. Vector lIo match odd mode description
and eigenvalue Z, associated to it will describe the impedance noticed in this mode at both ports of
the subcircuit.

In this simple case the procedure intuitively resembles Even-Odd analysis [15]. Thus, even mode
impedance Z could be obtained by application of magnetic wall in the axis of symmetry of the
bisections. On the other hand, Z, could be obtained by application of electric wall in the axis of the
symmetry of the bisections. This very process was portrayed in the Figure 43 meant for the lumped
element parallel amplifier already divided into bisections. Interestingly, two equivalent circuit were
obtained through this way. Linear independence of eigenvectors responsible for different modes of
operation allows to divide analysis of the circuit stability to smaller problems of the modes stability.
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By observing the results in the Figure 43, a similarity to the oscillator problem is evident. If it happens
that eigenvectors sets are exactly the same for both bisections, then all the modes of operation can
be addressed by this approach and full stability of the circuit can be assessed.

5

2 W 4 s o v 5 & =
l: T —[ "1_ F'..F'.:,_IL M T
F[ F ""...i"' ‘_-.,I'-‘ L :;2& Ru 27 _J?Fi.: oF ¥ ; %;zLLILZ 28
% F > 2 ‘_“— g e
i TT B ak Re 2 A
oL I/ pr [Nl
A I=] i i e = ] [ s o v ] =
_'1_ P.. P. c —l{ b p .
= 5+ ¥ A
<, T T : e i = < 7 < 1
2F TS I
= r——[3 G T T T Lol m . i
’ -+ Py Pow == - F'.F',:,.Ic
¢ 1 2 2 L J7 1 o I

Odd Mode Even Mode

Figure 43 Odd and even mode impedances in case of the symmetric two device lumped element parallel amplifier.

Verdict on the stability of the particular mode is made by application of the onset of the oscillation.
While eigenvectors of the bisections are equal, eigenvalues associated to them could be of diverse
value for the input and output bisections. Therefore, additional subscript i and o was added in order
to distinguish them. With such a description of the bisections equivalent impedances, onset of
oscillation based on simplified Kurokawa oscillation condition is formulated [21]:

Re{z (N)+z,,()=RefZ. (f)}<0
IM{Z,,(f)+Z.,(f)} =m{Z, ()} =0
Re(Zy () Zuopo (1)} = Re(Z,, (1)} < 0

Im{Z,,..(f)+ Z, (/) =Im{Z,, ()} =0

} "even mode"

} "n"™ odd mode"

(96.)

If condition (96.) is met for the particular mode, at any frequency, than the oscillations will occur.

3.1.1 CAD implementation

A method implementation in CAD environment can be divided into three steps: simulation of
bisections Z matrixes; eigenvectors and values calculation and application of onset of oscillation. The
first step is in general the simplest to perform if manual division of the circuit has been performed.
The second step is more complex and depends on the type of the environment the designer uses.
Unluckily, most of them are not suitable to compute eigenvalues and eigenvectors through the built
functions. So, the best way is to describe eigenvectors and values by means of equations. It is
possible for a low number of the devices, regrettably, for more than 4 devices it is difficult task.
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Exemption occurs for perfectly symmetrical structures and for N=2"' sources. Finally, an
interpretation of the curves is easy subject to manual investigation and in the event of the
automation, zero crossing algorithm is required. This additional requirement will decrease efficiency
of optimization routines, what is more, either two separate schematics are necessary to compute
bisection matrixes or one with double dimension. In the second case the memory and computation
time is wasted for coefficients describing non existing connections. Moreover, in basic approaches it
is not possible to simultaneously perform Freitag test and simulate two port performance of the

circuit.
800 ‘ 400 400 400
] r B
400 - < 200 200
. ] 4 L 5 5 i =
S . T 3 :
8 o] Lo & = o a
e 7 L 5‘/ 2 i \OT
-400 — —-200 200 —|
-800 —— T T T L I By B B B 400 -400 T “ L B L B B A -400
00 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 10 12 14 16 18 20
freq, GHz freq, GHz

Figure 44 Odd and Even impedance analysis for the example amplifier from paragraph 1.2.4 (Figure 16).

If example amplifier presented in paragraph 1.2.4 (Figure 16) is tested with Freitag method, results in
the Figure 44 are in agreement with the previous discoveries. Circuit was unconditional stable from
the two port stability tests point of view and unstable in Time domain simulations. Results of the
analysis shows even mode stability for Z,;=2=Z,=50Q while real part of Z. is higher than zero for all
analysed frequencies. Same time imaginary part of Z, impedance plot is crossing zero value while real
part is negative at that frequency point. This clearly indicate that circuit is odd mode instable and
method predict correctly instability and its type. While onset of oscillation can assure even mode
stability only for initially chosen input/output terminations. Therefore it is necessary to use
additional test if unconditional even mode stability is to be guaranteed.

3.2 Ohtomo method

Nyquist criteria [18] is an important and useful stability tool. Sadly, its powerful idea in case of multi-
loop circuits became its weakness. The idea is to test the presence in the right half complex plane
poles instead of finding their precise positions on the complex plain. Nyquist addresses this necessity
providing the value of the difference between the number of poles and zeros in the right half
complex plane. Such quantity is achieved from the analysis of the open loop transfer function- a
more detailed description of the criteria is presented in Appendix 2.

Unfortunately, the result in multi-device/multi-loop circuits of the Nyquist analysis could be
misleading. Therefore, the method presented by Ohtomo in [17] can be perceived as an extension of
Nyquist criteria for multi loop circuits. The method of the analysis assumes the division of the circuit
to the two subcircuits described by s-parameters. One is created from all the active devices and is
represented by the scattering matrix S. The remaining passive circuit components are represented by
the matrix S’. It is assumed that there is no coupling existing between the active devices within the
subcircuit. Graphical representation of that action is showed in Figure 45 a), the circuit
representation with matrixes S and S’ and the interconnection ports interpreted as the signal nodes
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are showed in Figure 45 b). In the Figure 45 c) for, clarity nodes were separated with paths t;and t';.
Clearly, for any interconnecting ports ap= b’p; and bp= a’p;, where n is the port number.

A'pi =gy a'p t=1 be,
— — —
B'p=ay, e =1 ay
a'py=hp, _@,pg t.=1 bﬂ
b'e,=a5; b, r=1 an
' = - ] < 2 2
S — S S .S
A py=Dpy apy t=1 -
f R ———
b’ey=as; e, t=1  ap
apy=b ap t=1 b
: — Passive B Passive Lok e Rd .
i 1 i d imbedaing © | imbedding b Active Imbeddlng—B#o— Active
: S netrork  © | network ] devices | | network ps E=1 8py| devices
a) b) )

Figure 45 Circuit prepared for analyze with multi-loop Nyquist approach.
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Figure 46 Relation between ap; and b’p; at port 1.

If relation between ap= b’p; at port i is considered, the signal flow graph of a feedback loop is
obtained. Example for port 1 was presented in the Figure 46 where the graph a) was reduced to b)
that contains only nodes ap; and b’p;. The graph forward the path is named G;(s) and the feedback
path is named t';. Clearly, the graph in the Figure 46 b) can be analyzed with the usage of Nyquist
criteria - paragraph A2.2. While ap, is treated as a source, the closed loop transfer function Hy(s) is
described as:

_b(s)  Gls)  Gls)
HI(S)_ a, (S) B I-G, (s)-tl' - 1-G, (S)
97.)

The open loop transfer function in this example is simply G4(s). Nyquist criteria can be applied in the
same way at any of the circuit interconnecting port i and the stability of feedback loops can be tested
with the usage of the open loop functions G;(s). The author defines open and close transfer functions
in terms of the s-parameters of two subcircuits: Sand S’ - (98.).
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A M,=5"S-1,
(M,) A=det(M,)
A, (M, )= cofactor of (i,i)component of M,

I, -1s the n x n identity matrix

(98.)

Sadly, as it was mentioned previously, the analysis of Nyquist locus gives an answer to the question
about difference between the pole numbers p; and zero numbers z; in the right complex plane of the
1-Gi(s). Thus, the number of the locus encirclement N,= z; - p; will not provide answer about z; until p;
is unknown. For a single loop amplifiers p=0 is treated as a proviso to the Nyquist criteria and it
guarantees N,= z; for the open loop transfer function. This very approach fails in case of the multi-
loop. The simplified example circuit presented in Figure 47 a) illustrates this problem. While the open
loop transfer function G, is inspected in the Figure 47 b),the red broken line indicates internal loops
that exist in the circuit. Therefore, even if subcircuits S and S’ did not possess any poles, p=0 and
p’=0, these loops are potential sources of the right complex poles of the open loop transfer function
G,. Consequently, p,=0 cannot be guaranteed by p=0 and p’=0 and final stability analysis result is not
certain with a simple application of the Nyquist criteria.

G,(s)

Passive Passive
imbedding | @’;, t=1 b., | Active imbedding | @', t=1 b., | Active

network devices hetwork devices

a) b)

Figure 47 Open loop transfer function in simplified multi loop circuit example.

Ohtomo responds to this drawback by defining subgraphs of the original circuit graph. In order to
create k™ subgraph, k-1 t branches were broken, t’;=t’,=...=t",1=0 ( according to the Figure 45 c) ). The
Kt subgraph may still retain some information of the feedback loops from the original circuit. With
a;=a,=...=ax.1=0, Open Loop Transfer Functions denoted as Gi(s) for the path a,>b’ in the k-th
subgraph. Gi(s) is given by:
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1<k<n
Mk,k Mk,k+1 Mk,n
Mk+1,k Mk+1,k+1 o Mk+1,n

_ det(Mn—kH ) Mn—k+l = . .. .
(_;k(s)_1+—d t(M ) where:
© nk Mn,k M}z,k+l e Mn,n
M, =1
M, :(i,m)componentofM” 1<i,m<n

(99.)

Since det(M,.1)=A;(M,) for k=1, the subgraph is an original graph itself and Gi(s)=Gi(s). The
differences between functions Gi(s) and Gi(s) were presented in the Figure 48 basing on the same
simplified example from the Figure 47 a) and the functions G,(s) and G,(s). Obviously, after breaking
branch t’; subgraph became free of internal loops, this happens when k=n due fact that n' subgraph
is cascade graph. It could be expected that in this particular case the results of Nyquist locus analysis
of the open loop transfer function of n™ subgraph will respond to: N,,= z, while p,=0. Author uses this
fact as a base for the calculation of the total number of zeros and poles of open loop transfer
function 1-G(s).

__________ =0 ap,

___________ o
Passive H————- Passive <7
imbedding | @'y, t=1  b., | Active imbedding | @', t=1 b, | Active
network devices network devices

a) b)

Figure 48 Open loop transfer function G,(s) a) and open loop transfer function of the subgraph G,(s) b) in simplified multi
loop circuit example.

When all the matrix elements of the S and S’ matrixes do not possess poles in Right Half of the
Complex Plane, it means that the elements of M,, matrix do not have any Right Half Complex Plane
poles. Based on that assumption the number of zeros - z, and poles - px of 1-G(s) are defined as:

Zk = Z{det(Mnkarl )}
Py =z{det(M, )}
(100.)
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Where function z{ f(s) } in the (100.) denotes number of the Right Half Complex Plane zeros of
function f(s). Hence, from Nyquist criterion number N, of clockwise revolutions of Nyquist plot G(s)
around the critical point (1+j*0) is defined as:

Nrk = Zk - pk = Z{det (M n—k+1 )}_ Z{det (M n—k )} 1 < k <n

(101.)
Evaluation of the sum of the N, for k from 1 to n lead to following equation:
SN, ==ldet(M, )}~ zfdet(M, )} = z{det(0, )} = z{A}
k=1
(102.)

So, the total number of the right half complex plane zeros of the function 1-G4(s) is equal to:

Nz :Z{A}:Zn:Nrk
k=1

(103.)

In this way investigation of all locuses: Gi(s) and Gi(s) for k=2..n is sufficient to determine the number
of right half complex plane zeros of the circuit determinant z{A} and forms necessary and sufficient
condition for the circuit stability - (104.).

(104.)

3.21 CAD implementation

Implementation of the method in a CAD environment forces the computation and interpretation of
the n Nyquist locuses in terms of their encirclement over the critical point (103.). In case of typical N-
device power amplifier, if the active devices can be treated as two port networks this means that
n=2*N. In a classical approach this results in 2*N simulation setups. Fortunately, the method gives an
opportunity for the relatively simple application exploited by Ramberger et al. in [19]. If the open
loop function of k™ subgraph Gy(s) is to be simulated, the original circuit needs to be modified.
Creation of the k™ subgraph requires modifications of interconnecting paths t’;. A simple observation
can be made basing on the Figure 45 c): all interconnecting paths at ports i are intact for i>k. Same
time for i<k paths t’; are broken. This rule is summarized with (105.). Evidently, at port k the open
loop function G(s) is measured.

(105.)
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Basing on this observation, three cases can be easily distinguished and transformed into elements
that can be placed between passive embedding network and active devices at interconnecting ports.
While t’'; = t; = 1, element is simply through connection. For t’;= 0 and t;= 1 it is an ideal isolator and
finally to measure Gy(s) a three port circulator is required. While there exists a strict rule defining
which element should be placed at port i while k™ locus Gy(s) is searched, this is a chance for the
automation of the method. A universal component can be defined to be placed at each
interconnection port with an individual number corresponding to the internal port number and
control variable k- Figure 49.
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Figure 49 Component used for automation of Ohtomo stability test.

If presented above elements would be placed at all interconnecting ports and differentiated with
individual port numbers, such prepared circuit will be prepared to simulate Gi(s) at port PTk. In the
Figure 50 a) 3™ subgraph was prepared for simulation of the Gs(s) at port T, the same functionality
possesses the circuit in the Figure 50 b) while variable k=3. An open loop transfer function of 3"
subgraph can be simulated at port PT3. A key drawback of this approach is a necessity for n
simulation ports for each simulation, whereas in reality only one port is connected to the circuit
under the test. If an element is not working as circulator, its third port is left open, as a result all PT
ports can be connected and treated as single test port PTk - Figure 50 c). Simulation of the open loop
transfer functions of subgraphs Gi(s) prepared in this way can be performed with the use of one
simulation setup, for which k parameter is swept from 1 to n. Besides, if the sweep is done from 0
value and original input/output ports are retained, the standard two port simulation can be
performed to check the circuit performance and two port stability in a single simulation setup.
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Figure 50 Implementation of automated Ohtomo stability test.
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Gamma
Gamma

Figure 51 Ohtomo test results for the example amplifier from paragraph 1.2.4 (Figure 16).

Next step in the procedure is to interpret locuses and give verdict on the stability. In general it is not
difficult to carry it out manually, but becomes quite problematic while the automation is required. In
most cases, an additional algorithm that processes the result is needed. This is not always possible
when the designer is restricted by the abilities of the CAD environment, also any algorithm
introduces computational cost and decreases efficiency of optimization routines.

If presented CAD implementation of the Ohtomo method would be applied to the presented in the
paragraph 1.2.4 (Figure 16) example amplifier, in result we obtain the four Nyquist locuses - Figure
51. The four interconnecting port requires an analysis of the four Nyquist locuses. In the Figure 51 it
is apparent, that the violet curve encircles the critical point, and so N,=1 and the circuit is instable.
Again, result is in agreement with the time domain simulation results of the amplifier.

Unfortunately, the method does not indicate a type of instability nor the potential source. At the
same time there is no restriction on the number of devices or topological properties of circuits that
can be tested. In case of the stable circuit, the even mode is guaranteed only for the initially chosen
input/output terminations. Thus, the unconditional even mode stability can be guaranteed with the
appliance of an additional test if required.

3.3 Conclusion

Freitag and Ohtomo methods have potentials beyond standard two port stability tests and their basic
advantage is to address stability of all the modes of operation of the tested circuit. Freitag method
uses in this case a modal analysis of the bisected circuit under the test. For that reason, the analysis
based on eigenvalue computation is restricted to situations when both bisections possess identical
set of eigenvectors. If an application of the method is achievable, the original stability problem of the
n-device power amplifier is in result transformed into n stability problems of each mode of the
operation. Even if bisection eigenvectors are diverse, it is still possible to estimate the value of the
impedance on each side, what may constitute important information. The method is extremely easy
and efficient to apply in case of ideal in-phase corporate parallel amplifiers as eigenvectors of such
structures are easy to predict. This is also true in case of low number of the devices as it is relatively
easy to find closed formulas for eigenvectors and eigenvalues. The biggest advantage of the method
is not only information about the stability that it provides but the source of eventual problems in
sense of an unstable mode Knowledge about instability source is invaluable information in terms of
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speed and an optimal choice of the countermeasure action. Thus, Freitag method could be treated as
a stability tool. Also, the list of pros and cons for the Freitag method may be completed with a low
computation cost and easy results interpretation for the mentioned cases as well as with an
inconvenience to reconcile the stability test and circuit performance check.

On the other hand, the Ohtomo method can be perceived more like a complete approach based on
the powerful Nyquist criteria, even with a detailed CAD implementation description. Its power comes
from almost no restriction to topology, number of devices and their character. With very few
assumptions the method is robust, but functions more like a test and except for the binary result in
terms of: stable / not stable, the Nyquist locuses of the subgraphs are quite tricky to interpret. As a
result, these two methods do not compete to be an extension to the standard two port stability
tests, since they are likely to complete themselves. Regarding this, a more detailed investigation of
the Freitag method will be conducted.
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4 FREITAG METHOD AS A CAD ORIENTED APPROACH

Freitag method presented in the previous paragraph is a very promising method to verify the stability
of the parallel amplifier circuits. Whereas it bases on the knowledge of the eigenvectors and
eigenvalues their recognition becomes crucial. The most efficient way to check their values in terms
of CAD implementation is a possibility to express all eigenvalues with the predefined equations. If it is
not possible, numerical iterative methods need to be involved. An introduction of the iterative
methods complicate analysis, increase computation cost and introduce error to the results. For that
reason, it is highly desirable to be able to use the predefined equations. Regrettably, it is very difficult
to provide closed formulas for eigenvalues and eigenvectors for the circuits with higher number of
the active devices. Nevertheless, analysis is much simpler while symmetry is introduced to the circuit
and becomes trivial while ideal corporate in phase combining scheme is investigated. As it was
emphasized in chapter 3, such scheme is very popular due to its simplicity and efficient space
occupation. Hence, if Freitag method is restricted to the corporate structures it does not narrow
down usefulness of the approach severely, instead it gains intuitive and easy application scheme.
While the combining tree is based on the hybrid combiners, it restricts number of the signal sources
to N=2". While N=2, two different situations are possible, a non symmetric reciprocal bisection and a
symmetric reciprocal bisection. Equations (106.) and (107.) describe eigenvalues and eigenvectors of
the first case. While bisections are symmetrical and reciprocal description of the eigenvalues and
eigenvectors simplifies to (108.) and (109.).

- Z, ,Zy \/le2 =22, Zy+ '2222 +4'Z122
Z Z ZAl =—+ +
Z. =" T 2 2 >
A Z Z \/ 5 5 -
v Zy Ly 2y —2-2,-Zy+Zy +4-2,
ZA2 :74- ) — 5
(106.)
_— Z, i
2 > >
IAl = le Z22 \/Z11 2-Z11 .222 +.222 +4 le
2 2 2
Z, :{;11 i1z:| N L ; ]
= 2 — 12
2 > >
I, = 2y, _Zy \/le 2:2, Ly +Zy +4-Zy,
2 2 2
L 1 ]
(107.)
Z :[Z” le}_){zm =Z,+Z,
’ Zin 2 Zyn=2,-2,
(108.)
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(109.)

If similar comparison will be repeated for N=4 with additional simplified assumption of mirror
symmetry eigenvalues, description (110.) becomes cumbersome but still useful in terms of CAD
implementation. Same time description of the eigenvalues of the bisections involving corporate
power combining remain extremely simple - (111.). In that case it is also very easy task to find
possible eigenvector set - (112.).

le ZlZ Zl3 Zl4 ZAl
Z Z Z Z Z
ZA — 12 22 23 13 - A2 BN
Zl3 ZZ3 ZZZ ZIZ ZA3
Zl4 Zl3 ZlZ le ZA4
Z Z Z Z 1 2 2
Z, —#+ 222 + 214 + 223 +E-(Z22 ~2Z242y =220 2, +2-2,) -2, +Z,

1
+2-2,,-Z,,-2-2,,-Z,, +zlf—2-223-ZU+zz32+4-zlzz+8-zu-zl3+4-zl32)5

Z, Z Z Z 1 2 2
?"' 222 - 214_ 223 _E'(Zzz ‘22 2y =22y, 2, =22 - Ly, +Ly,

Z,,=

1
2 2 2 2},
_2'211'214_2'214'Zz3+zn +2'Zz3'le+Zz3 +4'le _8'212'Zl3+4'zl3 )2

Z, 7Z Z Z 1 2 2
ZASZ%-’- 222 - 214_ 223 +5'(Zzz +2:2, 2y =22y, 2,-2-2y-Zyy+2y,

1
2 2 2 2},
_2’211’214_2'Z14'Zz3+Z11 +2'Zz3'Z11+Zz3 +4'Z12 _8’212'213+4'Z13 )2

Z, Z Z Z 1 2 2
ZA4=f+ 222 + 214+ 223 _5'(222 22,2y =22yZ+2-2y-Lys+Zy,

1

+2-7Z,, -ZM—2-214-223+zlf—2-223-zn+zz32+4-zlzz+8-zn-zl3+4-zl32)5

(110.)
Z, 2, Z, Z; Z, = Z,+Z2,+2-2Z
Z Z Z Z Z.,=2 +7Z. 6 —2-7Z
Z, = 12 11 13 KN N A2 11 12 13
Z, Z, Z, Z, 2y = Z,-72,
Zl3 Zl3 le Z11 ZA4 = Z11 _le
(111.)
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Z, Z, Z, Z,; 1 1 1 1
Z Z, Z, Z 1 1 -1 -1

7 | 11 13 B 1, = 1, = 1, =
A Z, Z, Z, Z, Al 102 1 1 A4 1
Z, 2, Z Z 1 -1 -1 1

(112.)

