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ABSTRACT

Stability of a circuit is a very important design criteria. Microwave designers
commonly use the well known Linvill or Rollett criteria, known as B or K criteria
to determine the stability of an N-port network. These criteria are limited to
its accuracy and fail in many cases. A rigourous method of testing such as the
Normalised Determinant Function (NDF) is required before the B or K criteria is
applied. The Normalised Determinant Function is a robust test of circuit stability
but can be complicated to implement in a circuit simulator because it requires
access to all active controlled sources in a circuit and multiple simulations. Access
to the necessary controlled sources has recently been implemented in a non-linear
model (Meerkat pHEMT model) for the first time, but some problems remain with
the implementation of this useful feature. This thesis provides further work to
mathematically analyse and simplify the NDF analysis technique to implement in
small signal models that will later on aid Macquarie University’s industry partner,
MACOM Technology Solutions with the NDF implementation in their preferred

Meerkat pHEMT model.
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Chapter 1

Introduction

Design engineers are constantly faced by the challenge of determining stability of a circuit
before it is sent out for fabrication. Unstable circuits can oscillate and fail to meet
its purpose. Over the last 50 years, several tests have been derived for determining
the unconditional stability of two-port networks. These tests are used to determine the
possibility of finding a set of passive terminations that will cause the terminated two-port
to have unstable characteristic frequencies (poles).

The well known Linvill and Rollett stability criteria also known as the B and K criteria
respectively, are usually used by designers, to determine stability of microwave circuits
by reducing the complicated N-node networks to two-ports between input and output
and requiring that K >1 and |A,|] <1 at all frequencies. Platzker et al. [6] prove that
the approach undertaken by the microwave designers with its reliance on K is severly
constraining in many cases. Rollett’s, K stability criteria [12].

The K analysis does not hold in general, and fails in many cases where the unloaded
circuits under investigation contain poles with positive real parts, i.e. poles in the right
half plane (RHP). Rollett [8] recognises the limitation of using steady state analysis in
investigating the stability of Two-Ports. This remains as a significant problem that the
more recent publications, textbooks and software vendors have failed to highlight. Hence,
the microwave designers have forgotten to take this into consideration altogether.

The failure of the B and K criteria stems from the fact that no universal determination
of the stability of N-node networks can be made from the locations of the zeroes of the
determinants of their reduced Two-Ports. They can be unstable even if all of the zeroes
of these determinants have negative real parts. This failure is not dependent on the
symmetry of the networks and can occur in both symmetric and nonsymmetric networks.
Since the conditions for oscillations are the opposite of the conditions for stability, the
notion that a circuit is always oscillatory at a frequency at which the imaginary part
of its input or output admittance is zero provided the real part is negative, is also not
correct. [11].

A proper statement of the Two-Port stability criteria involving K should be: An un-
loaded T'wo-port which has no poles in the RHP will remain stable when loaded externally
at its input and output if and only if K >1 and |A,| <1 for all W. The approach of using

1



2 Chapter 1. Introduction

the K criteria to ensure stability in Two-Port networks is not very robust and hence its
role is insignificant. It is limited to the investigation of loading which does not cause
stable unloaded circuits to become unstable. The stability of the open circuit has to be
ascertained by other means. [6]

A robust test such as the Normalized Determinant Function is required to ensure the
stability of a network before the Linvill or Rollett stability criteria are used.

1.1 Normalised Determinant Function

The Normalised Determinant Function analysis technique looks for zeroes in the right
half plane of the full network determinant. The complex quantity NDF is calculated for
a given network along the frequency axis w from negative infinity to positive infinity and
its locus is plotted in the complex plane. Once network stability is assured, then the
B or K factor can be used to determine the port impedances under which stability is
maintained [4].

The Normalised Determinant Function (NDF) is a robust test of circuit stability but
can be complicated to implement in a circuit simulator because it required access to all
the active controlled sources in a circuit and multiple simulations. Access to the necessary
controlled sources has recently been implemented in a non-linear model (Meerkat pHEMT
model) for the first time but some problems remain with the implementation of this useful
feature.

As mentioned earlier, this thesis is an extension of the work of Wayne Struble and
Aryeh Platzker [11]. Struble found a simple yet rigorous method of determining the
stability of a linear N-Port network by first reducing it to a two port network. Before this
was discovered, a common misunderstanding persisted that the B and K stability criteria
can only be applied to linear two-port networks. This thesis is extended to first analyse
what happens to the two port network NDF calculation when two dependent current
sources are used in a linear model instead of the one source as defined in Struble’s model.
However, the design of the two port circuit is restricted to one common node to make
the simplication easier. The initial findings of the mathematical analysis is shown in the
latter section.