This simplicity is encouraging from the CAD implementation frame of reference as simple rules could
be created for eigenvalues computation. Moreover, it is clear that existing eigenvalues are not
distinct. Number of the independent modes in parallel amplifiers incorporating ideal corporate
structures is not equal to the number of the combined amplifiers N=2"" however it is equal to the
order of the combining network n. This way it is also easy to identify and intuitively ascribe different
odd modes and corresponding eigenvalues to the different level loops existing in amplifier.

L m—1
_ 2(n+1—x)
IAx,m - (_1) where | x |=max {n e Z |n < x}

(113.)

2" _m-l
ZAX - ;(_1)[2(%”4 . Zlm where |x |=max {ne Z |n < x}

(114.)

The rules describing eigenvectors (113.) and eigenvalues (114.) were created easily by means of the
floor function and they were used to create a description of the distinct eigenvalues and
eigenvectors in case of N=8.

Equations (115.) and (116.) allow to test for the N=8 amplifier stability with the Freitag method.
Furthermore, equation (114.) along with the measurement procedure of the bisections Z matrixes
create a complete approach in order to obtain equivalent modes impedances values for the parallel
amplifiers incorporating ideal corporate structures.

Zy, Zy, Zy Zy Z, Z, Z, Z,

Z, Z, Zy Zs Z, Z, Z, Z,

Zy Zy Z, Zy, Z, Zy Z, Z, Zy= 2, +Z,+ 2'213 +4-7Z,,
Z, = Zy Zy Z, Z, Z, Z, Z, Z, Zy= 2y+2y,+2-2;-4-2,

Zy Zy Z, Zy Z, Z, Z;s Z, Zy=2,+2,-2-7Z;

Zy Zy Zy Zy Zy, 1, Zy Z, Zy=2,-2,

Zy Zy Zy Zy Zy Zy Z,, Z,

2y Zy 2y Zy 2y Zy 2, Z]

(115.)
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Zn le Zw Zw Z14 Z14 Zl4 Zl4 1 1 1 1
le Zu le le Zl4 Zl4 Zl4 Zl4 1 1 1 -1
Zl3 Zl3 Zu le Zl4 Zl4 Z14 Z14 1 1 -1 1
V4 V4 Z V4 Z Z Z V4 1 1 -1 -1
ZA _ Zl3 Zl3 Z12 Z11 Z14 Z14 Z14 Z14 N IAl | ’IAZ _ | ,IM _ | ’IM _ 1
14 14 14 14 11 12 13 13 -
Zl4 Z14 Z14 Z14 le Zn Z13 Z13 1 -1 1 -1
Zl4 Zl4 Zl4 Zl4 Zl3 Zl3 Zu le 1 -1 -1 1
_214 Zl4 Zl4 Zl4 Z13 Z13 le Zn_ _1_ L™ 1_ L™ 1_ L™ 1_
(116.)

4.1 Example PA.1

To verify the correctness of the obtained equations, the simplified Freitag method was used in the
design process of the example power amplifier designed with commercial DO1PH Ommic. Test
examples were designed to operate at Fp=20 GHz, with the output power P,,>32 dBm. Three stage
structure was assumed what resulted with topology of the 1,2,8 devices at appropriate stages.

The layout of the amplifier is displayed in the Figure 52. A small signal gain and Rollet k-factor was
laid out in the Figure 53. The circuit is unconditionally stable from the two port representation

perspective. Large signal simulation at Fy is presented in the Figure 54.
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Figure 53 Gain and Rollet stability factor of the example power amplifier PA.1.
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Figure 54 Power performance of the example power amplifier PA.1.
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While Freitag method was applied, amplifier Even mode - Figure 55, Odd mode 1 - Figure 56 and Odd
mode 2 - Figure 57 were discovered to be unstable at the output of the last stage. For the output of
the second stage Even mode was revealed as unstable. Finally, at the output of the first stage the

amplifier was stable with the Even mode.
A verification with the Ohtomo method assured the correctness of the predicted stability problems -
Figure 59. Basing on the obtained information, the sources of the problems were identified and PA

circuit has been corrected. In consequence, the onset of the oscillation was not fulfilled any longer

for any of the modes. The Ohtomo method confirmed these assumptions, while the curves which

previously encircled the critical point remained inside of the circle of the radius equal to one.
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Figure 55 PA.1 Even mode impedance before (broken line) and after the corrective actions (solid line).
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Figure 56 PA.1 Odd mode 1 impedance before (broken line) and after the corrective actions (solid line).
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Figure 57 PA.1 Odd mode 2 impedance before (broken line) and after the corrective actions (solid line).
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Figure 59 PA.1 Ohtomo curves nr: 3, 7, 15 before (broken line) and after the corrective actions (solid line).

4.2 Example PA.2

To test the simplified Freitag method more intensively a second example power amplifier was
designed by utilizing the cluster matching approach. The second test example was planned with
identical assumptions as the previous one, but this time more stress was put on the small dimensions
of the amplifier. The three stage structure with a topology of the 1,2,8 devices at the appropriate
stages was used as it was also done earlier. The layout of the amplifier is shown in the Figure 60. A
small signal gain and Rollet k-factor were portrayed in the Figure 61. The circuit is unconditionally
stable due to the two port representation frame of reference. A large signal simulation at Fy is
presented in the Figure 62.
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Figure 61 Gain and Rollet stability factor of the example power amplifier PA.2.
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Figure 62 Power performance of the example power amplifier PA.2.

While the Freitag method was applied, the amplifier Even mode - Figure 63, Odd mode 1 - Figure 64
and Odd mode 2 - Figure 65 were exposed as unstable at the output of the last stage. For the output
of the second stage the Even mode was discovered to be unstable the output of the first stage. A
verification with the Ohtomo method assured correctness of the predicted stability problems - Figure
67. Basing on the obtained information, sources of the problems were identified and PA circuit was
corrected. In an outcome, the onset of oscillation was no longer fulfilled for any of the modes.
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Figure 63 PA.2 Even mode impedance before (broken line) and after the corrective actions (solid line).
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Figure 65 PA2. Odd mode 2 impedance before (broken line) and after the corrective actions (solid line).
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Figure 66 PA2. Odd mode 3 impedance before (broken line) and after the corrective actions (solid line).

This time Ohtomo method did not confirm Freitag method results while curves no: 7 and 15 after the
corrective actions were still encircling the critical point - Figure 67 (page 75). In this situation the two
methods have given different outcome. Than, without an additional study the judgement about
stability is not possible. Moreover, uncertainty questions credibility of the methods while one of
them clearly gave wrong answer to the question of the tested circuit stability. Unfortunately, to be
certain which one and why it failed, another method needs to be involved. For the outcome to be
confident, verification with Time Domain simulations is performed. This is equivalent of the virtual
experiment allowing to determine the circuit behaviour and leads to a discovery source of the
incorrect judgement in case of one of the methods.

4.3 Example PA.3

While the motivation to develop the frequency domain stability methods was underlined in Chapter
1, it will be just reminded that the distributed components ubiquitous in the microwave circuits are
very inconvenient in the time domain. This has a direct implication in modelling and simulating such
circuits in the Time Domain simulators. The difficulty in question was observed directly upon
simulation trials of the problematic PA.2 example. Lack of the trustworthy results with the realistic
power amplifier lead to design of the simplified example using combination of the real and ideal
elements - PA.3. The amplifier fulfils the same requirements as the example circuits PA.1 and PA.2,
therefore it operates at Fy=20 GHz, with output power P,,>32 dBm. A three stage structure with
topology of the 1,2,8 devices in appropriate stages was maintained - Figure 68. Complete and actual
nonlinear device models form DO1PH Ommic commercial process have been used for the design of
the independently pre-matched amplifiers: AMP1, AMP2 and AMP3. Amplifiers use ideal lumped
elements for the matching and stabilization of the even mode. Corporate combining network is
designed with applying capacitive loaded microstrip transmission lines which reflects the commonly
used approach. Small signal gain and Rollet k-factor were presented in the Figure 69. The circuit is
unconditionally stable form the two port representation frame of reference. Large signal simulation
at Fq is presented in the Figure 70.
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While Freitag method was applied, amplifier Even mode - Figure 71, Odd mode 1 - Figure 72 and Odd
mode 3 - Figure 74 were discovered to be stable, Odd mode 2 - Figure 73 was determined to be
unstable at the output of the last stage.
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Figure 67 Ohtomo curves nr: 1, 3, 7, 9, 15, 17 before (broken line) and after corrective actions (solid line).
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30 \/ 600
20— —400
T o o 2
£ 10— —200 @&
S - N
= o0 —0 Q
'S | | ~
~ —>
= 10— —-200 Q
£ - - 3
-20— —-400
-30 1T | L | T T | T 17T | T T | T 17T 600
0 5 10 15 20 25 30
Freq [GHZ]
Figure 72 Odd mode 1 impedance of the example power amplifier PA.3.
30 600
20— —400
T o B
6 10— —200 @
el - , L §
~ 0— —0
3 0 B
= 10 —-200 Q
I - 3
20— —-400
-30 LI O O O B -600
0 5 10 15 20 25 30

Freq [GHZ]

Figure 73 Odd mode 2 impedance of the example power amplifier PA.3.
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Figure 74 Odd mode 3 impedance of the example power amplifier PA.3.
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Also Ohtomo method predicts stability problems while the curves no: 7 and 15 encircled the critical
point - Figure 75. But again, the result does not enlighten in detail the circuit behaviour- the source
of instability is still unknown, so it is not validating the Freitag method. Thus, Time Domain
simulations will be performed to discover the sources of the previous inconsistencies.
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Figure 75 Ohtomo curves no: 7, 15 of the example power amplifier PA.3.

4.4 Time domain simulations of PA.3

Simulations were performed by means of Agilent ADS Transient simulator. Each mode was
addressed with separate simulation setup. In each case the current pulse source was used to excite
an appropriate mode. To maintain single mode excitation in case of the Odd modes 2 and 3: 2 and 4
the current sources were used to simultaneously excite all the loops and maintain the required
balance. Odd modes were represented with differential voltages at the input of the appropriate level
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output combiner and even mode was represented with voltage at the output of the amplifier - Figure
76. Excitation pulse was initiated at t=1ns to confirm steady state conditions of the circuit.
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Figure 76 Voltages used to represent different modes of the example power amplifier PA.3.
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Figure 77 Response of the PA.3 example for the Even mode excitation together with the stimulus (pulse).
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Figure 78 Response of the PA.3 example for the Odd mode 1 excitation together with the stimulus (pulse).
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Figure 79 Response of the PA.3 example for the Odd mode 2 excitation together with the stimulus (pulse).
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Figure 80 Response of the PA.3 example for the Odd mode 3 excitation together with the stimulus (pulse).

Time domain analysis results confirm the existence of the instability in the PA.3 example as it was
predicted by both Freitag and Ohtomo methods. However, the source of the problems was
recognized incorrectly by the Freitag method. It predicted correctly the stability of the Even mode -
Figure 71 and Odd mode 1 - Figure 72. At the same time the method declares Odd mode 2 to be
unstable - Figure 73. The time domain response for Odd mode 2 excitation is the dumped one and
the circuit returns to zero the state, proving mode stability - Figure 79. Moreover, Odd mode 3
impedance does not fulfil onset of the oscillation and is declared to be stable - Figure 74, while time
domain analysis shows a successful excitation of the Odd mode 3 - Figure 80. This inconsistency
proves that Freitag method is not completely applicable to all cases and there is still space for

improvement.

4.5 The Freitag method improvement

An example power amplifier PA.3 serving as a test vehicle to the Freitag method has potential to
reveal two types of situation leading to incorrect result. The first one, where stable Mode was
declared unstable and the latter, even more serious, where instability was not detected. Both of the
mistakes came from an initial assumption that Z matrix description is enough to address the tested
circuit stability. While the stability problem was treated as the oscillator problem, it is not a correct
assumption. This is due to two types of resonance that could exist in resonant structures. Impedance
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description addresses correctly only one of them — the series resonance. It is exact source of error in
case of the Odd mode 2.

4.5.1 Fake resonance error

To address the error in question, the analysis of the Odd mode 2 impedance was repeated and the
area where the onset of oscillation was fulfilled was scaled up and presented in the Figure 81. It is
clearly visible in the scaled up graph that imaginary part of the impedance is crossing axis with the
negative slope. If at the same time series LC and RLC circuit are analyzed at the resonant frequency, it
can be discovered that the imaginary part of both circuits is positively crossing zero value at
resonance - Figure 82. On the other hand, imaginary part of the impedance of the parallel RLC circuit
is crossing zero with negative slope at the resonant frequency while ideal parallel LC circuit is not
crossing zero at all - Figure 83.
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Figure 81 Odd mode 2 impedance of the example power amplifier PA.3 and scaled up area around the resonance.
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Figure 82 Imaginary part of the impedance (on the left) and admittance (on the right) of the series LC (blue) and RLC (red)

circuits.
90 . 0.6
- H .
. 60— ! . 0.4—
=) ] =15 7
E'_n‘ 30— 5:'_|| 0.2
In - lCL 4
. o] &7 00
N | > i
Y i)
T 30 c 02
eE 1 £E i
- 60 —| 3! - 0.4 —
T T T T T T T T T T V. T T T T T T T T T T
90 R L A L S I 0.6 R L B L B I
00 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 10 12 14 16 18 20
Normalized frequency Normalized frequency

Figure 83 Imaginary part of the impedance (on the left) and admittance (on the right) of the parallel LC (blue) and RLC (red)
circuits.
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This mechanism is responsible for confusion of the resonance type and is related to the simple
mathematics. If parallel LC and RLC circuits admittance will be described with equations (117.) and
(118.) accordingly, it is easy to calculate value of the admittance at resonant frequency.

1 1
Yo = joC+— = jl oC—— |=jo| _
o= joCH—r J( (DL] jol,_,

(117.)

1 11 1
Y, . =—+joC+——=—+j @C—— |=—
eSS joL R ]( )

(118.)

If impedance is calculated now as inverse of the admittance in case of LC, its real part remains zero
while the admittance was purely imaginary value. Meanwhile, imaginary part will be described with
rectangular hyperbola and will poses asymptote at resonant frequency. That is not the case for the
RLC circuit for which there exists constant value of the real part, due to which at the resonant
frequency the circuit is purely resistive and the imaginary part crosses zero with the negative slope.
Therefore, the negative slope at zero crossing for the imaginary part of the impedance cannot be
interpreted as series resonance. An identical rule applies to admittance and parallel resonance.
Therefore, the onset of oscillations needs to be complemented with additional term accepting
positive zero crossing of the imaginary part only as a sign of the resonance. Equation (119.)
represents this condition in case of the impedance and series resonance.

d
L imz( f)>{m -0

(119.)

4.5.2 Not recognized instability

Second error is related to the Odd mode 3 instability, not discovered by the original Freitag method.
The wrong judgment in that case is again due to pure impedance description being adopted as a base
for stability test. In that case, the method produces reliable results only in case of the series
resonance at the division plane. Therefore, to complete the method, the area of its functionality
requires to be extended for the parallel resonance, what results in adding up the admittance
description of the circuit bisections. Then, the same analysis as in case of the impedance description
requests to be performed. A major difference is that this time eigenvectors will describe voltage
excitation and eigenvalues will be associated with the admittance observed at all ports. In general
case, separate analysis of admittance matrix will be done to find eigenvectors and eigenvalues.
However, for the ideal corporate amplifiers eigenvectors of the Z and Y matrix are equal. Thus, a
similar simplified scheme used to compute eigenvalues of the impedance description can be reused
with the admittance matrix - (120.). This feature greatly reduces the effort required to correct the
method subject to the ideal corporate structure.

m—1
Y, = (—I)LWMJ -Y,,, where LxJ: max {n eZ|n< x}
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(120.)

4.5.3 An improved method and its verification

Two proposed improvements were applied to the Freitag method in order to overcome limitations

related to the parallel resonance detection. For that reason, after an initial step of closing and

dividing the circuit, bisections are to be described with the impedance and admittance matrixes.

Then, the analysis of the eigenvalues is performed for both representations. In result, equivalent

impedances and admittances of each mode are computed. In the end they have to be analyzed with

a modified onset of the oscillation - (121.). A dissimilarity from original onset of oscillation lies in

additional conditions introduced to describe the possibility of the parallel resonance. Besides, new

onset of oscillation comprises an additional term preventing from resonance confusion and fake

instability detection.

Z — conditions Y — conditions

"even mode"

glm{zmﬁm -0 %Im{w»{m -0
Re{Z,, (f)}<0 RelY,, (f)}<0
Im{Z_ (f)}=0 Im{Y_, (f)}=0 "n" odd mode"
i) o [ Smin ) o
2.(f)=2.()+2.,(f)
where: 1 Zonl)=Zoyi(1)+ 24, ()
Y.(f)= Y. (F)+ Y, (f)
Yoo ()= Youi () + Y00 (f)

(121.)

Example circuits PA.2 and PA.3 used previously to discover the Freitag method limitations will be

reexamined to validate new approach.
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Figure 84 Even mode impedance (Ze) and admittance (Ye) of the example power amplifier PA.3.
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Figure 85 Odd mode 1 impedance (Zo1) and admittance (Yol) of the example power amplifier PA.3.
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Figure 86 Odd mode 2 impedance (Z02) and admittance (Yo2) of the example power amplifier PA.3.
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Figure 87 Odd mode 3 impedance (Zo3) and admittance (Yo3) of the example power amplifier PA.3.
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Analysis of the equivalent impedance and admittance lead to confirmation of the Time domain

simulation results. This time Odd mode 2 is not considered as unstable due to additional term

disqualifying the negative zero crossing of the imaginary part , while the real part is negative.

Moreover, Odd mode 3 instability discovered with Time domain simulation is clearly visible for

equivalent admittance - Figure 87. A positive zero crossing with simultaneous negative real part is
noticed at F=19.33 GHz.
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Figure 88 Even mode impedance (Ze) and admittance (Ye) of the example power amplifier PA.2.
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Figure 89 Odd mode 1 impedance (Zo1) and admittance (Yol) of the example power amplifier PA.2.
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Figure 90 Odd mode 2 impedance (Z02) and admittance (Yo2) of the example power amplifier PA.2.
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Figure 91 Odd mode 3 impedance (Zo3) and admittance (Yo3) of the example power amplifier PA.2.
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Figure 92 Odd mode 3 impedance (Zo3) and admittance (Yo3) before (grey line) and after the corrective action (solid line).

While example PA.2 is reexamined, Odd mode 3 instability, not discovered before, became obvious
confirming Ohtomo method results- Figure 91. Results of the improved Freitag method allowed to
identify the source of instability and perform the corrective action. A final amplifier was declared
stable by both: improved Freitag — Figure 92 and Ohtomo - Figure 93 methods.

Ultimately, there were no inconsistencies in the results of the improved Freitag method and Ohtomo
method for all of the examples. Moreover, Time Domain simulations were in agreement for the PA.3
example. This situation allows to confirm the validity and usefulness of the improved method as a
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stability test. In addition, the information which method provides on the source of the instability is
invaluable in speeding up the design and stabilization process. This fact combined with the method’s
easy and effective implementation, especially for the corporate amplifier structures, makes it a very
attractive tool in the design process.

Gamma
Gamma

'l
0l

freq (50.00MHz to 60.00GHz) freq (50.00MHz to 60.00GHz)
Figure 93 Ohtomo curves nr: 7, 15 before (grey line) and after corrective action (red line).

4.6 Automation of the method

To apply the Freitag method, the circuit needs to be divided into two bisections which forces the
designer to create the copy of the amplifier dedicated only to test the stability. This is quite an
inconvenient situation while any corrective action can influence two port performances and cannot
be tested simultaneously without additional effort to synchronize two tests. Minimal effort to
optimize performances of simple PA structure requires at last two simultaneous simulations - Figure
94,

Sia= =R e
PA R Bt
—o —<_ * ¥ >
L%r %P“ P“’;i

Figure 94 Power amplifier ready for two port simulation (left) and Freitag stability test (right).

If Freitag test is to be implemented in different stages even more copies of the original circuit have to
be made and synchronized in the design process. Hence, it is very convenient to overcome this
shortcoming, especially if the method is to be included into optimisation routines.

To perform this operation there needs to be found the measurement procedure which provides valid
two port S parameters and describes both bisection with Z and Y parameters, which then are used to
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compute the equivalent mode’s impedances and admittances. This is achievable with a simulation
setup containing special components and increased number of ports.

In general, the method bases on the possibility of the Z and Y matrix reduction to a lower dimension.
In practice this means that the circuit will be measured with additional ports and the required
simulation results will be obtained in the post-processing phase. The technique grounds on the single
measurement setup and performs two simulations providing Y and Z matrix for further
computations. The special added components interconnect simulation ports with the tested circuit.
Their task is to provide an appropriate connection that depends on the searched description: series
connection for the impedance matrix calculation and a parallel one for the admittance matrix
calculation. An additional element separates input and output ports in Z measurement mode to
improve the robustness of the method.

To explain the method fully, a simple example of the four stage power amplifier is applied and
simulated. To validate the approach, simulation results will be compared with the results of the
separate simulation setups results.

Figure 95 Example power amplifier PA.4 layout.

Example power amplifier was designed by the means of the comercially available, Ommic DO1MH
commercial process. It operates at F;=60 GHz with P,,= 31 dBm output power at 1dB compression
point. Four stage structure was assumed with the topology of the 1,1,2,4 devices at appropriate
stages. Layout of the amplifier is presented in the Figure 95. Small signal gain and Rollet k-factor
were presented in the Figure 96. The circuit is unconditionally stable form the two port
representation standpoint. Large signal simulation result at Fy is presented in the Figure 97.
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Figure 96 Gain and Rollet stability factor of the example power amplifier PA.4.
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Figure 97 Power performance of the example power amplifier PA.4.
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Figure 98 Example PA.4 - graphical representation of simultaneous simulations a); measurement setup realizing them b).

The automated Freitag method is presented with an example of the simultaneous measurement of
the two port performances and the Freitag analysis is shown in two different cut planes. Two port
performances will be measured as a S parameters and the Freitag tests will be applied at the drains
of fourth and third stage transistors (output of the amplifiers on the diagrams). This task was
graphically explained in the Figure 98 a). In the Figure 98 b) simulation setup addressing the
assignment in question is presented. In result, two special components can be noticed: FEM and
FEM_Z. They are controlled with variable N, which in turn controls their functionality. While N=0 FEM
component connects the element between the ports 3 and 4 into parallel connection to ports 1 and
2 - Figure 99 b). While N=1 FEM elements introduce the direct connection between the pairs of ports
1-3 and 2-4. Therefore, any element connected between ports 3 and 4 became introduced in series
between ports 1 and 2 - Figure 99 c). In case FEM_Z element N=0 state change it to simple ideal zero
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delay through the connection. While N=1 element connects internally matched load and separates
ports 1 and 2.

a) N=0 b) N=1 c)
Figure 99 FEM component: a) symbol b) circuit representation in Y measurement C) circuit representation in Z
measurement.
1 2 1 2
o———0 o]
ZEI
I=n MN=n
a) b) c)

Figure 100 FEM_Z component: a) symbol b) circuit representation in Y measurement C) circuit representation in Z
measurement

FEM_Z elements are used between the circuit and simulator input, and output ports. FEM elements
are used at cut planes related to the Freitag test. Thus, they can be observed at the output of the
third and fourth stage amplifiers at the schematic diagram - Figure 98 b). To circuit prepared in such
a way, the simulator ports are connected according to particular rules. That is, ports one and two are
linked to the input and output at FEM_Z component port. The following ports are connected
sequentially to FEM components at each cut plane. Ports are attached to FEM elements between
pins 3 and 4 as to maintain the polarity. In the end, the groups of sequential numbers can be
distinguished for the input as well as for the output ports and for any of the cut planes. In the
example displayed in the Figure 98 b) input output ports create group {1,2}. The first cut creates
group {3,4}, and the second cut creates group {5,6,7,8}. This ordering is important for further
compatibility of the simulation results with the algorithm processing data into the final results.
Variable N introduced previously represents the simulation mode. Measurement procedure requires
double pass of the simulator and changes value of the N parameters. That in the end produces two
different simulation setups. In case of this example it results with the subsequent measurement
setups - Figure 101. They are used to find Y and Z circuit descriptions accordingly.
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Figure 101 Example PA.4 simulation setup resulting from different value of N parameter: 0 — top one, 1 — bottom one.
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Figure 102 Reduction of the unnecessary ports in order to perform Freitag test in 1st cut plane.

As a result of these simulations Z and Y description of the circuit are obtained. If Freitag method is to
be applied at the chosen cut plane, unnecessary ports need to be reduced. What is more, the input
and output ports require to be closed with appropriate terminations. This very process was visualized
for the 1*' cut plane in the Figure 102. In case of Y matrix the unnecessary ports are left open, in case
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of Z matrix they became shortened out. The input and output ports are closed with appropriate
impedance. As a result of this operation, the simplified circuit with only two ports left is represented
by new Y and Z matrix at the cut plane - Figure 103. This task is performed by algorithm implemented
in AEL language of Agilent ADS simulator in the post processing phase.
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Figure 103 Result of the reduction of the unnecessary ports algorithm for the 1st cut plane.

In consequence, Y matrix obtained from the procedure describes the parallel connection of the Input
and Output bisections at the cut plane. In case of Z matrix, it defines serial connections of the Input
and Output bisections. The original Freitag method assumed that the bisections modes impedance
and admittance computation will be performed separately before they will be added into the onset
equation. However, in case of bisections possessing the same set of eigenvectors, the matrix
representing the sum of the Z and Y parameters of the bisections may be applied with the same
result. This may be easily laid out with the equations applied to the Odd mode 1 impedance.
Bisections Z matrix elements are differentiated with subscript in and out. Matrix Z describes their
series connection, that is- it is simply their sum. If Z,; is computed with the assumption of identical
eigenvector set {1,-1} the result will be the same in both cases: separate computation of Z.;, and
Zo10ut Of the bisections and addition - (123.) or computation of the Z,, directly from the Z matrix -

(122.).
Z, ZIZ:|:|:lein ZlZin:|+|:leout me}
Zy Zy Ziin  Login Zytow  Lopou
Z

2y=2,-1,
(122.)
Zyin = Ziyin = Ly
Zgiow = Zitow = Zizow
2y = Zgjin + Zojou
Z, = (lein - ZlZin)+ (leout - ZlZout): (lem + leout)_ (ZIZin + ZlZout): Z, -7,
(123.)

91



Chapter 4 Freitag method as a CAD oriented approach

Using this particular property it is doable to compute modes impedance and admittance, which
provides data to be analysed with the Freitag method onset of oscillation.

Given two port parameters, the situation is similar and the results are obtained by reducing all the
ports except 1 and 2 of the circuit Y description - Figure 104. The last step of the procedure is an
undemanding conversion of the two port Y to S matrix.
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Figure 104 Reduction of the unnecessary ports in order to find two port description of the circuit.

Next, in order to verify the method an example circuit PA.4 was tested and results were compared to
the results of the separate simulations implemented in the classic way. There were no differences,
for that reason curves in the Figure 105 - Figure 111 are superimposed. This fact proves the
correctness of the manner. Also, the circumstance that only one measurement setup was used to
obtain this results increases the comfort of the design process and eliminates schematic
synchronization errors. While this was purely demonstrative application of the method, the
algorithms used leave room for optimization. Moreover, the useful and convenient for a
demonstrative purpose AEL language is not efficient enough to be considered an environment for the
professional application of the technique.
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Figure 105 Even mode impedance (Ze) and admittance (Ye) of the example power amplifier PA.4 at 1% cut. Simulation
results from automated Freitag method (broken lines) and separate test (solid lines).
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Figure 106 Odd mode 1 impedance (Zo1) and admittance (Yo1) of the example power amplifier PA.4 at 1 cut. Simulation
results from automated Freitag method (broken lines) and separate test (solid lines).

300 300 0. 03
] A C ] 1T
200 €7\ 200 0.2— n "“ 0.2
N Lo s 3 4 4—/ ‘ =
— 3 -
g 100 / k/\—/;& [~ 100 ‘% 2 0-1*\/%_# I 01 §
S 1— | r < 7 — T by
= 0 —0 2 © o0 oo ¥
8 D — L0 2 8 o1l /e B
T 100 100 3 @ 0.1/ 01 @
3 j L 3 i L
-200 —| |—-200 -0.2— 02
-300 TT T T ‘ T T \‘ TT T T ‘ LU ‘\\ T ‘ T 1T ‘ UL -300 -0.3 TT T T ‘ LI ‘ T 1T ‘ LU ‘ L ‘ T T T ‘ T \‘\ V"' 0.3
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Freq [GHz] Freq [GHz]

Figure 107 Even mode impedance (Ze) and admittance (Ye) of the example power amplifier PA.4 at 2" cut. Simulation
results from automated Freitag method (broken lines) and separate test (solid lines).
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Figure 108 Odd mode 1 impedance (Zo1) and admittance (Yol) of the example power amplifier PA.4 at 2" cut. Simulation
results from automated Freitag method (broken lines) and separate test (solid lines).
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Figure 109 Odd mode 2 impedance (Zo2) and admittance (Yo2) of the example power amplifier PA.4 at 2" cut. Simulation
results from automated Freitag method (broken lines) and separate test (solid lines).
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Figure 110 S parameters S(1,1) and S(1,2) of the example power amplifier PA.4. Simulation results from the automated
Freitag method (broken lines) and separate test (solid lines).
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Figure 111 S parameters S(2,1) and S(2,2) of the example power amplifier PA.4. Simulation results from automated Freitag
method (broken lines) and separate test (solid lines).
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5 LARGE-SIGNAL/SMALL-SIGNAL FREITAG METHOD EXTENSION

In real life, the term linear circuit is no more than an idea due to ubiquitous presence of the
nonlinearities in all real elements, not excluding the passive ones. Thus, the treatment of the
elements and circuits as linear ones means to apply approximation which is valid under particular
conditions. In this case nonlinearities are treated as harmful phenomena and a lot of effort is made
to minimize them. On the opposite side, nonlinear circuits, like frequency multipliers, exploit the
nonlinear properties of the devices as a base for their operation. That is why, maximization of the
nonlinear effect is crucial for such circuits in order to maximize their performances. Power amplifiers
exist somewhere between these extremes as the high linearity power amplifiers are crucial elements
of the modern communication systems. At the same time high efficiency power amplifiers are
important when linearity is not as crucial as efficiency. Although the assumption, that the power
amplifier is working in the small signal condition is hard to be justified even with the high linearity
ones. In consequence, the power amplifier’s stability analysis done under this assumption cannot be
considered as a complete one.

5.1.1 Small signal regime linearization

As it was underlined before, the methods introduced previously address the linear stability, that is
why, to apply them to a power amplifier, its nonlinear elements have to be represented as the linear
ones. In order to do this, an appropriate nonlinear characteristic of each element needs to be
expressed as a Taylor expansion around the point of interest [20]. This process can be presented with
the example diode element which 1/V characteristic is presented in the Figure 112.

F

J .

W

Figure 112 1/V characteristic diode.

While diode is biased with voltage V, the current I,=f(Vy) is flowing through the element. If small
voltage perturbation is applied to the element in form of ac voltage v(t), the diode current will be
than described as I(t) = f(Vo+v(t)). Now, expanding it in a Taylor series around V, will result in a
following equation - (124.).

H0)= 10, +0)= £ 1) 3 ) st ) ()

V=V, V=V,

The small signal response i(t) will be described as:
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0= £, +l0) - 05)= 5 ) (s _ v L) v

(125.)

Two assumptions are essential to obtain the final result. The first assumption is that small signal
voltage v(t) is negligibly small in comparison to V,. The second one is, that DC component introduced
due to the existence of the even-degree terms is also negligible, thus is not changing the operating
point of the device. Due to those assumptions, the linear description of the diode at bias point V, can
be created:

0= 10 (0= )40)

V=V,

(126.)

These results can be obtained experimentally by applicating a small perturbation. The ratio between
the perturbation and its response will be an equivalent of the (126.). Expressed graphically, this ratio
will be the tangent line of the I/V characteristics at the bias point V.

5.1.2 Large signal regime linearization

Small signal regime guarantees the validity of linearization process but leads to severe restriction in
case of the power amplifier- lack of input signal or its negligible value. That in the end restricts the
validity of the test to idle or low power operation of the power amplifier. By no means results of such
analysis are meaningless, but as it was stated before, low power operation is not a state for which
the power amplifier was anticipated. Thus, in normal operating conditions, large signal excitation will
be present in the amplifier and needs to be accounted in the stability analysis. If this problem is
applied to the Freitag stability test, it arises certain questions. What will happen with the obtained
for the small signal operation Freitag test results, while the desired signal power at the input is
increased? Then: how to perform a test beyond small signal regime for which linearization of the
nonlinear devices at the bias point will not be longer valid?

Fortunately, the above questions do not force method to move towards the nonlinear stability
analysis of the circuit. This is still an issue of linear, small signal stability of the circuit working in large
signal regime. Therefore, prior to any test implementation, the circuit requires to be linearized. In
case of small signal regime, the linear description was relatively easy found from the Taylor
expansion or from the experimental response to the small perturbation. Regrettably, if the device’s
response for the small signal perturbation is searched for, a simultaneous existence of the large
signal component makes the previous approach invalid. Dilemma still can be solved though, what will
be presented with the previously utilized example of the diode circuit.

In this case, the diode will be driven simultaneously by the large signal voltage Vy(t) and small voltage
perturbation in form of ac voltage v(t). In result, the element responds with current I(t) = f(Vo(t)+v(t)).
Expanding this response in a Taylor series around Vg the outcome will be the following equation:

d 1 d? ) 1 d’° 3
O A S0 B0 =16 IO L
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Then, the small signal response i(t)is described as:

0= A1V AT O] (e

V=ry(t) V=ry(t)
(128.)

Again, there will be made an assumption that small voltage perturbation is much smaller than a large
signal voltage as well as higher order terms are negligible, than it is justified to define small signal
response as:

)= 1) 0)=)40)

V=, ()
(129.)

So, diode will be described as a time varying conductance. This conductance is derivative of the diode
I/V characteristic at the large signal voltage. In other words, it represents the tangential line of the
I/V characteristic at dynamically changed bias point - Figure 113.

Figure 113 Dynamic point linearization.

5.1.3 Conversion matrix and an equivalent two tone analysis

When two tones are present in the circuit containing nonlinear elements it is natural to expect
responses at the original and their harmonics nw;, mw, as well as at the mixing frequencies nw;+mw,
(where n and m are integers). We assume than that tones are not related harmonically and the
mixing products do not fall into same frequency. Also, considering the prior hypothesis that only one
of the tones is large allows us to that only one of them produce harmonics. Hence, the resulting
mixing product content should be described as follows: w=twss+nw s where wss represents a small
signal component and wss represents a large signal component. If only half of the frequencies is
considered due to the linear properties of the linearized circuit, the simplified description can be
assumed as: w,= wss+nw;s. Than, small signal currents and voltages in the circuit are described as sum
of the frequency phasor components (not Fourier series) - (130.). In the case of the simple diode the
circuit linearized in large signal regime voltage and current is related to the time varying conductance
-(129.).
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(130.)

(131.)

If conductance is expressed as a Fourier series - (131.), than a new form of the equation can be
obtained (129.):

o0 o0 0
./a)kt j— ./wm+nt
S -3 3G
k=—o0

n=—som=—co
(132.)
If now k and m will be limited to N and n will be limited to 2N due to negligible values of: l-n:i1, Vimnens1
and G,-n+1 terms, the conversion matrix for the time varying conductance of the diode can be
delivered from (132.):

176 G, G, - G, [v.]
IjNH Gl GO G—l e G—2N+1 V—*NH
I j1 _ GN—I GN—Z GN—3 G N-1 le
1 0 GN GN—I GN—2 szv Vo
11 G’N+1 GN GN—I G—N+1 V1
L [N i _G2N G2N—1 GZN—Z Go 4L VN |

(133.)

Negative frequencies components are shown as conjugate due to the way the mixing frequencies
were defined. In conclusion, the conversion matrix relates the ordinary phasor voltages to the
currents at each mixing frequency and is completely compatible with conventional linear and
sinusoidal steady-state analysis. In case of time varying capacitance additional derivative that is
present in the relation between the current and the voltage results in following description:

1= jQCV
ja)_N 0 e 0
Q= 0 ijN+1 0
0 0 joy
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(134.)

What is more, ordinary time invariant linear elements are easily introduced to this description. In
example impedance Z(w) is described with a diagonal matrix containing impedances at the frequency
corresponding to the location in matrix:

Z (~w_y) 0 e 0
Zw)=| 0 ) 0
0 0 o Z(wy)

(135.)

This way linear description of the time varying circuit is possible and can be used to answer the
previously inquired issues. At the same time the conversion matrix is a particular type of the two
tone harmonic balance simulation. So, identical results can be obtained by applying the standard two
tone harmonic balance under the assumptions used while deriving the conversion matrix approach.
The biggest advantage of the method is its efficiency when only small signal response is searched. In
contrast, the full two tone harmonic balance is able to provide knowledge regarding both types of
behaviours — the small-signal and the large-signal.

5.2 Extension of the Freitag method

When extension of the Freitag method application is considered, both approaches: conversion matrix
and two tone harmonic balance simulation may be used. Moreover, full knowledge about the
frequency conversion phenomena of the circuit is not necessary. The circuit must be described only
at the first harmonic of the small signal frequency. It is important to include the effect of the large
signal operation of the power amplifier caused by the existence of the desired input signal on that
description.

This signal in the analysis will be purely sinusoidal of the frequency Fy and available power P,. As an
outcome, the description of the PA bisection containing nonlinear devices and the final result of the
method will be parameterized with these two variables - Figure 114.

— MK

o ,4|—‘—|‘=“ Pﬁ W
N Z z, Z,
< 2 - ] ] 3 3 IV
M| 2 e N 4LJ— N
W R, P f(P...Fo) 1 P, P,

Figure 114 Bisection description in small signal Freitag method (left) and extended Freitag method (right).
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Due to this change, the mode impedances and admittances also became parametric. Ergo, additional

subscripts were added to the their description and consequently, to the formulation of the onset of

oscillation. - (136.).

By investigating the Figure 114 we notice a practical problem of the method application in the power

amplifier circuit. That is, to perform linearization the circuit needs to be excited by large signal source

as well as an amplifier must work in a normal anticipated state. In contrast, Freitag method requires

division of the circuit into bisections for which Z and Y matrix linear descriptions will be found. This

requires to simultaneously maintain an integrity of the amplifier for large signal component and a

division at the chosen cut plane for the small signal. Fortunately, due to non harmonical relation

between the two tones exciting circuit, the requirements can be fulfilled by an arrangement of two

diplexers for each connection between the bisections - Figure 115.
Z — conditions Y — conditions

RC{Y ( avs’FO’f)}< 0
Im{Y, (P,,.F,,f)}=0 "even mode"

avs ?

d d

L m{z (P F,. /) >0 |=Im{Y.(P.F,f)i >0

P UL

Re{zon (])avx’FO’f)}<0 RC{Y (Pavs’FO’f)} 0

In‘I{Zon (})avs’FO’f)}ZO Im{Yon (})avs’FO’f)} 0 " lhOddmOde"
d d

—Im ch Pavs’F’f >0 —Im Yon Ijavx’Fﬂf)< >0
Py SR

Z(P,. Fy. f)=2.(P,,.F, f)+z ()

where: Z (avs’ f) onl( avs f)+Zono(f)
Y(m, S)=Y (P Fy f)+Y (/)

Yoo (Prss Fos )= Youi(Prys Fy )+ Yo o (f)

P:i

Figure 115 Simulation setup idea for the extended Freitag method.
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As it was expected, to perform the simulation two sinusoidal signal sources are used. The large signal
source is connected to the input of the amplifier - Figure 115. The small signal source is attached to
one of the bisection’s ports. One pass of the simulator is than able to describe the interactions
related to the port of the small signal source placement only. Accordingly, only one row of the
impedance/admittance matrix can be created. Luckily, due to the symmetry of the ideal corporate
amplifier, the results are sufficient to calculate the equivalent impedances and admittances of
diverse amplifier modes.

In outcome of the analysis it is expected to observe a similar result for a very small power of the
input excitation resembling the small signal operation of the amplifier. At the same time the
differences should appear while amplifier nonlinearities will modify the circuit’s behaviour owing to
the input power increase. To confront these expectations the extended Freitag method will be
applied to the power amplifier example — PA.5. This lumped element power amplifier uses a full
nonlinear model of the active element from the commercial DO1PH Ommic process. It is a single
stage parallel amplifier consisting of eight pre-matched amplifiers cells PAl. Structure of the
amplifier along with the internal structure of the PA1 cell is presented in the Figure 116. Gain, input
and output reflection coefficients, and even mode stability are presented in the Figure 117. Power
performances are presented in the Figure 118.
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Figure 116 Example lumped power amplifier PA.5 and its PA1 amplifier cell.
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Figure 117 Gain input and output reflection coefficients and Rollet’s stability factor of the example power amplifier PA.5.
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Figure 118 Power performance of the example power amplifier PA.5.

Extended Freitag method was applied in the Agilent ADS environment to benefit from the possibility
of AEL programming. AEL language was used to create the implementation scheme and measuring
functions that ease the effort needed to apply the method to the amplifier in ADS. However, the
method is not only restricted to Agilent ADS as it was also successfully implemented in AWR
Microwave Office.

5.2.1 Results of the extended Freitag method applied to PA.5 example

An example power amplifier was tested with the extended Freitag method for the fixed input signal
frequency Fy=18 GHz and different input power values P,,. Further, the analysis with a small signal
Freitag method have been conducted as a point of reference. The results of the simulations support
previously expressed expectations. Figure 119 presents comparison between Odd mode 3 equivalent
impedance obtained from small signal Freitag method and extended Freitag method for the input
power P,,=-40 dBm. By looking at the power performance of the amplifier we may state that for the
the P,,=-40 dBm, the amplifier works in the small signal state. The results are in agreement in this
case while the curves are almost completely overlapped. While the power has been increased to
P=17.5 dBm, the differences are visible at some frequency points in the Figure 120. Mostly, an
increase in the input power causes departure of the impedance curves at some frequencies. It proves
an assumption that a large signal operation of the amplifier can affect its small signal stability. This
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may be an unsafe situation if the amplifier is not stabilized with enough margin. Such a situation

appears in the PA.5 example for Odd mode 2.
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Figure 119 PA.5 example odd mode 3 equivalent impedance simulation results of the small signal Freitag method (SS) and
the extended Freitag method for P,,,=-40 dBm (LSSS).
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Figure 120 PA.5 example odd mode 3 equivalent impedance simulation results of the small signal Freitag method (SS) and
the extended Freitag method for P,,s=17.5 dBm (LSSS).
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Figure 121 Odd mode 2 equivalent impedance simulated for a different input power of the example power amplifier PA.5.
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While analyzing the results of the Odd mode 2 equivalent impedance simulation we observe a
situation, when increase of the input power turns small signal stable circuit into an unstable one -
Figure 121. While the circuit works with the input signal up to P,s=2.5 dBm, the real part of the
impedance value is positive at the positive zero crossing point of the imaginary part, ergo the circuit
is stable. If input power will be increased even further, the onset of oscillation will be fulfilled for the
0Odd mode 2. This outcome reveals possibility of the parametric Odd mode 2 oscillation creation and
at the same time an ability of the extended Freitag method to detect it. In order to verify the result,
the Time Domain simulations there will be performed .

5.2.2 \Verification of the results of the extended method

On this occasion, the Time Domain simulations have been even more demanding to perform due to
the presence of the input signal at Fy=18 GHz. Each mode was addressed with a separate simulation
setup. The Even mode was tested by applying only the desired input signal. In case of the Odd
Modes, in presence of the input signal additional the current pulse source was used as to excite the
appropriate mode. As to maintain the single mode excitation in case of the Odd modes, 2 and 3: 2
and 4 current sources were used to simultaneously excite all the loops and maintain the required
balance. Odd modes were represented with differential voltages at the input of the appropriate level
output combiner and the even mode was represented with the voltage at the output of the amplifier
- Figure 122. Excitation pulse was initiated at t=100 ns to confirm the steady state conditions of the
circuit. Input source was fixed at F;=18 GHz and each mode was tested with the two input power
values, with P,,=-40 dBm representing small signal regime and P,,=10 dBm representing a weakly
nonlinear operation.
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Figure 122 Voltages used to represent different modes of the example power amplifier PA.5.