Later, implementation of the above findings is used in a non-linear FET model which is
linearised using small signal model. The result of the thesis will aid in the implementation
of the NDF in MACOM’s more sophisticated and preferred Meerkat pHEMT model.
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1.2 Synopsis

This thesis is based on a very narrow and specialised area of research to aid the implemen-
tation process of the NDF analysis in the design phase of circuits at MACOM Technology
Solutions. Very little work has been done on this robust stability test NDF analysis and
so the resources and references used in this thesis is limited. As stated earlier, engineers
at MACOM, Tony Fattorini and Bryan Schwitter have jointly developed the small signal
implementation of NDF analysis in some simple models, however, some problems remain
with the implementation of this useful feature in the more sophisticated and preferred
non-linear model, Meerkat pHEMT model. One of the problems that arises with the
implementation of the NDF in the Meerkat pHEMT model is that the model consists of
multiple control sources in one single pHEMT and the study by Struble [11] only looks
at single control source transistors. This thesis is an extension to Struble’s work and
looks further into what the implications are in having multiple control sources and how
it changes the NDF algorithm both algebraically and practically.

In this 10 week thesis project, most of the time, about 5 weeks was dedicated in
developing the mathematical case for using a double voltage controlled current source
(VCCS) FET model, the effort of which might not have been portrayed in its true essence
due to the limitation of presenting a step by step mathematical analysis in this thesis.
Next, the remaining amount of time was utilised to modify the circuit model obtained
from MACOM, developed by Tony Fattorini and Bryan Schwitter, to ensure that the
NDF stability analysis works with a single FET. Later, a comparative analysis is drawn
between a single and a double FET model. The double FET model also has two separate
parts to it where two different switching patterns are used. The two switching networks
are used to control the VCCS by an external voltage source, ve,;. This phenomenon is
described in details in the next chapter.

The results from this thesis can be used to aid the implementation of NDF in a more
complex Meerkat pHEMT model. The calculation required for the NDF analysis and the
concept of NDF and Return Ratios is introduced in the next chapter.
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Scope

This thesis looks at the NDF algorithm of having multiple control sources within the
desired FET model used in MACOM. The case of having multiple control systems was
not explored in any of Struble’s [10] work so this thesis serves as an extension to Struble’s
work and looks at both the mathematical algorithm and practical implementation of NDF
in a simple circuit model. The circuit model used does not contain real transistors and
does not represent a fully complex network containing lumped elements. It is to be noted
that the aim of the thesis is not to implement the full NDF stability analysis or provide
an overall general solution of NDF analysis in any arbritrary circuits as it is outside of the
scope of an Honours thesis since this demands much more time and expertise. The thesis
does not look at writing scripts and macros that was initially suggested to facilitate ease
of use in typical circuit design applications.

Statement of Originality

This thesis is an extension to Struble’s [10] work and such analysis to the best of my
knowledge has not been carried out. The circuit model used in this thesis was not devel-
oped from scratch but was rather a modified version of the circuit model used at MACOM
developed by Tony Fattorini and Bryan Schwitter. This circuit model was modified to
suit the purposes of this thesis.



Chapter 2

Background

2.1 What is the NDF?

Platzker’s normalized network determinant function NDF [6] is the ratio of the full net-
work determinant, including all port terminations, and the resulting passive network de-
terminant when all dependent sources (i.e. either voltage controlled or current controlled
sources) contained within the network are set equal to zero.

A
NDF = — 2.1
Ao (2.1)

where Agy represents the determinant of a passive network and cannot contain any
zeroes in the RHP. Therefore, zeroes in the RHP of the NDF must correspond to zeroes
in the RHP of the full network determinant. This is similar to Bode’s [3] definition of
the Return Difference AAO for a single dependent source, where A, represents the network
determinant when the dependent soource is set to zero. Any inear network parameters
such as Y, Z, H etc. can be used to calculate the above determinants. In this paper,

admittance parameter Y is used for the mathematical analysis [10].

2.2 How is the NDF used to determine stability?

To determine stability, the complex quantity NDF is calculated for a given network along
the frequency axis w from negative infinity to positive infinity and its locus is plotted in
the complex plane if the locus of the NDF encircles the origin (0,0) in a counterclockwise
direction, then the network determinant A contains zeroes in the RHP. The number of
encirclements is equal to the number of zeroes in the RHP. Platzkers test applies the
Principle of the Argument theorem to a NDF to determine the number of zeroes in the
RHP of the full network determinant (and thus poles of the network). Nyquist [5] has
used the same theorem of encirclements for his stability analysis. From Routh [9] and
Bode [3], it is known that if the determinant of a linear network contains any zeroes in the
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RHP, including the frequency axis w, the network will be unstable, otherwise the network
is stable [10].