Outcome of the simulations confirm previously obtained simulation results. The circuit is stable for all
the modes of operation in the small signal conditions: Even mode - Figure 123, Odd mode 1 - Figure
125, Odd mode 2 - Figure 127 and Odd mode 3 - Figure 129. When the input power has been
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increased, the Odd mode 2 was successfully excited - Figure 128. At the same time the Even mode -
Figure 124, Odd mode 1 -Figure 126 and Odd mode 3 - Figure 130 were stable.
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Figure 123 Even mode response Ug for the input power P,,=-40 dBm and Fy=18 GHz.
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Figure 124 Even mode response Ug for the input power P,,,=10 dBm and Fy,=18 GHz.
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Figure 125 Response of the PA.5 example for the Odd mode 1 excitation together with the stimulus (pulse) for the input
power P,,=-40 dBm and Fy=18 GHz.
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Figure 126 Response of the PA.5 example for the Odd mode 1 excitation together with the stimulus (pulse) for the input
power P,,,=10 dBm and Fy=18 GHz.
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Figure 127 Response of the PA.5 example for the Odd mode 2
power P,,=-40 dBm and F,=18 GHz.
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Figure 128 Response of the PA.5 example for the Odd mode 2 excitation together with the stimulus (pulse) for the input
power P,,;=10 dBm and Fy=18 GHz.
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Figure 129 Response of the PA.5 example for the Odd mode 3 excitation together with the stimulus (pulse) for the input
power P,,=-40 dBm and Fy=18 GHz.
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Figure 130 Response of the PA.5 example for the Odd mode 3 excitation together with the stimulus (pulse) for the input
power P,,;=10 dBm and Fy=18 GHz.

Additional simulations have been performed to get more accuracy with the value of the input power
that turns the circuit instable. Odd mode 2 was excited for the input power of P,,=2.5 dBm, P,,=5
dBm and P,,s=7.5 dBm. As the simulations results were superimposed in the same graph we may
come to a conclusion that the oscillations are not dumped nor amplified for P,,=5 dBm - Figure 131.

This roughly estimated value seems to be the one at which the circuit changes its behavior. Same
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change of behaviour was predicted by the extended Freitag method. Value of the input power at
which it occurs owing to the extended Freitag method can be estimated from the Figure 121, as
P.s=2.5 dBm. Clearly, the values obtained from the results of the experiments in two different

domains are slightly different.
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Figure 131 The superimposed responses of the PA.5 example for the Odd mode 2 excitation together with the stimulus
(pulse) for the input powers: P,,=2.5 dBm (cyan), P,,.=5 dBm (magenta), P,,=7.5 dBm (red) and fixed frequency Fy=18 GHz.

The difference may be justified by the dissimilarity between the Frequency Domain and the Time
Domain active device model. To validate this thesis, the Time Domain simulations were used to
characterize the amplifier bisections. Then, the Freitag method was applied to the description,
allowing to calculate equivalent modes impedances and admittances. Eventually, a comparison
between the Frequency Domain and Time Domain Freitag method results has been made and
differences were revealed. An outcome of the final analysis for Odd mode 2 is portrayed in the Figure

132.
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Figure 132 The comparison between the Odd mode 2 equivalent impedance simulation results obtained with the frequency
domain models (S-parameters) and time domain models (Transient).

All in all, the contrararies among the Freitag method results obtained from the Frequency Domain
and the Time Domain models can be justified by the difference in value of the input power. That
change leads then to a change in the behaviour of the circuit. Meanwhile, a general agreement
between the behaviour of the circuit in Time Domain and the predictions from the extended Freitag
method validates the idea and its practical implementation. Such a simple and effective extension to
the Freitag method allows the prediction of unwanted even/odd mode oscillations, when the power
amplifier operates outside the small-signal regime, that is it extends the usefulness of the Freitag
stability test. Also, the method prevents the designers from mistakes, when the stability of the Odd
modes are guaranteed with a small margin due to the typical amplifier’s layout design complications.
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6 NON IDEAL SYMMETRY PROBLEMS IN THE FREITAG METHOD

When considering Freitag method application into CAD environments in the chapter 4, a simplifying
assumption of the ideal symmetry of the corporate amplifiers were made. Benefits of this
simplification were so great that nonidealities were neglected and other approaches were treated as
the ones having marginal significance. This is true in a sense , when in most cases symmetrical, in-
phase and equi-amplitude ideal combiner is a goal of the design. Unfortunately, even with a careful
design some degree of asymmetry is always present in the designed structures. So, to avoid errors,
eigenvectors and eigenvalues cannot be computed with a simplified approach forcing the standard
method application. Nevertheless, even then it is highly probable that the bisection’s eigenvectors
sets will be slightly different, thus ruling out a possibility of the Freitag method application
completely. Moreover, it could happen that the amplifier input and output combining networks are
intentionally designed with different symmetry properties, ergo leading to different eigenvector sets.
Consequently, there are going to be conducted experiments that prove it is still possible to apply the
Freitag method to test the stability of such circuits.
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Figure 133 Second level combiner closed with impedance at common port Zs. Ideal corporate structure (a) and its Z matrix
description (b). Mirror symmetry combiner (c) and its Z matrix description (d).

To simplify the design process of the parallel power amplifier, the symmetry is often involved, what
results in popularity of the corporate structure. If given ideal corporate combiner, symmetry appears
in multiple points in the circuit and owing to this fact, the matrix describing combiner possesses
unique features and less independent terms. Example of such structure is laid out in the Figure 133 a)
as the second level combiner closed at the common port with impedance Z,. It is noticeable that this
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circuit possesses diverse symmetry planes. The 1% level symmetry affects two groups of the ports
and the 2" level symmetry influences the planes that exist at these groups of the ports: 1,2 and 3,4.
In the end, the existence of this multiple symmetry planes causes the matrix to possess only three
independent terms - Figure 133 b). In reality, the parasitic effects, layout restrictions or intentional
actions of the designer often perturb an ideal corporate symmetry scheme and in the end they often
only mirror symmetry stands. Such a situation occurs if ladder of the resistors Rs is connected
between the ports - Figure 133 c), as a consequence, the description of the combiner is richer and
consists of the six independent terms - Figure 133 d). If these structures were used to build a parallel
amplifier, even with reciprocity and symmetry as allies decreasing number of the independent terms,
a simplified Freitag approach derived in chapter 4 would lead to inaccurate results. This is due to the
fact that amplifiers based on these two combining structures possess similar but not identical modes
of the operation. From a more customary point of view, a corporate amplifier based on the ideal
corporate symmetry combiners is a particular case of general N device parallel amplifier and
possesses log,(N)+1 independent modes of operation from which: one is the Even mode and log,(N)
are the Odd modes. The general corporate N device power amplifier circuit can work in N different
modes from which one is defined as the Even mode. This particular difference is presented in the
Figure 134 where the modes present in ideal corporate amplifier are compared to the general case
for N={2,4,8}. Than, red and blue fields represent eigenvectors an signs of their elements allowing to
comprehend interactions between the devices and creation of the loops in the amplifier.

Dev. Flgen Modes Eigen Modes
val. ~ val.
Even Even
2 2 0dd1 7 2 Odd1 |
Even Even
4 3 0dd1 4 0Odd1
odd2 0dd2 a
0dd2 b
Even Even
0dd1 0dd1
0dd2 a
8 4 Oda2 3 0dd2 b
Odd3 a
0dd3 b
Oda3 Odd3 ¢
Odd3 d

Figure 134 Different modes of the operation for the corporate amplifiers: ideal symmetry (left) and general case (right).

As a consequence of analysis of the modes for the example amplifiers with 4 or 8 devices we detect
that when compared to the general case some combinations are missing from the ideal combiner
mode description. In an example of the ideal symmetry the corporate structure modes Odd 3 a,b,c,d
are equivalent and described simply as Odd mode 3. This is due to lack of interaction between the
most inner loops depicted by the mode in ideal structure. While the loops’ relative direction does not
influence the mode, its behaviour variations do not exist. In a more empirical way Freitag method’s
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results for the modes’ variations are equal while the eigenvalues which describe them are not
distinct. Such an outcome is very useful and was exploited as to create a simplified approach to
calculate the eigenvalues. On the other hand, in case of the amplifier for which bisections do not
possess these features all the eigenvalues have to be computed with the help of other common
methods. For a circuit with a number of the devices higher than four it is not a trivial task, but until
the eigenvectors describing appropriate modes are equal, application of the Freitag method is still
achievable. The mode impedance/admittance value cannot be computed since they are not
equivalent, neither mode stability can be judged by the method presented originally. Such
circumstances exist in already divided and prepared for the Freitag analysis simplified circuit shown
in the Figure 135. It uses only resistive components and voltage controlled current source and
imitates parallel corporate amplifier to become a test vehicle for another Freitag method
modification. The circuit’s resistive combining structures are characterized with symmetry identical
to the ideal corporate combiners. Next, in order to differentiate the eigenvectors sets of the input
and output bisections the resistor ladder that connects adjacent branches with each other has been
added. Such a resistor structure can be easily justified as in the example odd mode stabilizing
network. Sadly, existence of the resistor ladder structure has denied the full stability check through
the Freitag method.

R : Rs
' P1 out
R, . Rs
R : P: out F
R R
R Ry
e . Pa out o
R s
R . Rs
' Pd out

Figure 135 Simplified parallel amplifier circuit with bisections possessing not equal eigenvectors sets.

80.925 21.749 4.656 —0.004 60 55 50 50

, 21.749 63.633 17.288 4.656 |55 60 50 50
4656 17.288 63.633 21.749 “t 150 50 60 55
~0.004 4.656 21.749 80.925 50 50 55 60
(137.)
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1 1.418 -1 0.582 107.326
N L s 1_2—1.418Z ~_| 87951
T | —0582 7 L | 1.418 [TV | 54.516
1 ~1.418 -1 ~0.582 39.323
(138.)
1 1 -1 1 215
. 1 . 1 |1 . -1 15
lout 1’ 2out 1’ 3out 1 > “4out 1 > ~EV out 5
1 -1 -1 -1 5
(139.)

Afterward, for the fixed values of the components input (138.) and output (139.) bisection
eigenvectors and eigenvalues were computed numerically for the Z matrix description - (137.). Their
analysis clearly indicates that the standard Freitag method can be successfully conducted only for the
Even mode and Odd mode 2b - according to the Figure 134. Moreover, the same time line of thought
as in paragraph 4.6 can be reapplied in this situation. There, an idea presented with equations (123.)
served to maintain the integrity of the circuit. It has been proved, that mode impedance can
equivalently be calculated into the standard way with the measurement ports placed in series to the
bisections. Than, the division of the circuit was not necessary and the method delivered results from
the analysis of the effective sum of the bisections impedance matrix representation. A twin idea has
been applied to the admittance description with an appropriate dualism, than forcing a parallel
connection of bisections and measurement ports. What is more, simple equations treated as a proof
were in agreement with the standard Freitag method assumption of the equal eigenvector sets for
bisections. Till this point this arrangement has not changed anything and the original restrictions
have stood by. Thus, a simple experiment can be made with the circuit in the measurement
configuration — used in the paragraph 4.6.

Let us trace the original idea of the Freitag analysis. For the divided circuit the current vectors were
searched for. If the circuit is excited with such current vectors, at each of the circuit’s measurement
ports equal impedance will be registered. As it was proved by Freitag this vector was equivalent to
the eigenvector of impedance description. The impedance value was outlined with eigenvalue
associated to this vector. If it happens that the same vector was present for both parts of the divided
circuit, the onset of the oscillation could be applied to the sum of the founded equivalent
impedances. This summation on the assumption of equal eigenvectors set, is equivalent to the
calculation of the eigenvalue from the sum of the impedance matrixes of the bisection. Also, it can be
translated to the measurement scheme, where the measurement ports are placed in series to the
circuit bisections. Interestingly, such arrangement forces the same current vector to flow through the
bisection ports. It is easily observable while the current sources are placed in the measurement ports
- Figure 136. In practice, the current vector for which identical ratio of the voltage drops on the
current sources to their values, represents eigenvector and the ratio itself represents the circuit’s
equivalent impedance in that mode. However, stepping back to the matrix description — application
of the Freitag method is still possible when the eigenvectors together with appropriate eigenvalues
are calculated for the sum of the impedance and the admittance description accordingly. With
dualism, similar idea can be applied to the modes equivalent admittance with the measurement
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setup presented in the Figure 137. Besides, if the presented measurement setups are compared to
the numerically treated Z and Y representations’ agreement of the result will be reached.

/
Viz

Re .
R,

R

B ,
R,

R

Figure 136 The measurement setup allowing for the ports’ impedance {Z,,Z,,Z3,Z,} calculation with the current vector
excitation EV,={l3,15,13,14}.

Rs I, Rs
U,
Rs . R,
R, I, R
= U,
2
Ra Re
=N Ry
Ra L+ R
Ui
R, R
Ry l, 0 =

Figure 137 Measurement setup allowing for the ports admittance {Y;,Y,,Y3,Y,} calculation with the voltage vector excitation
EVy={U1,U,U3,Us}
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According to the previous statements, the sum of Z and Y matrix descriptions wishes to be
considered in eigenvectors/eigenvalues analysis:

140925 76.749 54.656 49.996

77 +7 21.749 123.633 67.288  54.656
=/. + =

"M 154,656 17.288  123.633  21.749

49.996 54.656 76.749 140.925

(140.)
0.131 -0.087 -0.015 -0.015
-0.087 0.136 -0.02 -0.015
Y=Yin+Y0ut:
-0.015 -0.02 0.136 -0.087
-0.015 -0.015 -0.087 0.131
(141.)
Then, due to numerical analysis of the matrixes the following results are obtained:
1 1.345 -1 0.655 322.326
BV _1 BV = 0.655 BV = 1 BV = —1.345 7 101.693
AT —0666 7 1 ] 1345 [T | 59,516
1 —1.345 -1 —0.655 45.581
(142.)
1 1.035 -1 0.965 0.014
BV _1 BV = 0.965 BV, = 1 EV. = —1.035 3 0.08
Yl —0965 Y Y ] 1035 [ (0.218
1 —1.035 -1 -0.965 0.224
(143.)
Y1 Y2 Y3 Y4
0.293715 0.191622 0.191622 0.293715
Z1 22 Z3 z4
45.580527 45580513 45580513 45580527
EVe1l EVe2 EVe3 EVed
0655192 -1.344808 1.344808 -0.655192

Figure 138 Impedances and admittances at the test ports for the excitation with eigenvector EVy,.
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Y1 Y2 Y3 Y4
0.223518 0.223517 0.223517 0.223518
Z1 Z2 Z3 Z4
67.238546 35.739789 35.739789 67.238546
EVe1 EVe2 EVe3 EVed
0.965130 -1.034870 1.034870 -0.965130

Figure 139 Impedances and admittances at the test ports for the excitation with eigenvector EVy,.

Results of the numerical analysis for the Z matrix (142.) and for the Y (143.) have been applied to the
previously introduced measurement setups for Odd mode 2 represented with vectors EV,, and EVy,.
The Figure 138 presents the outcome for EV, and the Figure 139 gather the results for EVy,. While
vector EVy4 has been applied, the values of the impedance at the measurement ports were equal
Z,=2,=23=1, and equal to the eigenvalue computed from Z matrix. Meanwhile: Y;=Y,;#Y3=Y,. While
vector EVy, has been applied values of the admittances at the measurement ports were equal
Y.=Y,=Y3=Y, and equal to the eigenvalue computed from Y matrix. Again, Z,=Z,2Z3=Z,. These
settlements prove that the values of the eigenvector and eigenvalue computation of the sum of the
matrix descriptions match the modes equivalent impedances and admittances. Also, it is obvious that
eigenvectors for Z and Y matrix can be different for the modes that are described with different
eigenvectors for the input and output bisections. When there has been applied EVy,, which is equal
to vector EV;; - as a consequence the values of the admittances and impedances at the measurement
ports were equal Y1=Y,=Y3=Y,, Z,=Z,=23=Z, and also equal to the value computed from Y and Z matrix
- Figure 140. This agreement among numerical results and simulations of the simplified example
proves the validity of the assumptions and encourages further tests.

Y1 Y2 Y3 Y4
0.013969 0.013969 0.013969 0.013969
Z1 22 Z3 Z4
322.325949 322.325949 322.325949 322.325949
EVe1l EVe2 EVe3 EVed
1.000000 1.000000 1.000000 1.000000

Figure 140 Impedances and admittances at the test ports for excitation with eigenvector EV,,= EVy;.

Application of the method does not complicate the test procedure and the only difference is that the
analysis has to be performed on the sum of the impedance and admittance descriptions of the
bisections obtained from the measurements, and not on the bisections individually, as it was done
before. In contrast, to perform general eigenvector eigenvalue analysis in CAD environment is quite
problematic. This dilemma has been already mentioned in the chapter 4 and it lead to the application
of the simplified method. Fortunately, with the assumption of the mirror symmetry and reciprocity of
the bisections closed formulas for the eigenvalues have been obtained for N=2 (106.) and N=4 (110.).
So that, the method can be applied for the PA.4 example power amplifier, used previously to test the
automated Freitag approach.
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Figure 141 Example power amplifier PA.4 layout.
Marked areas are responsible for the perturbation of the ideal corporate symmetry.

The above amplifier (Figure 141) was designed with attention to maintain its symmetry. However,

owing to efficiency of the space usage, the branches of the last stage are not perfectly equal. By
studying the area 1- marked with red rectangle it is likely to distinct that the introduction of the
alternate pattern of the devices and via holes destroys the ideal corporate combiner symmetry.

Moreover, the matching capacitors of the branches B and C are sharing common via hole, while an

additional coupling between them is stronger than the one between branches A and D.

Simultaneously, in the areas 2, marked with green rectangles, coupling between external branches A,

D and gate bias structures of the third stage is stronger. Further, since the analysis is made with the

circuital modes, only the influence of the common via holes is taken into account.
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Figure 142 Even mode impedance (Ze) and admittance (Ye) of the example power amplifier PA.4 calculated with
generalized and simplified Freitag method (black curves).
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Figure 143 Odd mode 1 impedance (Zo1) and admittance (Yol) of the example power amplifier PA.4 calculated with
generalized and simplified Freitag method (black curves).

116



Chapter 6

Non ideal symmetry problems in the Freitag method

45 0.18 0.15
_ - 30 5 0.12 +-0.10
E - L5 Q @ 0.06— 005 3
Q. - B N QS
= L ) o | L
S o D L 000 000 &
o [ (e} T =
N ©
) 15 = o -0.06— (—-0.05
] L 3 = K]
54 3
= +—-30 -0.12—| t—-0.10

15— e e e e 46 018+t e e e 015

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Freq [GHz] Freq [GHz]

Figure 144 Odd mode 2 a, b, impedances (Ze) and admittances (Ye) of the example power amplifier PA.4 calculated with
the generalized and simplified Freitag method (black curves).

While compared to the simplified approach the results of the generalised analysis are almost
unchanged. This is positive news since they need a considerably larger amount of effort in
comparison to the one required for the simplified method results. The fact that the simplified
method produces approximate results with less effort can be used for rapid results, for example in
the optimization routines. Moreover simplified method results are very close to the results of the
generalized analysis in case of the circuits with small perturbation of the symmetry from the ideal
corporate. As a consequence, if given enough margin, the simplified method can be used to stabilize
the amplifier in the eventual stabilization process and final validation can be done with either the
generalized method or Ohtomo method.

To benefit from the generalized method a more demanding example will be tested. So, the
previously used example power amplifier PA.5 will be modified by removal of the resistive
components from the lumped elements combiners. To maintain stability, the resistor ladder will be
introduced between the branches at the output of the amplification cells PA1 - Figure 145.
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Figure 145 Modified example power amplifier PA.5

If given the presented example, application of the method in the typical CAD environment is not easy
due to the computation of the eigenvalues and eigenvectors. To deal with the problem, there is is
required an appropriate environment which would allow for uncomplicated data post processing
while efficiency in solving eigenvector and eigenvalue problem is essential to create a convenient
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stability tool. Sadly, typical CAD environments used in the design process do not provide simple
functions to calculate eigenvectors and eigenvalues. On the other hand, the post processing with
other environment is not always convenient or possible. For that reason, the iterative Jacobi method
along with simple pattern recognition and results filtering functions were implemented into ADS
environment as the measurement functions. These tools empowered the appliance of the
generalized Freitag method as well the laid out analysis circuit for different values of the stabilizing
resistors Rs.. Meanwhile, the Original Freitag method may be successfully implemented to the circuit
only for the infinitive value of the resistance Rg,. In that case, the circuit becomes an ideal corporate
amplifier and the simplified method along with the generalized one report identical results. The
simulation results for the case in question were presented in the: Figure 146, Figure 147, Figure 148
and Figure 149. Analyzing them it is easy to detect that there are almost no differences between the
curves representing equivalent modes impedances and the admittances obtained with the simplified
and generalized approaches. Evidently, there are no variations for the modes while the eigenvalues
representing different versions of the Odd mode 2 and Odd mode 3 are not distinct. Small
differences which were found were caused by the convergence problems of the iterative method.
Than, a small error occurs in the result of the generalized Freitag test due to the iterative nature of
the algorithm. Moreover, in the extreme cases when the convergence was not reached within
maximum iterations, the data points have been replaced by the results filtering algorithm; , changing
locally the shape of the curve.
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Figure 146 Even mode impedance (Ze) and admittance (Ye) of the modified example power amplifier PA.5 calculated with
the generalized and simplified Freitag method (black curves) for the Rg =o°.
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Figure 147 Odd mode 1 impedance (Zo1) and admittance (Yol) of the modified example power amplifier PA.5 calculated
with generalized and simplified Freitag method (black curves) for the RSL=co.
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Figure 148 Odd mode 2 impedance (Zo2) and admittance (Yo2) of the modified example power amplifier PA.5 calculated
with the generalized and simplified Freitag method (black curves) for the R =2°.
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Figure 149 Odd mode 3 impedance (Zo3) and admittance (Yo3) of the modified example power amplifier PA.5 calculated
with generalized Freitag method and simplified one(black curves) for the Rg =c°.
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Figure 150 Odd mode 2 impedance (Zo2) and admittance (Yo2) of the modified example power amplifier PA.5 calculated
with the generalized Freitag and simplified Freitag method (black curves) for the Rg;=>=Q.
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Figure 151 Odd mode 2 impedance (Zo2) and admittance (Yo2) of the modified example power amplifier PA.5 calculated
with the generalized and simplified Freitag method (black curves) for the Rg =5kQ.
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Figure 152 Odd mode 2 impedance (Zo2) and admittance (Yo2) of the modified example power amplifier PA.5 calculated
with the generalized and simplified Freitag method (black curves) for the Rg=2.75kQ.
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Figure 153 Odd mode 2 impedance (Zo2) and admittance (Yo2) of the modified example power amplifier PA.5 calculated
with the generalized and simplified Freitag method (black curves) for the Rg=2kQ.

The circuit is initially unstable in Odd mode 2 due to impedance and admittance onset of oscillation
fulfilment - Figure 150. While large resistors Rs;=5kQ are connected to the circuit, the impedance and
admittance curves are slightly shifted upwards to the positive values, but the circuit itself remain
unstable - Figure 151. Simultaneously, the difference between the two versions of Odd mode 2
becomes visible and the simplified approach becomes inaccurate. While the resistors are decreased
to value of R =2.75kQ the Odd mode 2 b becomes stable while Odd mode 2 a still fulfils the onset of
oscillation - Figure 152. Final analysis made for Rs;=2kQ) reveals that Odd mode 2 a and b are stable -
Figure 153. If the simplified Freitag analysis was performed, the circuit would be still declared
unstable.

The Figure 154, Figure 155, Figure 156 and Figure 157 present all modes impedance and admittance
analysis for the Rs;=2kQ in wider frequency spectrum. The results confirms full circuit stability. At the
same time, the differences between the generalized and the simplified Freitag method for the Odd
modes send a clear message that states : differences in the bisection symmetry characters cannot be
neglected in this very example.
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Figure 154 Even mode impedance (Ze) and admittance (Ye) of the modified example power amplifier PA.5 calculated with
the generalized and simplified Freitag method (black curves) for the RSL=2kQ.
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Figure 155 Odd mode 1 impedance (Zo1) and admittance (Yol) of the modified example power amplifier PA.5 calculated
with the generalized and simplified Freitag method (black curves) for the Rg =2kQ.
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Figure 156 Odd mode 2 impedance (Zo2) and admittance (Yo2) of the modified example power amplifier PA.5 calculated
with the generalized and simplified Freitag method (black curves) for the Ry =2kQ.
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Figure 157 Odd mode 3 impedance (Zo3) and admittance (Yo3) of the modified example power amplifier PA.5 calculated
with the generalized and simplified Freitag method (black curves) for the Rg=2kQ.

For the sake of validating the results of the generalized Freitag method, the Ohtomo method has

been applied to the modified example PA.5. The circuit was tested on the part of all previously used

values of the Rg.. The results were gathered in the Figure 158. Each graph contains all the Ohtomo

curves and it is noticeable that only graph d) does not contain any curve that encircles the critical
point (1,j0). Ergo, the circuit is stable for the Rs;=2kQ and not stable for the Ry =>2Q, Rs=5kQ and
Rs1=2.75kQ - in an agreement with the generalized Freitag method results.
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Figure 158 Ohtomo method results for the modified power amplifier example PA.5.
a) R5L=°°Q, b) R5L=5kQ, C) Rs|_=2.75kQ, d) Rs|_=2k0.

The presented modification of the original Freitag method extended its usefulness for the particular
struggles originated in the design reality where the ideal symmetry and perfect isolation do not exist.
The method in its generalized form allows to analyze the circuits which input and output parts are
unintentionally or intentionally diverse concerning symmetry point of reference. Thus, nonidealities
that result from the coupling, parasitic or are simply introduced due to the layout restrictions do not
need to be neglected as this increases risk of the adopted designing approach. All in all, it is
achievable to analyze the circuits by involving the input and output structures that possess different
symmetry characters due to factors other than stability.

A good example of such a structure is displayed previously buss bar combiner which can now be
simulated with the generalized Freitag method. In the end, the method is not restricted to the binary
number of the active devices.
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CONCLUSIONS

Freitag method contributes significantly in helping the designers to deal with the odd mode stability
problems. Treating it as a stability test is an unjustified simplification. This is owing to the fact, that
the method provides the designer with indispensable information about the circuit. This information
leads to a better understanding of the circuit’s behavior. Such knowledge allows to resolve the
stability problems by eventual corrective action in a quick and efficient way. The originally presented
method was not completed, thus its outcome may not necessarily lead to the stabilizing action or in
extreme to not recognized instability. The applied improvement answered the issue and functionality
of the improved method has been verified assuredly. To extend the usefulness of the Freitag test
further, the simplified scheme addressing the ideal corporate amplifier structures was presented.
The implementation of the method for the ideal corporate structure is effortless and efficient.
Moreover, the same rule applies to the interpretation of the results. Regrettably, if given more
demanding corrective action, there occur problems related to the synchronization of the multiple
schematic files. This issue is not only correlated to the designers’ comfort but it increases the risk of
the random error due to not synchronized schematics. To overcome this shortcoming the
automation of the Freitag method was developed, permitting the simultaneous two port simulation
and stability test application, given the corporate amplifier circuits. Next, the automation of the
method has been implemented in the Agilent ADS and positively confronted with the results of multi-
schematic simulation results.

Due to the dissonance between the small signal based test and the power amplifier destiny to work
in the large signal condition, an extension of the Freitag method has been proposed. The laid out
large-signal/small-signal Freitag method detects the parametric stability problems associated with
existence of the desired input signal in the power amplifier under test. Extension of the method has
been implemented in the Agilent ADS and the AVR Microwave Office and positively verified by the
Time Domain simulations.

To cancel the initial restrictions connected with the symmetry character of the tested circuit
generalization of the method was proposed. Furthermore, the approach expands the method’s utility
for the circuits, for which the bisections possess different symmetry properties. That allows
application of the test for the circuits without neglecting the effects of the non intentional symmetry
perturbations from the ideal corporate amplifiers symmetry. Moreover, the circuit’s bisections
designed with the intentionally different symmetry characteristics are no longer excluded from the
Freitag method. All in all, the generalized method was implemented in the Agilent ADS and positively
confronted with the Ohtomo method.

In the research | tried to present the Freitag method not only as a simple test but as a tool that
overcomes the stability problems in the parallel power amplifiers circuits. That is, according to its
particular application, the method has evolved from its original form into: the simplified, fast testing
tool in case of the ideal corporate structures; the complete, single schematic development tool in
case of the automated approach ; the extension to the Large-signal/small-signal regime as to verify
the correctness of the assumed at the small signal state stability margins. And finally: the generalized
method that permits to verify the impact of non idealities and symmetry perturbations from the
stability point of reference. Certainly, this is not yet the border line of the possible applications- just
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the consistent interpretation of my researches; handling with different variations of the same tool as
with a self-contained whole.

While the work presents various concepts, experiments and their positive results, the path to
efficient implementation of the ideas is still open and relies on the will of the CAD producers. Its
dependent on them as to provide the users with the math tools or already applied algorithms in
order to efficiently compute eigenvalues and eigenvectors, matrix operations as well as the results
sorting procedures. Without the above mentioned math tools only such a simplified Freitag approach
can be convincing enough for the majority of the engineers to use it.
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Appendix 1 POWER COMBINERS

In order to give a deeper look at the power combining subject a previously drafted division of the
combining structures was adopted as a base for a more detailed review. As previously, special
attention was given to the planar structures and the possibility of planarization in case of the non
planar structures. A review is organized into the main two parts. The first has a form of the table
containing gathered examples of the combining structures. The order introduced into the table of
the gathered examples is a product of previously presented division of the combining structures idea
(paragraph 2.2 - Figure 23) and a huge disproportion of the interest in different combiners. The
second part contains comments to the most important combiners and techniques developed to
extend the original ideas. The comments follow the order introduced in the table.

While the name combiner and the splitter define the mode of use of the power combiner/splitter
circuit and could be used interchangeably for clarity of the report, hence all described structures will
be named as the combiners.

A1.1 Tabular review of the power combining structures
A1.1.1 Organization of the table

Due to a big difference in quantity of the articles found for each device or approach table will be
organized with the use of the following groups:

Basics element that is used in almost every following structure but

= Junctions i . N
it is able to be a stand-alone power combiner circuit

Wilkinson combiner
Branch-line Coupler

* Hybrid Ring The most important approaches extensively examined and studied
= Transmission Line till nowadays
Couplers
= Lange Coupler
= Tapered line Using tapered lines of different profiles
= Resonant structures Using resonant techniques
- Travel.mg Wave Traveling Wave technique
Combiner
= S|W Substrate Integrated Waveguide power combiners examples
= QOthers Other circuits with less amount of examples in the literature

In the following table, the columns gathered the following information:

= Type type or the description of the structure

= Bandwidth match/iso. fractional bandwidth for a defined value of the isolation and
reflection coefficient [ (fmax - fmin) /fo*100% ]

= Bandwidth cup. dff/loss fractional bandwidth for defined difference or loss in division
signals [ (fmax - fmin)/fo*100% ]

= fy[GHZ] center frequency [ (fmax- fmin)/2+ fmin |
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= |Inputs numbers of inputs — circuit used as combiner

= Planar field regarding possibility of planar application

= |solation value of Isolation in previously given bandwidth

= Size approximately the size of the structure or impression
(explanation bellow)

= RL Return Losses [RL=-20*log,(I) dB]

= Unequal div. field regarding possibility of an unequal power division

= Phase dif. phase difference between the outputs (divider point of view)

= Losses value or impression of the circuit losses

= Reference reference number regarding structure

It needs to be underlined that the list of the approaches and examples cannot be treated as a
completed one, even till the date of the creation of the document. A subject of the power combining
is so wide and deeply studied that it is impossible to gather all the results of research in that field. An
idea to focus on the planar applicable structures could be also the reason for missing some of the
interesting researches results.

A further issue are the missing parameters in the table listed below. It is quite complex to obtain all
the parameters that are of interest only from the gathered papers. Some workings were purely
theoretical and devoid of the experimental realization. Many authors did not list them in their
researches or simply neglected them. If possible they were only determined with errors in the
included graphs. The approximate results were than marked with “~”. Most authors did not respond
to the question of an unequal division possibility in the circuit since the main application of the
combiners/dividers is equally split work. So, the following notation for the column responding to this
question was used:

= Yes - Authors found possibility of unequal split

= No - Authors found impossibility of unequal split

= No/... - Authors did not respond the question of possibility

= No/Yes - Authors did not respond the question of possibility but it may be assumed that it is
possible.

Notation “x/y” in a frequency field regarding multi-frequency operation and meaning that f;=x GHz
and f,=y GHz. This notation then could be used in the bandwidth field through an analogous way
representing B;=x GHz and B,=y GHz accordingly.

A1.1.2 Abbreviations

" N.Eq. - not equal

= @fo - at frequency f,

" sol. - isolation

=T - reflection coefficient

= +0,2dB - amplitude balance 0,2 dB

= AO,2dB - amplitude balance A0,2dB

= T - trade

" - number of stages in multistage structure
LI - power division ratio

= kdep. - dependent on k value

= TL - transmission line

= Al - the length difference

" Yes-12L - planar but requests two side processing while the 2" layer is not for ground plane
" Yes—AB - air bridge needed additionally

=  Com.Ord - in comparison to ordinary
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= [THEORY] - purely theoretical work
®  Des. Dep. - design dependent —in the sense of the trade between other parameters
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A1.1.3 The table of gathered examples.

Type E]aa':gmggh CBu?gmg:: fo [GHZ] Inputs Planar Isolation Size RL Unequal div. Phase dif. Loses Reference
Junctions
. . o Wide 2 o
T,Y junction and multiline conn. TL-P N Yes No Very Small 1 port. Yes N=2EP%§£ 180° Low [13], [23]
Resistive \.1_\/'_"_:]; N Yes No Very Small Yes Yes Eq. 0° Large [12]
. . . ~90% A0.1 dB 3
'E)"i‘\j'iz'evyay Microstrip Power ~101% | A02dB | 4 4 Yes No Medium Jzzogté No/Yes Eq. 0° ~Low [24]
~85% A0.2 dB 9 —Corp
Wilkinson combiner
Wilkinson divider N N<3 Yes Low
-planar restriction 2 Yes ~N4 No/Yes Eq. 0° [25]
-experiment ~20% 0,5 8 No ~25dB 11dB Negligible
Wilkinson unequal divider ~20% N N<3 Yes [26]
-planar restriction 2 Yes ~2*N4 Yes Eq. 0° Low
-experiment ~50% 3 2 Yes ~20dB 15 dB [10]
N . o
Planar N-way ~>30% 3 Yes 20dB n*N4 ~20dB No/... Eq. 0 n dep. [27]
Recombinant divider 66% 10 3 Yes N.Eqg. >20dB ~3N4 12 dB Yes Eq. 0° Large [28]
Radial evolution of Wilkinson N7 Isol. | ~N4 Nt T 1
-1 stage N N<3 Yes N<4 ~ @f, N<4 ~ @f, No/ Eq. 0° [29]
-2 stages N<6 « @f, ~2 N4 N<6 « @f,
Fork evolution of Wilkinson N7 Isol. | ~N4 Nt T 1
-1 stage N Yes N<3 « @f, N<3 « @f, No/ Eq. 0° [29], [27]
-2 stages N<4 < @f, ~2 N4 N<4 © @f,
Trade. A Trade. o
Mod. Luzzato Trade. Trade. 3 No Match&Loss T(N4)"2 0l &LOSS Eq. 0 Tr. Low [30]
Multistage Wilkinson >=100% N N<3 Yes 1;9?380?1(1 ~n*N4 >20dB No/Yes Eq. 0° n dep. [31]
~20% N No ~ o Low
Gysel for Isol. 1,15 2 Yes -30dB Large 20 dB No/... Eq. 0 ~0.3 dB [32]
Broadband Gysel with 15dB math 44,3% 4 2 Yes ~12 dB Large 15dB No/... Eq. 0° Large [33]
~35% N >~20 dB o ~0,2 +0,5
~ o ) ’
H.K.Wen (Unequal Gysel) 35% AO5dB | 085 3 2 layers K dep. Large ~11dB Yes Eq. 0 dB max [34]
Capacitive Loading miniaturized TL Al dep. N Small 0
Wilkinson [\/5 - A/12] 40-65% 10 2 N<3 Yes ~15 dB 74% >15dB | No/Yes Eq. 0 0,55 dB [35]
Lumped element Wilkinson divider 33% 3,6 2 Yes ~17,5dB f_gglk ~17,5dB No/Yes Eq. 0° 0,3dB [40]
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Type E;Tgmgéh Esuiﬁgmg:: fo [GHZ] Inputs Planar Isolation Size RL Unequal div. Phase dif. Loses Reference
Lumped Wilkinson Power Dividers o 8.5 14 dB a@f, o
With Micromachined Technology 25% 20 2 Yes 9.6 dB @f, Small >15dB NofYes Eq. 0 0.6dB [36]
ACPS 180° Wilkinson ~13% 3 2 Yes Uni ~20 dB ~N4 ~20dB No/Yes Dif. 180° 0,8 dB [37]
ACPS 0° Wilkinson ~30% 3 2 Yes Uni ~20 dB ~N4 ~20dB No/Yes Eq. 0° 0,4 dB [37]
0,
Wilkinson above 100GHz 13% +(1)34§B 150 2 Yes 12 dB 0,5x0,5 mm 12 dB No/Yes Eq. 0° 1+0,4dB [38]
— - — S -
E%vr\fénl?lwder Using Parasitic ?51302 6 g Yes 1;411 gg Large 10 dB Yes 1;?0_22.1ng [39]
Branch-line Coupler
Lumped element branch line ~35 425 | Corp. Yes 15 dB Smal 10 dB Yes 90° 0406dB |  [40]
coupler. 2x2 mm
Reduced-Size Branch-Line ~20% ~20% 11 Cor Yes ~10 dB Small ~10dB No/Yes 90° 1,5£0,5dB [11]
for Uniplanar MMIC's ~14% +0,5dB 25 P: ~15dB -80% 15dB 2+0,5dB
Meander multilayer MMIC 450 ~15% - Very Small - o
Quadrature Hybrid (BL) 15% +0,50B 20 Corp. MLMMIC 15 dB 0,95x0,91mm 15dB No/Yes 90 2,5dB [41]
Branchline Coupler using Coupled | _ 40% - - - - o
Rectangular Slotline Ring 40% A1dB 3 Corp. Yes 20 dB N4 x ~N4 20 dB No/Yes 90 0,66 dBa@f, [42]
S%‘rm"t Wide-Band Branch-Line | _gg0, 2 Corp. Yes ~20d8 | "3 )_‘245?,/:)‘/ 41 ~20d8 No/... 90° 0,5dB [43]
Double-Sided Branch-Line ~12- 15-20% - - - - _on© )
Coupler 20% AMdB 6 Corp. MLMMIC 15dB N4 x ~N4 15 dB No/Yes 90 1-1,3dB [44]
Broadband Impedance —ano ~30% - ~2*N4 x _ o
Transforming (2-sect) 30% AO.5 dB 2 Corp. Yes 20 dB ~\4 20 dB Yes 90 [45]
A Reduced Branch-Line Coupler 100 0,5 - Small - o
With Eight Stubs 10% 1 Corp. Yes 20 dB 75% 20 dB Nol/... 90 Small [46]
~ o,
Folded-Line Branch line Coupler ~10% A0156 g)B 1,5 Corp. Yes ~20 dB Small ~20 dB No/Yes 90° Small [47]
Branch-Line Coupler Using CPW o0 ~24% - - - - o
To-Microstrip Transitions 24% +0,50B 2 Corp. MLMMIC 15 dB N4 x ~N4 15dB No/Yes 90 0,2+0,5dB [48]
. - ~33% | 106% | 39 o .
Multilayer Polyimide Technology ~28 4% 28,4% 37 Corp. MLMMIC ~N4 x ~N4 ~12dB No/Yes 90 Medium [49]
’ 0,2dB-AB
Finite-Ground Coplanar- o 24,8% ; - Medium _ o -
waveguide Branch-Line Coupler 22% +1dB 2 Corp. Yes Uni 15 dB 75% 15dB No/Yes 90 1A1dB [50]
i 0 0 04/ ~ i ~
Coune bongancine o | [OI0% | 5355% | o | o | ves | o | Pt | o8 | wowes | ° | swar |
MEMS Branch line coupler using 20% 20% ~14 dB - - ~14 dB o
coaxial line with square conductor 10% IL 1,25dB 60 Corp. MEMS ~18 dB N4 x ~N4 ~18 dB No/Yes 90 1,25dB [52]
Compact LTCC Branch-Line 440 LTCC _ 0.079A _ o Max 2,1dB
Coupler 14% A2,5dB 23 Corp. MLMMIC 15 dB 00717\ 15 dB No/Yes 90 Unequal [53]
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Type E;Tgmgéh ?ﬁngfz:g;: fo [GHZ] Inputs Planar Isolation Size RL Unequal div. Phase dif. Loses Reference
ACPS 90° Branch-line Coupler 10% AJ?;;A(’B 3 Corp. Yes Uni 15,3 dB ~3 N4 x ~\4 17,1 No/Yes 90° 0,5dB@f, [54]
N-Way Branch Line Directional ~5% 24 N=3/4 Yes ~12 dB 2~N4 x ~N4 ~ Not equal.
Coupler (two poss. structures) - - N/2(N-1) | N<4/5 Yes - 3D 19.d8B Yes 90°,0° [55]
Planar, Multiport, Quadrature-Like 100 2,9 N=4 ~14 dB 3~N4 x ~N4 ~17 dB n90 °
Power Dividers/Combiners 5~10% - N Yes Des. Dep. (N-1)M4x ~N4 | Des. Dep. No nTt/N [56]
Branch-Line Hybrid with Coupled 190 ~28% - . _ _on© Large
Lines 12% AO5 dB 3 Corp. Yes 20 dB Medium 20 dB No/... 90 (from neq.) [57]
Compact-Size Branch-Line 8% ~15% - -55% - o ~Medium
Coupler (-55%) 20% A dB 24 Corp. Yes 20 dB 20 dB No/... 90 ~0.5@f, [58], [59]
Hybrid ring and Magic-T
The hybrid Ring with the coupled 50 ~28% _ ‘ - 0/n 0 .
Lines 28% AO5 dB 3 Corp Yes 20 dB Medium 20 dB No/... 180-/0 Medium [57]
A Broad-Band Printed Circuit e - - o
Hybrid Ring Power Divider 45% 18 Corp. Yes 10 dB Large 10 dB Yes 0 Low [60]
Broad-Band Design of Improved o 45,3% - - 0/ 0 Medium
Hybrid-Ring 45,3% A dB 6 Corp. Yes 20 dB Large 20 dB Yes 180 -/0 0.5+0.5dB [61]
Lumped element miniaturized 140 14% : - Small _ 0/ 0 3,75%0,75
Hybrid Ring 14% 20.75dB 25 Corp. Yes Uni 20 dB ~_80% 15dB No/Yes 180 -/0 dB [11]
ACPS 180° Hybrid Ring ~25% +(;i(SjB 3 Corp. Yes Uni 21dB Large 23 dB No/Yes 180°/0° 3,5+0,4dB [54]
180 Reverse-Phase Hybrid-Ring —RNO 66.6% . 0/, 0 3,95+0,45
Coupler (Magic-T) 60% +0.4 dB 3 Corp. Yes Uni 23 dB Large 15dB Nol/... 180 -/0 dB [54]
0.8 A - 180 Reverse-Phase AN 66.6% : . 0/ 0
Hybrid-Ring Coupler (Magic-T) 60% +0.3 dB 3 Corp. Yes Uni 29,8 dB Medium 15dB No/... 180 -/0 3,5+0,4dB [54]
Hybrid-Ring Directional Coupler 450 ~>10% - : - 0/ 0 Low /
Using A/8 or M6 Sections 15% A dB 9,4 Corp. Yes 15 dB Medium 15dB No/... 180 ~/0 Medium [62]
o,
Slotline hybrid ring coupler. ~26% +§%/§B 3 Corp. | Yes-12L 20 dB Large No... 180°90° | Medium [63]
Slotline crossover hybrid ring _ano 80% 0/n0 ;
coupler 80% +0.2 dB 3 Corp. Yes-!12L 35dB Large No/... 180 -/0 Medium [63]
0,
CPW-slotline hybrid ring coupler ~30% +10856('J/OB 3 Corp. Yes Uni 20 dB Large No/... 180°/0° [64]
CPW-slotline reverse-phase 3 Corp. | Yes Uni Medium No... 180°/0° [64]
hybrid-ring coupler
Crossover hybrid-ring coupler _ano 66.6% . . 0/n0
(Magic-T) 30% +0.3 dB 3 Corp. Yes Uni 20 dB Medium 180 -/0 [64]
Crossover A6 hybrid-ring coupler —RQO 68% . . 0/n O )
(Magic-T) 68% +0.4 dB 6,85 Corp. Yes Uni 23 dB Medium 10 dB No/... 180 /0 3,5-4dB [65]
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Type Bandw?dth Bandwidth fo [GHZ] Inputs Planar Isolation Size RL Unequal div. Phase dif. Loses Reference
match/iso. | cup. dfflloss
H H ~ o,
Ef):;iﬁe[fﬁ;g'%\;v'th High ~65% +o73? g’B 10 | Corp. Yes 25 dB Medium 20 dB No... 180°/0° [TH'-EOS"RY] [66]
Broadband Uni-planar MMIC Ring | _ o ~28,5% . . 0/n 0 Large
Coupler 28,5% +0.3 dB 35 Corp. Yes Uni 16 dB Medium 13 dB No/Yes 180 ~/0 ~13dB [67]
~280, b
Cascadable Hybrid-Ring Couplers | 5% | “25% | Corp. | YesAB ~15 dB Medium ~15 dB Yes 180%0° | 348 H [68]
Enhanced-Bandwidth Hybrid Ring o ~45,5% Medium 0/n O Medium
using a Left-Handed TL Section >78% | 40254 | 2 Corp. Yes 20dB 67% . NofYes | 180°/0 0,53dB [69]
Coupled-line 180 hybrid rings _2no .
with frequency independent 5% || <310 g’B 1 Corp. Yes 30 dB Medium ~12 dB No... 180°/0° '\"<e1d('1”Bm [70]
characteristics
180 hybrid ring using dielectric-
. ~30% 60 20 dB ~12 dB 0/, O 0,31/0,580
supporte@ _alr-gapped ~21% ~21%IL 95 Corp. MEMS ~13 dB Large ~17 dB Nol/... 180 -/0 <09 @fo [71]
microstriplines
Slow-wave EBG microstrip rat- 940 ~18 - Small - 0,0 ~3,75%0.75
race hybrid ring 24% IL<1 dB 1,65 Corp. Yes 15 dB 11% 17 dB No/... 180 /0 4B [72]
Double Frequency 180° ad 0 - Small _ 0/ 0
Lumped-Element Hybrid >10% 2/5 Corp. Yes 25dB 2 9x1.9mm 15dB Nol/... 180 -/0 Large [73]
A Size-Reduced CPW MMIC Rat o Smal - 0/n0 Large
Race Coupler 90% 55 Corp. Yes 20 dB 1x0.8mm 16 dB No/... 180-/0 5 dB [74]
Coupled line coupler
MMIC Quadrature coupler usinga | 40, 6 | Cop. | YesAB ~11dB ~N4 ~17 dB No... 90° Large [75]
braided microstrip structure
Ultra-Wide-Band Nonuniform Meas. 158% - o
Quadrature Directional Coupler range +1,75dB 9.5 2 Yes AB 15d8B Large 16.d8B Yes 90 [761. [77]
Multiway uniform combline Meas. 66,6% 29 Large - o
directional couplers range +1,75dB 2.4 Meas. 5 Yes >24dB (L=163.2mm) >~18 dB Yes n90 [78]
H H 0,
MMIC Compatible Coupled Line 2% |43 | com. Yes 10 dB ~N4 15 dB Yes 90° Large [79]
Broadside-Offset-Coupled o _ Yes o
Coplanar-Microstrip 100% 30 Corp. MLMMIC N4 3-30 dB 90 [80]
. 0-30 20% o Medium
Floating conductor coupler GHz +0.2dB 20 Corp. MLMMIC 26 dB N4 22 dB Yes 90 0740 2dB [81]
. . ~64% ~N4 o
~ 0 ~ ~ ~ ~
Structure of Tightly Coupled Lines 64% 4+1dB 13 Corp. Yes AB 14 dB 0.45x1.9mm 11 dB No/... 90 Large [82]
Air-Gap Stacked Microstrip R0 o - o 0.33+0.46dB
Coupled Lines 76% 66% 33 Corp. Yes AB 10 dB N4 15dB No/... 90 0.73%0.43dB [83]
Wide-Band Lumped-Element o
Quadrature 3-dB Couplers in sy dg 2 Corp. | 2Layer 25 dB >~N4 21,5 dB Nol... 90° Rl [84]