Platzker’s test [6] applies the Principle of the Argument theorem to a NDF to deter-
mine the number of zeroes in the RHP of the full network determinant (and thus poles of
the network). This can be demonstrated by the two figures as shown below in figure 2.1
and figure 2.2

NDF

F2 (0.001 to 99.990)

Figure 2.1: Polar plot of NDF (This figure is obtained from [11})

Detected 4
RHP zeroes
(8 total -= to +=)

RPENCIRCLEMENTS =unwrap(phase(NDF))/-360

a-

ENCIRCLE MENTS

Frequency (GHz)

! T T L A T 1
0 10 20 0 4 50 60 70 80 90 100

Clockwise encirclements (0 stable >= 1 unstable)

Figure 2.2: Frequency response of NDF plot (This figure is obtained from [10])
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A stable network will always have a cumulative NDF phase/encirclement of zero.
That is, sweeping w from —oo to +oo the plot will begin (by definition) and end at zero
encirclements. It is unimportant if the encirclement plot rises above 41 or below -1 so
long as it returns to 0 at w = +o00.

When sweeped from w = —o0o to 400, an unstable network will have a cumulative NDF
phase of some multiple of 2. Since, the NDF over negative frequencies is the complex
conjugate of positive frequencies, one can look for encirclements from w = 0 to +oo
only. This will always show half the encirclements. In the experimental part described
in the latter sections of the thesis, the model is sweeped from w = 0 to +o00 so, half the
encirclements, i.e, multiples of unity can be observed.

From the above figure 2.1 and figure 2.2 it can be observed that the example model
has four zeroes on the RHP, making the circuit unstable.
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2.3 How is the NDF calculated?

The NDF analysis requires the calculation of the network determinants. There are three
ways to calculate the network determinants.

1. Return Ratios
2. Current/Voltage Ratios

3. Network Admittances

The mathematical analysis of the network determinants for the NDF cal-
culation used in MACOM and this thesis is based on the first method, the
Return Ratio method.

The Return Ratio of a dependent source embedded within a network is calculated
by replacing the dependent source, which is controlled by an internal voltage or current,
with an identical source that is controlled by an external voltage or current.The stimulus
from this new source will result in some amount of feedback to the controlling voltage
or current of the original dependent source. The negative ratio of the voltage or current
returned, to the external voltage or current stimulus, is the Return Ratio of the dependent
source. The procedure used to calculate the NDF from Return Ratios (RRs) is described
as follows.

The fastest approach employed by all NDF calculations is to reduce the network to a
parallel connection of two networks, one totally passive and one totally active [10]. This
is demonstrated in figure 2.3.

Passive Active
Components Components

Figure 2.3: Two-Port representation for calculation of NDF

This reduces the number of nodes in the network and thus the sizes of the relevant
network matrices that are used in the NDF calculation. The network cannot be reduced
further than this due to the complication of potentially introducing zeroes in the RHP of
Agy. This can result in pole-zero cancellation in the NDF, and thus its trajectory may
not rotate around the origin (0,0) even when A contains zeroes in the RHP.

In networks containing more than five dependent sources, the calculation of the NDF
using commercially available circuit simulators is not straightforward and becomes quite
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tedious. This is due to the limitation in the sizes of matrices that can be saved by the
simulators for external calculations. To simplify this process, the alternative method of
calculating NDF using the concept of Return Ratios has been developed.

The Method of Calculating NDF using Return Ratios

The concept of Return Ratio (RR) was first introduced by Bode [3] and is defined as
follows.

A
=-———1 2.2
RR= & (2.2)

where A is the full network determinant and Ay is the full network determinant where
the dependent source is set to zero. For a network containing a single dependent source,
the Return Ratio is equivalent to the NDF. The NDF for a single dependent source is as
follows:

A
NDF = — = RR; +1 (2.3)
Ao

If the network contains more than one dependent source, Ay may contain zeroes in
the RHP due to other dependent sources, and a single Return Ratio calculation will not
suffice to provide with a comprehensive assessment of stability of the circuit. However,
the concept of Return Ratios can be extended to networks with N dependent sources by
rearranging the previous equation into the form,

A = (RRy +1)Agy (2.4)

and realising that,

Aoy = (RRy + 1)Ag (2.5)

where RR5 is the Return Ratio of a second dependent source in the network with the
first dependent source set to zero. By substituting the latter equation to the first, it is

derived that
A= (RRy+1)(RRs + 1)Ap (2.6)