Microstrip
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Type E;Tgmgéh ?ﬁngfz:g;: fo [GHZ] Inputs Planar Isolation Size RL Unequal div. Phase dif. Loses Reference
Broadband Left-Handed (LH) o 37% Large o
Coupled-Line Backward Coupler 37% +0,4dB 3,8 Corp. Yes 20dB ~0.4A 18 dB Yes 90 0,3+0,4dB [85]
High Directivity CPW Meas o ~30 dB - o
Directional Coupler Using DGS range. 50% 2 Corp. 2 Layer 47dB @ fo N4 20 dB No/Yes 90 0,21 dB [86]
Coupler Based on the Coupled o 8% o - o
Artificial Transmission Lines 8% +0.5dB 0,57 Corp. Yes 23 dB 14% of ~N4 23 dB No/... 90 [87]
Lange
o,
The original Lange coupler 58% +0625/sz 3 Corp. Yes AB ~30 dB ~N4 25dB No/Yes 90° 0.13dB [88]
. 120% o Medium
- 0, ~
High-Performance Lange Coupler 120% +0,6dB 5 Corp. MLMMIC 20 dB N4 20 dB No/Yes 90 0.620.6 dB [89]
Lange 73 18 dB - 17 dB o 0.43
Unfolded Lange 6g | 0548 | 65 | Corp | YesAB 17,5 dB N4 18548 | No/Yes 90 0.3 [90]
Tapered line
~20% 60 3 >16 dB (dif.) 10 dB
Tapered line planar combiners 44 5 Yes >15 dB (dif.) ~2\ 15 dB No/... Eq. 0° 0,6 dB [91]
N N1 Isol. |
Integrated Planar Spatial Power o 14,8% 4 . Nol/... ~ 0 ]
Combiner [Theory] 14,8% ~A2dB 27 N Yes Medium 16 dB ~Equal Eq.0 0,4-0,8 dB [93]
Broadband Tapered-Line Power
Divider with Several Strip 116% 12 2 Yes 22dB Large 19.dB Yes Eq. 0° [94], [95]
: 3 20 dB No/...
Resistors
N-Way Broadband Planar Power o 113% 5 o
Combiner 113% +0.5 dB 11,5 N Yes 15dB Large 16,5 dB No/... Eq.0 0,2dB [96]
Resonant structures
Planar Disk Quadrature Hybrid ~;3;E 6-8 Corp. Yes ~14 dB Large ~;0eZB No/... 90° Large [97]
Improved Circular Disc 3 dB —ono 1,5 - Yes o
Coupler 20% 3 Corp. Yes 16 dB Large ~20 dB No/... 90 Low [98]
. 3
Rectangular disk Quadrature —OEO - Yes 0 -~
Hybrid 25% 182 Corp. Yes 20 dB Large ~20 dB No/... 90 Low [99]
A Quadrature-Hybrid Design o0 3,5 - Yes o -
Using a Four-Port Elliptic Patch 25% 14.4 Corp. Yes 20 dB Large ~20 dB No/... 90 Low [100]
Broad-Band Symmetrical Five- o 57% ~ o Large —
Port Circuit based on ring 57% ~A3dB 7.4 4 Yes no Large 17.dB No A120 from uneq. [101]
. e 41% 9,5 3 ~ -3,-6,-6 dB
Microstrip disc circuits 44% 12 4 Yes Large 14 dB “Equal No. eq. [102]
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Type Bandw?dth Bandwidth fo [GHZ] Inputs Planar Isolation Size RL Unequal div. Phase dif. Loses Reference
match/iso. | cup. dfflloss
~22% 4 5-25dB
Microstrip Sector components ~22% +0.6 dB 917 5 Yes Dep. Port. Large 12 dB Yes 0,7dB [103]
1% band location
Microstrip Sector components ~>40% ~7,5 4 Yes Large 14 dB Yes [104]
For an unequal power split
Sinusoidally Taped Power 3 Large
Combiner Including 5% 14,5 Yes 15 dB No/... Eq. 0° 9 [92]
. N 1,6 dB
Compensation Hole
Multiple-Port Power Combiner 3 No 0,23 dB
Circuits Using Circular Microstrip Coax. Large Yes [105]
Disk Configurations 28,5% 17,5 10 Qutput 9 dB 12,6 dB 1dB
Three-Port Rectangular Microstrip
Unegqual Power Combiner k dep. k dep. 1,5 2 Yes no Small 1 port. Yes [106]
Travelling Wave
[+ o Large i
Travelling Wave Power Combiner 70% 82% 8.5 4 Yes 14.dB (N-1) Uneq. 14.dB No/Yes . 0,25£0,5 [107]
+0,5dB N Wilkinson no® a8
Travelling Wave Power Large .
Combiner for High-Density ~60% | 9% | 115 N Yes (N-1) Uneg. 12 dB No/Yes CO”SCL' dift. 1 1,1d8B [108]
Packages : Wilkinson n max
g
Travelling Wave Power Combiner 28% 6 Large Const. dif. 1,1dB
6-Way IL<1dB 35 N Yes (’\\/l\;:nZig::r?' No/Yes N max [109]
Lumped Elements Traveling 4 Const. dif.
Wave Power Combiner 0,437 N Yes No/Yes n® [110]
Substrate Integrated Waveguide
Quadrature Directional couplers 16% 25 Corp. Yes 15 dB 12 dB Yes 90" 0,9-1,2dB [111]
180° Narrowwall Directional o 5,4% o ~1,5dB
Coupler 5,4% +03dB 11 Corp. Yes 20 dB 12 dB No/... 180 max [112]
H-plane T-junction 10,2% 29,5 19dB o 0,3-1dB
H-plane Y-junction 25.2% 29,75 2 Yes no Small 18548 | No/ves Eq. 0 032 dB [113]
Others
3-Way Power Divider 2 afo *
with Various Output Power Ratios 3 Yes N2 7 ~N2 Yes [114]
Extended resonance ~5-12% 0,9-33 N Yes No Small 1 port Const. dif. Small [115]
Broadband Extended resonance ~85% 7 ~NxL port. n® [116]
Bus bar 10-17 ﬁlisn Yes No Small 1 port. No Eq. 0° Small [12]
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Type E;Tgmgéh ?ﬁngfz:g;: fo [GHZ] Inputs Planar Isolation Size RL Unequal div. Phase dif. Loses Reference
. L Not equal
Broadband Series Power Divider o -3dB Smal 1 port. o Not Equal
Using 0° Phase-Shifting Lines 36% 16:_371% 1,92 4 Yes No Com. Ord. 10 dB No/Yes Eq.0 ~062108 | L117]
Uniplanar Wheatstone bridge ~8% 4 Corp. Yes Uni ~19dB ~N4 ~1YBeZB Nol/... 90° Large [118]
Bailey divider kdep. | kdep. | 1,413 2 Yes [;Eeg?y] Large an- Y o Yes Eq. 0° [119]
MEMS switched evolution of o
Bailey concept divider [theory] 11,75 2 MEMS 20 dB Large 25dB Yes Eq. 0 [120]
Extend Bailey divider (Page) 2 2 Yes Large 5’39_(?\150 Yes Arbitrary [121]
~309 Large
Composite Coupler k+§g§B 0,5 2 Yes 3xUneq. Yes Eq. 0° [122]
- Wilkinson
G 3
Miniaturization of 3- and 5- way
Bagley Polygon power dividers N=(§n-1) Yes N7 Isol. 1 Large 1 port. No/... Not Equal [123]

Table 1 Reviev of the most important power combining structures examples.
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A1.2 Commentary to the table’s examples.
A1.2.1 Junctions

Junctions are extremely important building blocks used as stand-alone power combiners or as parts
of the bigger combining structures. If lack of isolation or matching at the output/input ports can be
accepted, they may offer a wide bandwidth, the benefit of the simple and small size.

A1.2.1.1 T, Y, multi-line connection

T and Y junction are the simplest elements to be used as power combiners. They consist of the
parallel or a serial connection of the transmission lines. A basic form of T junction resembles the
letter T, with two arms as an inputs and one as the output, when treated as the power combiner. If T
junction contains no anisotropic material it is a passive, reciprocal component. As a three -port
device in basic form it cannot be simultaneously lossless and matched at all the ports. T junction can
be implemented in every kind of transmission line technology. Depending on a connected
transmission lines, parallel or series type connection could be obtained.

@ 1 .
XK - A ==
® - a) m..

Figure 159 Parallel and serial connection

b)

While coplanar waveguide central connector forms the T junction (like in the Figure 159 a), in result
the transmission lines form the parallel connection. While the slot lines are arranged into T structure
like in the Figure 159 b), series connection of the transmission lines is obtained. Basically, T junction
treated as a power combiner splits the signal with ratio equal to the impedance or admittance ratio
of the output ports, depending on the type of connection. For appropriately chosen output
impedance values it is possible to obtain simultaneous input match and assumed power split ratio.
Unfortunately, the output ports will be mismatched. Also, the lossless T junction did not provide
isolation between the output ports. Three port T junction idea could be easily extended for a multi-
line junction. To overcome a lack of simultaneous match at all ports, the losses have to be introduced
to the combiner.

A1.2.1.2 Resistive divider

By means of the resistive divider the preferred power splits between the output ports and a
simultaneous match at each port is possible. Obviously, such network is reciprocal and lossy, which
severely restricts its usefulness.

A1.2.1.3 Combination of parallel and serial connection.

An interesting approach, taking advantage of the complementarities of the serial and parallel T
junction is presented in [124] by Nakatsugawa and Nishikawa. The authors present how to build the
corporate structure without the matching sections - Figure 160. Combiner of this type can be used to
combine N=4" sources and in case of the presented example requests two layers to be built.
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Figure 160 Combination of the parallel and serial connection.

A1.2.2 Wilkinson combiner

Combiner introduced by E. J. Wilkinson in [25] is one of the most important passive component in
the microwave engineering. Originally presented as “A N-way power divider” it is the most useful for
planar implementation when N=2. For more than two inputs structure it is three dimensional and its

planar implementation is impossible without modifications.
R

Figure 161 Wilkinson combiner.

The basic concept of the combiner is shown in the Figure 161. It incorporates N input ports for the
characteristic impedance Z, connected with the utilizing the quarterwave transformers of the
characteristic impedance Z=Z,*VN. This transformation assures equal division and matches with the
common output port of the impedance Z,. Each of N input is connected with a floating node by the
means of resistor R=Z, which provides isolation between the inputs. Originally Wilkinson analyzes the
circuit containing N inputs with the ordinary circuit equations, an assumption of the equal power
split and same characteristic impedance of the inputs and output. The author provides an analytic
equation for the value of quarterwave transformer impedance and a resistance of the isolating
resistors.

When N=2 is assumed, planar and symmetrical circuit is obtained, moreover even and odd excitation
method [15] could be used to analyze it [12]. The analysis is based on finding scattering matrixes
values for two bisection circuits which are obtained by application of the electric or magnetic wall in
axis of circuit symmetry. Procedure of the Wilkinson combiner division into bisections is shown in the
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Figure 162. The equations expressing relations between the scattering matrix of the divider and
scattering parameters of the bisections circuits are also summarized there.

port 2

z, P

port 2 <

port 1

Figure 162 Even and odd analysis of N=2 equal Wilkinson combiner
a) circuit prepared for analysis b) even excitation c) odd excitation d) equations

Wilkinson combiner is as a lossy network and even for N=2 (three port network) it can be matched at
all the ports. It has an advantage of being lossless when all the inputs are matched. Only the
reflected power is dissipated in the isolating resistors network. Input ports are perfectly isolated at
the center frequency. In general, the form combiner possesses circular symmetry and maintain the
equal phase at the inputs. Circular symmetry leads to problems of planar implementation when N>2.
The structure needs to be modified or multi layer realization needs to be involved, however it is very
difficult to maintain the symmetry. For high values of N or for higher division ratios in unequal power
combiner the problems with the realization and losses of transmission lines can be observed.
Performances of the combiner depend on the technology of realization. A perfect isolation is
maintained only at center frequency and decreases rapidly. A bandwidth of divider was determined
as B~20% for simultaneously matched and isolated outputs for an ideal structure at -25dB. A position
of resistors and their connections causes problems in the high power application. Additionally, to
treat resistor as a lumped one at a higher frequency, it requests for the resistor to be especially
small. That, in turn, leads to the troubles with a dissipation energy, positioning of the resistor and
coupling between the arms. At a higher frequency the problems of discontinuity in T junctions used
in divider as well as an isolation branch non-idealities are distinguished.

Al1.2.2.1 Unequal dividing and arbitrary chosen impedances

It is achievable to design a Wilkinson power combiner for unequal power splitting [26]. What is more,
it is also possible to design a circuit for the arbitrary chosen impedances [10]. These important
features open the way to a miniaturization and a circuit size and loss reduction by eliminating the

139



Appendix 1 Power combiners

matching networks. Additionally, unequal splitting could be used to build more complicated
combining structures like recombinant divider; corporate divider or travelling wave divider.

Al1.2.2.2 Widening bandwidth

Insufficient bandwidth for a wide bandwidth application results in evolution of the Wilkinson
combiner. Most successful technique was introduced by S. B. Cohn in [31]. His approach relies on
exchanging one stage quarterwave transformer with an isolating network for the multistage
transforming network with isolating resistors between each section. This change in the topology as
illustrated in Figure 163 for N=2.

Figure 163 Multistage N=2 Wilkinson equal divider.

Approach leads to great improvement of the input match and isolation bandwidth but in exchange of
the size and a loss of structure. Other techniques: the use of less dispersive transmission lines like
CPW, ACPS [36], compensation techniques [125], incorporating baluns into the isolation network
[126].

A1.2.2.3 Multi-frequency operation

Another approach to overcome the problem of the finite bandwidth is a multi-frequency Wilkinson
divider. If continuous, the wide bandwidth is not necessary but separate smaller bands are sufficient,
there exist dual [127] and triple frequency band dividers [128]. The designs are based on the
replacement of quarterwave transformers with the multistage transformers.

Al1.2.2.4 Miniaturization

In order to save precious space in the integrated circuit designs lot of effort was devoted to
miniaturize Wilkinson divider, especially in the lower frequencies where Aq is large. The natural
approach is the replacement of transmission lines with the lumped element equivalent circuits. This
may be very effective but only at lower frequencies. The technique suffers from very lossy inductors
which could also resonate at higher frequencies. The capacitors are usually in tolerances from 10 to
20% which is too small for the narrow-band applications. To defeat a low Q of inductors, the micro-
machined technology had to be incorporated, the successful lumped design was reported for this
approach at 8.5 and 20 GHz [36]. As to avoid the inductors capacitive loading of the quarter wave,
the transmission lines are used what in turn results in the shortened versions the combiner. An
effective design utilizing Ao/5 and A\o/12 at 10 GHz was demonstrated [35]. In order to entirely evade
the risky lumped elements, it is achievable to use the full-planar approach, incorporating shunt and
series stub loading transmission lines. The design based on this approach was shown at 22,5 GHz
[129]. The usage of the 1-D PBG slow-wave TL structure was demonstrated in [130] as to reduce the
line lengths at 2 GHz without additional losses. Another equally effective method serving to fold the
transmission lines into a meander coupled line with an inductive slit what has been prepared in
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[131]. Unfortunately, the ratio of width to the length of transmission line increases along with the
frequency, what makes this particular approach hard to realize. The designs using multilayer
approaches [132], [133]; active inductors [134]; stepped impedances as well as large inductance
through the application of transverse slits were also reported.

A1.2.2.5 Planarization for N>2

As it has been mentioned before, the Wilkinson combiner holds circular symmetry. This characteristic
makes the planar realization impossible when N>2 for the classic structures. To overcome this
limitation a few approaches were undertaken. Obviously, it is likely to use a multilayer design like in
[135] but if a realization is restricted to one layer or uniplanar approach, the choice is exceedingly
limited. The trials of planarization conserving symmetry with applying the air-bridges were portrayed
in [136] at 1,9 GHz. Unluckily, this approach may be pleasing only at relatively low frequencies. To
use a structure that is closer to corporate divider than to a stand-alone Wilkinson is one alternative.
The design of the N=3 combiner circuit was demonstrated along with the making use of the three
traditional Wilkinson combiners [28]. By extending this approach it is potential to construct any N
combiner and the only constrain in that approach would be the loss of the network. As a result, there
appears an identical situation as in the case of the corporate combining/dividing network, where
each next level of the network decreases the power combining efficiency.

Figure 164 "Fork" Wilkinson divider.

Finally, the last but at the same time the most promising technique was shown in [27] and [29]. The
topology of the combiner is introduced in the Figure 164. The isolating resistors are no longer
connected by the floating node, nevertheless they do connect each adjacent transmission line with
each other. It was exposed that by the means of N-1 stages it is likely to obtain similar behavior in the
narrow bandwidth around the center frequency as in the case of N-way Wilkinson combiner. Alas,
this implies that the circuit will have to be longer and more lossy. What is more, if this approach will
be compared with the corporate structure in case of example N=4 it will be evident that the
combining tree needs two stages what also indicates that any combining patch will consist of the two
M4 transmission line transformers. In the case of Wilkinson’s “fork” each patch will consist of the
three A/4 transmission line transformers. When N is increased it not only complicates the structure
of combiner but it also leads to the linear increase of the losses. On the other hand, approach have
the advantage of arbitrary N while the combining tree only allows N=2" inputs.

Al1.2.2.6 High power capabilities

The troubles regarding the use of Wilkinson combiner in the high power applications are related to
the internal isolating resistor network. If a perfect isolation between the inputs needs to be obtained,

141



Appendix 1 Power combiners

pure resistance has to be introduced as an isolating element. This stands for a requirement to use a
lumped element resistor with the size no less than few times smaller than the wavelength. From
another perspective, the power handling capabilities of the Wilkinson’s power combiner are
determined by the power capacity of its isolating resistor network, what implies large size of the
resistor. It makes two key issues in opposition. An approach to overcome this shortcoming may well
change the structure of the combiner, what was actually proposed by Gysel in [32]. Such a changed
version of the combiner is often called “Gysel divider”. In this very design each resistor in a star
configuration was replaced by the circuit consisting of the two transmission lines and shunted
resistance. Consequently, the resistors can be connected externally and their size is no longer an
issue. This happens at the cost of a bigger size and a little more complicated structure. That approach
is valid for any N outputs and could be planar for N=2. For N>2 it is possible to place the design on
the two layers [34]. In [137], Eyring proposed to design a combiner with lowered value of the
resistance.

A1.2.2.7 High frequency problems

As it was mentioned earlier, at a millimeter wave, the region isolating resistor becomes very small.
That means that the branches of the combiner will need to be placed there very closely. To minimize
the coupling transmission, the lines are arranged into the circular shape. Unfortunately, in the case of
high frequency transmission lines, the ratio of their width to length rises with the frequency, and gets
especially high for low impedance lines, what limits the radius of the bend. Another important issue
is the placement of the resistor between the branches. A response of the divider is strongly
dependent on this fact, making the fabrication of the device tricky. In order to relax this constrains,
Antsos et al. proposed a modified circuit [138]. Its design is optimum for the highly asymmetric
power-split ratios. Chip-resistor placement is easier and a process is more deterministic here than in
the standard design. However, one drawback of this approach is an expanded circuit size and a
reduced bandwidth. Nevertheless, there were also found some examples of the integrated
Wilkinson’s combiner circuits designed so carefully, that they use the ordinary techniques with
exceptionally good performances [38]. This confirms the usefulness of Wilkinson’s divider even at
such high frequencies.

A1.2.2.8 Techniques to overcome the difficulties of the technology of realization

A wide and important topic in case of the Wilkinson’s combiner as well as others is the technology of
realization. A power division ratio for Wilkinson’s combiner is strictly connected with impedance
ratio of transmission lines in T junctions. This in turn leads to the limitation on the value of that ratio.
A different range of realizable impedances are possible, depending on a kind of transmission line and
parameters of technology used. Few techniques were invented to rise above this obstacle. From
simple search for the best transmission line technologies that will suit combiner needs, being aware
of new interesting opportunities [37]. Alternatively, using techniques which would allow to change
the used impedance by shortening and loading transmission line with lumped [35], as well as
distributed elements [129]. Utilising techniques such as defected ground structure [139] or
electromagnetic bandgap [140]; [130] is also possible. A multilayer approach offers some possibilities
as well [133].
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A1.2.2.9 Technologies for special purposes

There are various ideas such as this of incorporating filtration capability into the combiner structure
[141], [142] or suppression of harmonics [143]; [144]. In [39] there was shown that it is potential to
create Wilkinson-like circuit through parasitic.

A1.2.3 Branch-line Coupler

A basic branch line coupler is constructed by using four transmission lines connected in a way as
shown in Figure 165. The circuit could be analyzed by means of even and odd mode method with one
(b-b) [12] or two (a-a and b-b) [22] axis of symmetry. When the quarterwave length transmission
lines of the impedance Z,=7Z,/V2 and Z,=Z, are used, 3 dB coupler with 90° phase difference at output
ports: 2,3 will be obtained. A simultaneous perfect isolation of port no. 4 and match at all ports at
center frequency is also obtained. Bandwidth of the coupler is limited to 10~20% and it is connected
with the quarterwave transformers bandwidth. Branch-line coupler is planar, corporate structure in
basic form restricted to N=2. An isolated port along with other ports lays on the edge of the circuit,
thus it is possible to connect any kind of matched load making the circuit useful for the high power
applications.

Z, |4 Z,
—
a: Z1
5 b i b
u4 _._._._._.i_ ....... — —
1
i S
4 [ = i Q 3
Z, Z,

Figure 165 Branch line coupler.

Due to the restrictions in realizable impedances values the coupler is most suitable for coupling
ratios from 3-6 dB, except for it is possible to extend this range through various techniques. In basic
form the branches of the coupler are quarterwave transmission lines and their impedances came
from the desired value of coupling. Therefore, the coupler is determined by the coupling factor and
there is not much freedom in the design process. Owing to the properties of transmission line it can
be expected that the circuit will operate on each odd harmonic. In higher frequency region, where
ratio of width to length becomes high, the problems of mutual coupling between the arms of the
coupler arise. Also, the discontinuities in the junctions become stronger, deteriorating the circuit
performances. Utilising the coplanar transmission line technology leads to problems of an isolated
island in the center of the circuit what may become a source of the ground resonant modes and
discontinuities.
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A1.2.3.1 Unequal dividing and arbitrary chosen impedances

The only restriction in a design of the unequal divider in a basic structure of a Branch-line coupler is
the realization of the transmission lines with appropriate characteristic impedance. As it was shown
in [45] the circuit can also provide impedance transformation without any degradation of
performance for the limited range impedances ratio. It is achievable to design a coupler with
freedom of arbitrary impedance at each port and arbitrary power division - [145].

Al1.2.3.2 Widening the bandwidth

Theoretically, the most successful technique for widening the bandwidth is a multistage extension of
branch-line coupler [146]. Regrettably, it is very complex to use it in the case of the planar circuit,
since the planar transmission lines do not give so much autonomy in choice of impedance as the
waveguides or coaxial lines. The Zolotarev design [147] has this advantage over the standard
Butterworth and Chebyshev branch-line couplers, as it reduces the needed impedance range.
Moreover, further reduction were introduced using general form of the Chebyshev function in [148],
and computer aided design [149].

An additional approach is to use the transmission lines which are less dispersive and use less
sensitive to frequency junctions like CPW-slotline T-junction. The experimental results were delivered
in [42]. Besides, it was shown that it is possible to connect this very approach with the previous one,
creating uniplanar multi-section branch-line coupler. In [50], authors used a compensation network
to improve bandwidth for bent finite-ground coplanar-waveguide branch-Line coupler.

A1.2.3.3 N-band dividers

On condition of multi-frequency operation of branch-line coupler several approaches were found for
double the frequency work: usage of Composite Right Left Handed Transmission Lines (CLRH TL) of
basic [51], [150], along with the improved structure [151] and design of the coupler with non equal
transmission lines lengths and impedances [152], plus improved structure with shortened and stub
loaded transmission lines [153]; in addition to modified coupler with third branch [154] or cross
coupling branches [155].

Al1.2.3.4 Miniaturization of the structure

To obtain very compact designs it is achievable to use a lumped element circuit like in [40], or a
modified multilayer vertical version [53]. Other possibilities are to use various types of the loading:
capacitive [11], series and shunt uniplanar stubs [129], wide asymmetric stubs [59], eight two step
stubs [46], artificial transmission line stub (quasi lumped approach) [58] as well as multiple shunt
stubs [43]. Replacement of the transmission line with an artificial transmission line has been
portrayed in [157]. Further, it is potential to use various Photonic Band Gap techniques, like DGS,
Compact Microstrip Resonant Cell (CMRC) or Compensated Spiral Compact Microstrip Resonant Cell
(CSCMRC) [156]. It is also possible to fold the transmission line in meander coupled line structure [47]
or avoid the coupling between the adjacent lines of the meander line using MEMS square coaxial line
[158]. Usage of the fractal shape lines for folding was demonstrated in [159]. A multilayer version of
the circuit shown in [41] uses the meander line structure for the branches and a ground plane to
separate orthogonal pairs of them. In [57] the authors flattened originally square structure of the
branch-line coupler and took into account the coupling between the transmission lines.
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A1.2.3.5 N-Way dividing with a Branch-line Coupler

Two examples of N-way extension for Branch-line Coupler have been found In [55], two kinds of
multi-port branch-line couplers with N and with 2(N-1) outputs are described. They are based on the
same structure of N parallel and 2(N-1) shunt quarter wavelength transmission lines except for
different choice of impedances and location of the isolated ports (port in case of the second
structure). According to the type of structure the planar cases are for N=3 and N=4. In general, the
structure is appropriate for equal and unequal power division with non equal phase distribution. The
two groups of the outputs with 90° phase difference between the groups and equal phase outputs in
each group at the center frequency are distinguished. The second approach is described in [56]. It is
likely to divide the power for arbitrary number of reflective outputs maintaining the input match.
Basically, N outputs structure resembles N branches coupler but has N+2 ports. The most important
feature is full planarity of the basic approach. In case of the improved isolation the evolution
structure requires crossovers.

A1.2.3.6 Technology of realization, specific aspects

Problems of the isolated ground island have been overcome in [48] by the usage of the multilayer
structure or ACPS transmission lines [54]. Troubles of not reachable impedances were risen in [160]
and improved by applying not equal branches lengths. In [161], there was demonstrated an ability to
obtain the phase compensation at the coupled port (0 phase shift with respect to the input) along
with a choice of either a positive or a negative phase quadrature ( £90° phase shift) at the through
port. How to overpower the millimeter wave region implementation difficulties in a microstrip
technology was shown in [162] through 3/4A transmission line segment, elliptic shape of coupler and
orthogonal inputs. Even higher frequency implementation was laid out in [52] by means of the
square coaxial transmission lines. In [49], the authors proposed a branch-line coupler based on the
silicon/metal/polyimide (SIMPOL) structure which reduced the noise crosstalk, and provided a very
low line loss, even at the millimeter-wave regime.

A1.2.4 Hybrid Ring

A basic structure of hybrid ring was shown in the Figure 166 The simplest way to the analysis circuit is
to use even and odd mode method with the usage of the a-a axis of symmetry [12].

Figure 166 Hybrid ring.
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When Z,=V2 Z,, all the ports will be matched and the circuit will behave like 3 dB directional coupler.
A scattering matrix of the circuit is the same as the one of the Magic-T, except for different port
numeration and choice of the input reference planes. The circuit may be used as a divider along with
in or out of phase division dependent on the chosen input port. When used as a combiner, it delivers
the sum and difference signal to the individual output ports. The bandwidth of the circuit is limited to
20-25% by frequency dependence of the ring lengths.

The hybrid ring coupler is planar, the corporate structure in a basic form restricted to N=2. An
isolated port as well as other ports lays on the edge of the circuit. It is achievable to connect any kind
of the matched load for that port, making this circuit useful for high power applications. As in the
case of the branch-line couple using the coplanar transmission line technology leads to problems of
the isolated island in the center of the circuit what may be a source for the ground resonant modes
and discontinuities. When modified for non equal power split, the circuit requires impracticably high-
impedance line sections for the large power-split ratios. The size of the circuit is large. A mixer
application suffers from fixed and not really suitable port positions.

Al1.2.4.1 Widening bandwidth

The most successful technique that overcomes a limited bandwidth in case of the hybrid ring
structure is a replacement of relatively long 3/4A transmission line section with equivalent structures
providing a wider bandwidth. An idea proposed originally in [163] evolved in several applicable
approaches. One of them is to use the crossovers in different transmission line technologies, as in:
[65], [54], [63], [64], [67], [74]. Next, by means of the coupled transmission line section as an inverter
and compensation network of the two quarter-wave shunt short-circuit stubs [66]. Then, usage of
the coupled transmission line section instead each transmission line, where only one of them with
the phase inversion characteristic [70]. Beside, through the artificial lumped-element left handed
transmission line section [69]. In [63], the authors proposed the usage of the slotline transmission
line ring and for further increase of bandwidth an incorporation of the crossover junction.
Unfortunately, this approach involved two layer structure. In [64] and [54] the authors used
uniplanar transmission lines only for improving the circuit performances.

The widening bandwidth is to be obtained by adding additional isolated port when the circuit works
as an in-phase combiner [60]. In [61] 3/4A the transmission line was divided and diversified in an
impedance value what improved the bandwidth. By using the crossovers it is possible to rearrange
the structure of hybrid ring and cascade it into a two stage structure. That leads to improvement in
the bandwidth as shown in [68].

Al1.2.4.2 N-band dividers

Within the domain of the multi-frequency operation, the lumped element approach for a double
band structure was found [73].

A1.2.4.3 The miniaturization of structure

The miniaturization of the structure may be obtained while using the lumped element approach
[164]. Loading, connected with lumped element approach leads to a small size and freedom in the
port rearrangement, sufficient especially for the mixer application [11]. It is also probable to use
alternative structures to 3/4A transmission line sections like crossovers: [63], [64], [67] or the
coupled lines: [163], [81]. Beside, different transmission line lengths for the coupler segments like
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A/6 or A\/8 can be employed [62]. In the [54], [65] connection of these two above techniques was
shown. What is more, the phase inverting structure with the spiral slot lines and shunt capacitance
was presented in [74]. Further, the way to fold transmission line into the meander coupled line
structure was shown in [165] as well as use of the fractal shape lines for the folding was shown in
[159]. In addition, applying the artificial transmission lines was presented in [157]. Using the compact
microstrip resonant cells (CMPC) has been introduced in [166] and with a modified structure of cell in
[72]. In order to be much more compact as when using the crossovers it is possible to rearrange the
coupler [68].

Al1.2.4.4 Technology of the realization; specific aspects

The multi-section design presented in [68] overcomes the impractical high-value of the impedance
needed to design a large power split-ratio. An application of the dielectric-supported airgapped
microstrip lines (DAMLs) structure in design of hybrid ring coupler was shown in [71]. Signal lines
were elevated from the ground plates, to reduce the substrate dielectric loss and obtain low losses in
the millimeter-wave frequency band with a wide impedance range.

A1.2.5 The transmission Line Couplers

A coupled transmission line or three-wire line is able to propagate two TEM types of waves. Each of
that type we call the mode of propagation. As was shown in [12], with assumption of TEM type of
propagation, electrical properties of line for each mode may be found by utilizing effective
capacitance between the lines and velocity of the propagation. This leads to two impedances and
two velocities of the propagation for the coupled transmission lines. They will be named: even and
odd accordingly to the way they are excited in the coupled lines. In an ideal case it is expected that
the propagation velocities are equal what leads to directivity of the circuit. At the same time it is
expected that even and odd characteristic impedances are of different values which will introduce
the coupling. Coupling coefficient for that element will depend on difference between the values of
the impedance in each mode and length of the coupled line section. If the impedances are chosen so
that Zy=V Zo. Zo, we will obtain the match at all ports. The coupled line structure is best suited for the
weak coupling due to of problems with physical realization of the impedances in the tight coupling
cases. This difficulty arises also in the microstrip version owing to different velocities of propagation
derived from different electrical constants in even and odd mode of operation.

If a tighter coupling or wider bandwidth is needed, the most straightforward way is to apply multi-
section coupler or tandem version. There is range of approaches to overcome problems of the
couplers with very tight coupling. These are: utilizing the embedded microstrip in MMIC technology
[79], braided structure [75], Broadside-Offset-Coupled Coplanar-Microstrip [80], multilayer MMIC
using thin dielectric layers and floating conductor [81], a periodic structure of loosely and strong
coupling sections [82], air-gap stacked microstrip lines [83], lumped-element quadrature hybrid [84],
Composite Right-/Left-Handed Coupled-Line [85], Broadside Coupled Coplanar Waveguide lines with
Defected Ground Structure [86], Broad-Side Coupler with a Symmetric Structure [167], Coupled
Artificial Transmission Lines [87].

Due to the gathered examples the ones worth underlining are as follows. In the case of the Broadside
Coupled Coplanar Waveguide lines with a Defected Ground Structure [86] fine performance of the
isolation was obtained. The usefulness of wiggly geometry results in improved isolation and
increased effective dielectric constant what provides a shorter coupler length in [76], [77]. An
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application of the Composite Right-/Left-Handed Coupled-Line [85] as to easily obtain the arbitrary
coupling factor, even 0 dB.

It is within reach to miniaturize the structure through applying Artificial Transmission Lines [87], or
folding into the meander line [167], or by using the lumped-element quadrature hybrid [84].
Moreover, it is possible to us coupled line structure of more than two coupled transmission lines. In
[78] the authors present a multi-way uniform forward combline directional couplers.

A1.2.6 The Lange Coupler

Without additional techniques coupled, the transmission lines couplers are not able to provide the
tight coupling. One idea not mentioned before is to employ the multiple coupled alternated lines in
the way shown in Figure 167. Than, an increased coupling comes from application of fringing field
between the adjacent inner coupled transmission lines. This leads to a significant increase in odd
mode lines capacitance, thus lowers the odd mode impedance. This topology is called Lange coupler
[88] Figure 167a, and rearranged structure is called “unfolded” Lange coupler Figure 167b [90].
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Figure 167 Lange couplers. (a) traditional microstrip form (b) unfolded structure

The structure works well over an octave bandwidth as a consequence of the interdigital coupling
section which compensates for even- and odd-mode phase velocity dispersion over the wide
frequency range. Main drawback of the Lange coupler is a difficulty of manufacturing derived from
very thin transmission lines, as well as small gaps in interdigital section and a need for wire-bonding.
The circuit is very sensitive to the change in gaps dimensions and a metallization thickness. The
unfolded version enables the easiest circuit analysis and gives designers flexibility in designing bigger
systems.

Thin lines in the coupler are problematic not only from the manufacturing point of view. They could
increase losses of structure. In [168], the author suggests a design of the coupler by means of lower
characteristic impedance which in turn results in lower losses and less problematic manufacturing.
Also, it is more convincing in a multi-stage balanced amplifier design resulting in smaller matching
circuits.

Use of the multilayer structure in [169] leads to wider and of less losses lines and to evading the
wire-bonding in [89].

The one and only example of the miniaturization is folding the structure but care must be taken not
to destroy the symmetry of the circuit.
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A1.2.7 The tapered line

Tapered lines are transmission lines with continuously changing characteristic impedance. They are
alternative to multi-section matching transformer, especially in higher frequency, when each step in
impedance leads to a rise in discontinuity by deteriorating the circuit performance. It is accessible to
use shape and the properties of the tapered line with other techniques to design the power
combiners. An implementation of the tapered lines with Wilkinson’s power divider were shown in
[91]. For small N they are used as transformer circuits, when N is higher additional tapered line
transform input impedance before splitting. An evolution of this idea lead to nonuniform
transmission lines power divider with a distributed isolation. Theoretically, this kind of the circuit has
no upper boundary of the operating frequency range in a single-wave approximation [170].
Unfortunately, distributed resistance filling area between the lines causes attenuation due to the
current flow through the resistive material in the direction of the tapered line. This situation in turn
leads to approaches utilizing multiple resistors in form of the ladder network, that resembles “fork”
evolution of Wilkinson. In such circuits the forward currents are suppressed and the insertion losses
are decreased [94], [95]. In [96] Dolph-Tchebycheff taper is used as optimum in the sense that it has
the minimum length for a specified maximum reflection coefficient magnitude in the pass-band.

An appliance of the tapered line transformers leads to usefulness of Wilkinson’s “fork” approach in
high frequency minimizing the problems of discontinuity in an isolating network. Other approach is
to use tapered line with an optical diffraction theory [93]. In presented structure; power combining
functions are simply realized by the transition between an oversized microstrip line and as a set of
parallel multiport microstrip lines.

A1.2.8 Resonant structures

Using particular shape of conductor with the size compared to the wavelength leads to a frequency
dependent particular field pattern. With properly chosen port positions and width the power
combining is within reach. In high frequency applications, the resonant combiners might avoid
problems of the transmission line circuit such as: parasitic reactances introduced to the circuit
associated with junctions; increasing width to length ration and physically non realizable impedance
values of the transmission lines,; unwanted coupling between the transmission lines forming the
device.

The approaches utilizing different shapes of patches with a few additional techniques are found in
literature. In [105] the microstrip circular disc together with central coaxial feed are analyzed. The
authors show that introducing additional shortened ports within the structure could improve the
performances. Alas, this structure is not uniplanar and requires the multilayer implementation. Fully
planar version for N=3,4 was shown in [102]. Design 3dB quadrature hybrid with appliance of the
circular patch with additional tuning elements in the form of the impedance steps and reactive stubs
were demonstrated in [97] and in [98]. The modification preventing from submerging the open
circuit stubs by the fringing fields of the disk was to use an elliptic patch [100].

Finally, good results were obtained with rectangular path and concaves, convexes, and short-
circuited stubs added symmetrically at the periphery of the disk, with the four ports connected
diagonally at the four corners, or perpendicularly in the center of each side of the disk [99]. By
inserting the impedance steps between each port and the disk itself, a very flat coupling was realized
along with a wide-band matching. By placing the symmetrical hole, the circular path was transformed
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into annual ring for which it is possible to gain various power combining structures [101]. By applying
a three-port rectangular microstrip power divider [106], an arbitrary power division between the two
ports can be created. The structure avoid problems of physically unrealizable impedances for either
tight or loose coupling factors. A very useful feature of the power combiner is the opposite location
of the input-output ports. Sadly, the multi-output versions of the previously mentioned circuits do
not posses this feature. A more appropriate element in that case will be the sector component [103]
and a modified sector component for unequal division [104]. They are more suitable for corporate
connection but the output is still placed in a radial manner. In some application this could be
disadvantageous and became a reason for a development of the tapered power combiner along with
compensation holes responsible for the phase equalization and a straight line output arrangement
[92].

A1.2.9 Travelling Wave Combiner

The Travelling Wave divider is a circuit that incorporates Wilkinson dividers in a serial combining
manner. The schematic of the structure is shown in Figure 168.The circuit incorporates N-1
combiners of the various power-spilt ratio from 3 to 10log;o(N) dB and delays lines responsible for
the in phase power combining.

Propagation line Propagation line Propagation line
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Figure 168 Travelling wave combiner schematic.

In a corporate approach utilizing the Wilkinson’s divider the connection of the equal mismatched
loads will degrade the input match. This happens as the Wilkinson’s divider is not able to dissipate
the even backward waves. However, when the dividers are connected in the serial manner with the
proper phase delay, lines it is possible to cancel the backward travelling wave in their isolating
network.

The combiner is attractive for the monolithic implementation due to its planar structure and an
inherent broad-band inter-port isolation characteristics. In the higher frequency region apart from
problems of design each designer structure is very suitable for amplifiers design [109]. In [108], the
design with the near wall of package was simulated as a way to minimize the circuit size. In [110], the
low frequency implementation of the combiner with the lumped approach was shown. The lumped
approach causes structure to loss wideband characteristic.

A1.2.10 SIW

The rectangular waveguides are important building blocks due to their power handling capability and
low losses. Their biggest disadvantage is their size and troubles of integration with other
components. Most of the approaches to integrate them into the microwave substrates as Substrate
Integrate Waveguides (SIW) can be found in literature. A structure of this kind possesses advantages
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of waveguides and in addition is small, so that allows an effortless integration and uncomplicated
fabrication.

Basic building blocks like T or Y junctions created in that technology maybe used as stand-alone
power dividers [113], or exploited in more complicated structures like 6 port junction [172] or other
concepts like corporate N=16 network [171]. Slot SIW quadrature coupler [111] and a modified
structure incorporating slow wave effect to became 180° coupler [112] were reported. Moreover, it
is also possible to create resonant cavities and use them in the function of the power combiners

[173].
A1.2.11 Other approaches

A few other interesting approaches with fewer publications will be described shortly below.

A1.2.11.1 3-way power divider with various output power ratios

Structure of the circuit proposed in [114] is presented in Figure 169. This circuit is a planar
transmission line structure and does not need any resistors to be built. It could be used as a three
way or two way divider/combiner circuit with a perfect match and isolation at the center frequency
for all the ports. It is achievable to obtain an arbitrary power division by changing the values of the

five characteristic impedances used in the circuit.
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Figure 169 Structure of the 3-way power divider.

The proposed circuit is very flexible in design, offering very interesting features; for example a
change in the input port location has given different split power ratio for the same circuit. The circuit
can be expanded to N way combiner. Using this circuit the authors built a balanced amplifier [174],
an interesting phenomenon is that they need only one combiner for that purpose and it served
simultaneously as a combiner and a divider with an input and output in ports: 2, 5 and amplifiers
connected to the pairs of ports: 1,6 and 3,4. In that configuration the circuit showed relatively wide-

bandwidth behaviour.

Al1.2.11.2 Extended resonance

The proposed power combining technique is similar to the construction of the direct coupled
waveguide cavity filters. The extended resonance technique can be used to build multiple devices
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oscillators and amplifiers, the phased array. This technique is suitable for the planar connection on N
devices, without individual matching circuits providing a very compact structure. Extended resonance
places the devices in shunt to combine the power, the magnitude of the voltage at each of them is
than of the same value.

Y,=NG y,=(N-1)G+jB y,=nG+jB y,=2G+jB y=GHB
transformer | L. ) Ly ‘ ‘ L, . L &
Y G+jB ¢G+2JB G+2jB G+2jB G+jB
T N N-1 n y 1

Figure 170 Extended resonance concept — N divider example.

In the Figure 170, the concept of the extended resonance technique has been presented in the
example of N way power divider. The source of the admittance Y is connected with N loads.
Admittances are normalized to a characteristic admittance of the transmission lines. The first and the
last device admittance is G+jB and admittances of the internal devices are G+j2B. The first length L; is
chosen to transform the admittance G+jB into its conjugate value G-jB. Then, looking at the circuit in
a right direction from the second node - we notice that it consists of the second as well as the
transformed by L; the first device — therefore the admittance y,=2G+jB is observed. Next, the length
of the next transmission line L, is chosen again to conjugate the load seen and the third device again
see load of 2G-jB. After the summation with the third device +jB of the imaginary part of the
admittance is obtained again. Each next step repeats the procedure until the last stage, when
addition of N-th admittance cancels the imaginary part. The very last step is to match the Yy=NG
admittance distinguished when looking into N devices network to the source admittance Y along with
an arbitrary matching circuit.

The extended resonant technique is narrowband due to the resonant nature, in case of the amplifier
application 3-dB bandwidth it is limited to ~ 5%. In response to that shortcoming the broadband
extended resonance was introduced in [116]. An amplifier utilizing this technique was designed as to
show the broadband performance. A main difference between the approaches is the way the
admittances have been transformed. This time, the loaded complex admittance G,(f)+jB(f) has been
converted to its conjugate value Gy,i(f)-jBi:1(f) by the network N as distinct from a simple
transmission line in an original approach.

A1.2.11.3 Broadband Series Power Divider Using 0° Phase-Shifting Lines

The serial power combiners are attractive replacements of the corporate combining networks
offering smaller area occupied and lower losses. However, they exhibit varying power split ratios
with frequency. Another problem is to obtain an equal-phase combiner. A standard approach is to
put meander like A; long delay lines between the single combiners. Although, this leads to a big size
and narrow bandwidth connected with the delay line length. One of the solution is to use artificial 0°
phase shifting line. Metamaterial (MM) phase-shifting lines are particularly suitable in this case, since
they can incur a zero insertion phase over a large bandwidth; maintaining a compact length at the
same time. Usage of this line given the serial combiner transforms it into a parallel combiner.
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Figure 171 Metamaterial serial N=4 combiner.

In the Figure 171, a basic structure of the combiner and 0° phase shifting transmission line structure
from [117] was shown. A parallel connection of the lines implies the use of additional transforming
network for the equal input-output impedances.

This metamaterial series power combiner offers the broadband in-phase power combining,
maintaining the small size in comparison to a conventional transmission line series power divider. It
offers a compact and planar structure in which ports can be spaced arbitrarily apart. This technique
can be extended to arbitrary number of ports.

Al1.2.11.4 The uniplanar Wheatstone bridge

This particular approach was designed in order to overcome difficulties of very narrow gaps in Lange
coupler at lower frequencies. 90° hybrid coupler shown in Figure 172 a), where it was implemented
with the use of the Wheatstone bridge Figure 172 b). An inductive reactance was realized using a
short circuited slotline stub and in order to achieve a capacitive reactance an open-circuited coplanar
waveguide stub was employed.

1
por 43013

Figure 172 90° hybrid coupler a), Wheatstone bridge b).

Its total length is A/4, in contrast to the Lange coupler, the structure does not require narrow strips
and gaps. The bandwidth is narrow (8%).

Al1.2.11.5 Bailey’s divider concept and evolution

A dilemma of the necessity for a wide range power-split ratio combiners concerns many applications.
It derives from the fact that most useful approaches in domain of the transmission line circuits
control the power-split ratio along with impedances of the used transmission lines. The difficulty is
especially important in a planar implementation, when range of available values of characteristic
impedance is narrower than in coaxial, the waveguide or even in the multilayer implementation. In
[119] there was presented an approach in which ratio of the in-phase power division is separately
controlled from the values of the impedances of the transmission lines. The structure comprises
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from: T-junction with a quarterwave transformer, delay section as well as branch-line hybrid coupler
as it was shown in the Figure 173.
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Figure 173 Bailey’s divider: a) lines’ length details b) lines’ impedances details.

Further, unequal amplitude and equal phase splitting is assured by exciting both inputs of branch-line
hybrid coupler with equal amplitude and different phase. Than, the output signal will be a
superposition of the response for these two excitations and a proper split power-ratio may be
obtained through choosing different length of the line in a delay section: a; b-a. For a structure
defined in such a way the delay changes with a position of T-junction in the vertical line comprised of
a and (b-a) sections. Thereby, the position of T-junction controls the division ratio. Unfortunately, the
relation between the power split and a length of transmission line denotes automatically that the
power split will vary with frequency; making this approach a narrow bandwidth.

A slightly different approach was presented in [120]. Input T-junction was exchanged for another
branch-line hybrid coupler; and a delay section was replaced for a programmable phase shifter. The
circuit works in the same manner, allowing different power-split ratios for a different phase shift, but
according to a chosen input for the signal: in or out of the phase power division at the output is likely
to obtain. This in turn lead to another degree of freedom in reconfigurability of the circuit.

A diverse evolution of that approach was proposed in [121]. The structure used in this very concept is
basically the same as the one proposed originally by Bailey. However, on these conditions the power-
split ratio for either input T-junction or output branch-line coupler has been determined as variable.
By this procedure in the design exist three degrees of freedom, thus it is achievable to either chose
an arbitrary power-split ratio or the phase relation. For the specific output power ratio plus phase
difference two variables need to be determined so that the third one can be fixed. It is an incredibly
precious property leading to a great deal of freedom in the design of this structure. Finally, a
narrowband behaviour of the combiner might be improved by means of the wideband combiner
circuits such as the tapered matching sections in T-junction or multi-branch coupler.

Al1.2.11.6 The Composite Coupler

An additional way to rise the possible value of the power-split ratio in planar dividers is to employ a
composite approach shown in [122]. A practical limitation on that ratio may be extended by
incorporating the same types of couplers into a network shown in the Figure 174.
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Figure 174 The structure of the composite divider

The indicated method uses three dividers to split and recombine the power in order to achieve
greater power-split ratio. Performances of the circuit are dependent on the characteristics of the
divider used to build the network. Output power handling, phase tracking along with the reflection
coefficient will be similar to individual divider performances, however maximal power-split ratio will
be improved. It will happen so at the expense of the expanded circuit size and an increase in the
amount of the components required.

Al1.2.11.7 The Bagley Polygon power dividers
Some other interesting approach for N-way transmission power combiner is to apply the Bagley
polygon.
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Figure 175 Bagley polygon power dividers (a) N=3, (b) N=5.

It is obtainable to combine odd number of the sources maintaining the input match and isolation
between the outputs at the center frequency. Shapes for N=3 and N=5 are shown in the Figure 175.
Regrettably, the circuits are large since the polygons’ sides are A/2 long. They expand with a growing
number of the inputs/outputs. Moreover, the position of the input/output ports is not proper for the
planar applications. The circuit properties are in connection with the transmission line length, thus
the wide-bandwidth behaviour is not expected. For the sake of reducing the combiner structure , the
stub loading was proposed in [123].
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Appendix 2 Nyquist criteria for the microwave stability

Appendix 2 NYQUIST CRITERIA FOR THE MICROWAVE
STABILITY

As it was previously pointed in the paragraph 1.1.5, by investigating the roots of the circuit
determinant it is likely to determine the stability of the circuit. Sadly, it is a complicated and laborious
process. What is more, the analysis does not give clear guidelines as how to correct the system to
make it stable. Such was a motivation of Nyquist in search for more efficient way to analyze the
stability of the circuits. His analysis focused on the closed loop systems, therefore a simple feedback
amplifier will be introduced as a base for his theory.

A2.1 Nyquist criteria

For a circuit in the Figure 176 there is defined an amplifier characterized with ratio A, independent
from the frequency finite amplifying along with the feedback network characterized by the ratio
J(jw), independent from the gain of the amplifier.

X(iw) . Y(iw)
—H\i_}'— A
A
e J(iw)

Figure 176 Amplifier with single feedback loop.

Then, the closed loop transfer function is as follows:

Xliw) __ 4
Yiw) 1-AJ(iw)

H(iw)=

(144.)

Before Nyquist published his work a typical stability analysis was based on the roots of the
characteristic equation. Nyquist took a different starting point, by investigating the frequency
domain criteria for the stability [18]. He introduced quantity AJ(jw), today called Open Loop Transfer
Function. He described it in these words: "Let the complex quantity AJ(jw) represent the ratio by
which the amplifier and feedback circuit modify the current in one round trip”. To assume that
oscillations could be maintained at wy while AJ(j wy)=1 is intuitively reasonable. The same way it can
be expected, that the system will be stable when |AJ(iw)]|<1 and |A|<ee. Nyquist shows that the
stability criteria could be developed by analyzing the graph of the function AJ(jw) and the
encirclements of the critical point. A placement of the critical point of the amplifier is (1,i0) on the
complex plane, which is evident in a light of the previous observations and inspection of the equation
(144.). The rule of the stability given by Nyquist says: “Plot plus and minus imaginary part of Al(iwo)
against the real part for all frequencies from 0 to =o. If the point (1,i0) lies completely outside this
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curve the system is stable; if not it is unstable.”The original analysis was fairly complicated [18],

however, it was later shown that the result can be easily obtained from a theorem of Cauchy,

Argument Principle of the complex analysis. Which states that if Z is the number of zeros and P is the
number of poles in the region D of the function f(s), than:

:Z—P:ij' f'(s)

270 f(s)

ds :LAR argf(s)
2r

(145.)

Theorem were graphically explained in the Figure 177- in the area D of the s-plane there are two
zeros and four poles of the function f(s). If the contour of that area is mapped through function f(s) it
will encircle origin on f(s)-plane N times in the same direction as the original contour. N=Z-P=-2
meant for this example, results in turn in two encirclements in opposite direction.

Imis} & Im{i(slt &
@
X * x
, o X
> >
D Fe{s} ‘e{r(s)]
2=2
s-plane P=4 f(s)-plane N=2

Figure 177 Graphical explanation of Cauchy’s Argument Principle.

Let us remind that any Laplace domain transfer function can be expressed as the ratio of the two
polynomials:

T(s):%

(146.)

Than zeros of the T(s) are the roots of the N(s)=0 and poles of the T(s) are the roots of the D(s)=0. At
the beginning, the stable system will be defined, as one without poles of T(s) in the right half of the
complex plane. As a result, the Open Loop Transfer Function may be defined as:

_ NOL(S)
F(s) = m
(147.)

After closing it can be observed that the poles of characteristic equation are zeros of the 1-F(s) which
in fact means they are roots of the Do (s)-No.(s)=0.
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To use Cauchy Argument of the principle for the Right Half of Complex Plane, zeros and poles check a
contour that encircles that area is required. It will be referred as the Nyquist Contour. It composes of
the path travelling up the iw from (0,-iee) to (0,ie=), and semicircular arc with radius r->eo that starts
(0,ie=) and travels clockwise to (0,-iee) - Figure 178.

The Nyquist Contour mapped through the open loop-transfer function F(s) yields the Nyquist plot for
F(s). According to the Argument Principle, the number of clock-wise encirclements of the origin must
be the number of zeros of F(s) in the right-half complex plane minus the poles of F(s) in the right-half
complex plane. If the contour's encirclements of the (1,i0) point will be considered instead of the
origin, the difference between the number of poles and zeros in the right-half complex plane of 1 -
F(s) will be found. Recalling that the zeros of the 1 - F(s) are the poles of the close-loop system, and
noting that the poles of 1 - F(s) are same as the poles of F(s), The Nyquist Criterion is stated:

For Nyquist Contour [, P is the number of the poles of F(s) encircled by I, and Z is the number of
zeros of 1-F(s) encircled by T - therefore the number of poles of T(s). The resultant contour in the
F(s)-plane, g shall encircle (clock-wise) the point (1 +i0) N times, so that N=2Z - P.

For stability of the system, Z = 0, ie. the number of closed loop poles in the right half of s-plane must
be zero. Hence, the number of anticlockwise encirclements about (1 + i0) must be equal to P, the
number of the open loop poles in the right half plane [175].

Im{s} A Im{fF(s)} A
M =+co
Nyquist < :
S T — TN
Rets) *\_(_/Re{F(s)}
N
M =-co
s-plane = F(s)-plane il

Figure 178 Nyquist Contour on s-plane and resulting Nyquist plot on H(s)-plane (example).

This theorem allows us to check the numbers of the Right Half Complex Plane zeros quickly as to
avoid an analytic analysis of the open loop function or the poles of the determinant of the closed
loop transfer function. It is a lot more convenient, as in a simple test it checks the existence of the
poles rather than the computation of their values. Inspection of the locus of the open loop transfer
function is to a great extent less laborious in examples other than the basic ones.

6.1.1 Nyquist criteria as a stability test- example

Firstly, the criteria will be demonstrated by the means of an undemanding example. Although easy
examples are not the kind that would force Nyquist to search a new method, they certainly are an
opportunity to test and validate the idea practically. The circuit in the Figure 179 a) can by simplified
with a block representation as it was shown in Figure 179 b). If the loop is broken in a position
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indicated by the cross, Open Loop Transfer Function Ho.rr can be computed - (148.). The Nyquist plot
was computed and presented in the Figure 180.

V.. 1 A
HOLTF(S):F(S):_ZZA

v, s-C-R+1 R.C.(H 1 j

(148.)

el O

g vl ¢ P,

[ £+ |+ v
R cut for
T\/\/\/—__ OLTF

V»T c TVn : :

: : . SCR+1 g

1 I 1 a G S ——

a) 4 v v b)

HOLTF

Figure 180 Nyquist plot of example Ho .

Without a doubt, with A>1 the Nyquist plot encircles the critical point indicating instability. If the
closed loop transfer function is computed and examined (149.) ,it is clear that Nyquist theorem
results are in agreement. Sign of the pole of the transfer function depends on the (1-A) term value. If
A=1, than the pole is in origin, if A>1 it moves to Right Half of the Complex Plane.
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v y y A’(”Rlc)
Vi 1=4-J(s) | _ P
R-C (s+1j R-C
R-C

(149.)

If the inverse Laplace transform transfers function to the Time Domain impulse there is obtained the
response:

2 _(1=4),
H@)=L" {H(s)}: A-0(t)+ RA C e (R'Cj for t >0 , where 6(t) is Dirac function.

(150.)
As a result, two elements in the response of the system (150.) can be found. The first is responsible
for the steady state response and the second is a term of the transient response. If the pole of

system will be placed in the Right Half of Complex Plane this term will rise with time to infinity and
clearly, the system will be unstable.

A2.2 Nyquist criterion in the microwave circuits.

In the scope of the field of this research arises the question: How to apply the Nyquist criteria in the
stability analysis of the microwave circuits? Let us consider a plain example of the two one port
devices connected together in a manner shown in a graph form in the Figure 181 a).

I_A . . I—B G= r“ rB

A b t=1 a B — | AI. —
n 2 B . R bB
[ 2 [

a, t=1 bB C u B )
( ) c) A b. a; B

A t3= r::' rB B |

Figure 181 Implementation of Nyquist criterion in microwave circuit stability analysis.

Each device is characterized with the reflection coefficient, accordingly: ', and ;. They are connected
directly, so it can be noticed that as= bg and b= ag. If the graph nodes will be separated, paths t; and
t, are inserted - Figure 181 b). While a relation between the voltage waves a, and bgis of the interest,
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the graph can be modified to the form presented in the Figure 181 c). Clearly, it is a system with a
feedback loop. If a5 will be treated as a signal source, than the system can be descried through the
Open Loop Transfer Function G(s) as:

H(s)= by(s) _ Gls)

_aA(S):m
(151.)

Where G(s) -, describes modifications to the voltage wave, introduced by the forward and the
feedback path in one round trip (Figure 181 d):

G(s)=t-1;(s)=T,(s)-Tp(s)
(152.)

Path t; was broken to measure G(s). To enable this operation in the microwave circuits a
nonreciprocal device like the circulator - Figure 181 e) may be used. It is possible than to implement
measurement of G(s) in any CAD or in the real measurement environment. Having knowledge of the
Open Loop Transfer Function, an advantage of the Nyquist criterion is taken in order to check the
stability of the network. An important issue is to remember that analysis of the locus of the Nyquist
Plot informs about the difference between the number of zeros and poles in Right Half of Complex
Plane region. Therefore, to be certain about the test results and the stability of the circuit none of
the bisections can possess Right Half Complex Planes poles.

Nyquist criteria applied this way is very useful in order to check the circuits stability. In [176], Jackson
shows that this method is more convenient than the criterion of the onset of oscillation defined as:

[Tal] Fe |>0 and ®p+D=0
(153.)

(153.) may lead to false conclusions sometimes. Jackson’s examples are quoted below:

s

e | BN

Figure 182 Circuit tested by the Nyquist criterion of stability.

"||—\/V\r—

|||

The two circuits with additional numbering are shown in the Figure 182: 1,2. In each case R,=60Q

and Rp=-70Q and the circuit is divided between passive —A, and active —B. The Open Loop Transfer

Functions versus frequency for both of them are than plotted at the polar plot - Figure 183.

Critical point of the system is (1,j*0). Each locus circulates in a clockwise direction. It is traceable that

only G4(s) encircles the critical point, what denotes instability of the circuit no. 1.

The results of Nyquist’s analysis are in contrast to the criterion stated previously (153.) which

indicated stability of the both circuits in resonance, as |[4|*| s |= 0,091*6=0,545. This value is easily
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observable in the Figure 183, as a point shared for G; and G,. However, on this very assumption in
relation to this point the circles lay on the opposite parts of the plot and G; encircles (1,j*0).

Nyquist criteria is a very important tool and its usefulness is not limited only to simple cases but
could be useful in analysis of more complicated circuits. Special concern should be given to ensure
there are no right poles present in the tested Open Loop Transfer Function as they may lead to some
false conclusions.

Figure 183 Polar plot of the Open Loop Transfer Functions of the examples used in Nyquist criteria for the stability test.

A2.3 References

[175] http://en.wikipedia.org - Nyquist stability criterion.
[176] R. W. Jackson, “Criteria for the Onset of Oscillation In Microwave Circuits”, IEEE Trans.
Microwave Theory Tech., vol. 40, no. 3, pp. 566-568, Mar. 1992.
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