By continuous substitution,

A = (RR; + 1)(RRy + 1)(RRs + 1)...(RRy + 1) Agy (2.7)

or,

NDF = (RRy1 +1)(RRy + 1)(RR3 + 1)...(RRn + 1) (2.8)

For each successive Return Ratio calculation RR; (i = 2— N), the network is physically
changed by setting all previous dependent sources to zero.
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Return Ratio Calculations

The final step required to implement this rigorous stability test is to calculate the Return
Ratio of any arbritrary dependent source within a known N-port network. This calculation
is carried out by replacing the dependency factor of the dependent source from an internal
voltage or current parameter to an identical external parameter. So, the dependent source
is now controlled by an external voltage or current.

This can be demonstrated with an example in figure 2.4 and figure 2.5 where the
first is a passively terminated N-port linear network with an internally controlled current
source and the latter is the same network, the current source of which is controlled by an
external voltage, ves.

Port 1 1 2 Port N
—0 .
| Vi3 Q gm-Vq |
—o0 ~ o S— -
3 4

Figure 2.4: Passively terminated N-Port linear network with a voltage controlled current
source (This figure is obtained from [10])

+
Vext b
Port 1 2
+
13 Bm*Vext
° |

Port N

I

Figure 2.5: Passively terminated N-Port network of Figure 2.4 where the current source
is controlled by an external voltage, v.,; instead of vy3

WAoo

Later, it has been derived by Platzker [6]

RR= -2 (2.9)

Vext
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The proof of this simple equation is shown in great detail in [10]. It starts from pulling
out the admittance matrix of the network. The Y representation is

Y (S)V(S) = I(S) (2.10)

where s = 0 + jw, Y(S) is a n x n matrix and I(S) and V(S), are respectively excitation
and response column vectors of size n where n is the number of nodes in the circuit. The
Y matrix of the network shown in figure 2.4 is given by the matrix below.

Y11 Y12 Y13 Y14 YiN
Y21+ Gm Y22 Y23 —Gm Y24 ° UY2N

3131 Y32 Y33 Y34 YsN (2.11)
Ya1 — Gm Y42 Ya3 T 9m  Yaa YanN

YN1 YN2 YN3 YN4 YNN

The next step is to write up the admittance, voltage and current equation of circuit
model shown in figure 2.5. This is shown as follows.

Y11 Y12 Y13 Y14 YN () 0
Yo1 +9m Y22 Y23 — Gm Y24 - YaoN () —9m-Vext
Y31 Y32 Y33 Y34 YsN U3 13
Y41 — 9m Y42 Y43+ Gm  Yua yanv | S| v | T Gm-Vext (2.12)
| Yni YNz YN YN ynn | | N | v

The matrix in equation (2.11) is the full network determinant and the network admit-
tance shown in (2.12) represents Yy when the dependent source with the transconductance
value g,, is excited.

Since, RR = |%| — 1, the Return Ratio for the network is calculated and proved to be
as Equation (2.9).

RR = —25
Vext
This result is particularly useful to extend the work that this thesis presents. In order
to solve the big n x n matrices, there is a need to be familiar with solving matrices using
the concept of partioned matrices or more commonly known as block matrices. This
concept is explained in [7].
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2.4 Microwave Office AWR Simulator

The Microwave Office [1] is a comprehensive software solution for engineers and designers
of all types of RF and microwave circuits starting from integrated microwave assemblies to
monolithic microwave integrated circuits (MMICs). Microwave Office offers an intuitive
user-interface which combined with its unique architecture software allows for seamless
integration of powerful, innovative tools and technologies with application-specific tools
based on the need of partner companies to bring their high-frequency designs to life. The
capabilities of Microwave Office includes:

e Schematic/layout design entry

Linear and non-linear circuit simulation

EM analysis

Synthesis, optimization and yield analysis

Desgin rule checking/layout vs. schematic (DRC/LVS)

Process design kits (PDKs) from a wide range of foundries

This thesis makes use of the basic capabilities of Microwave Office NI AWR Design
Environment to enable schematic design entry, linear and non-linear circuit simulation.
However, it also uses more advanced PDKs that have been obtained from MACOM for
the purposes of the thesis.

A process design kit (PDK) is a set of files used within the semiconductor industry to
model a fabrication process for the design tools used to design an integrated circuit. The
PDK is created by the foundry defining a certain technology variation for their processes.
The designers use the PDK to design, simulate, draw and verify the design before handing
the design back to the foundry to produce chips [13].

Microwave Office AWR was used to modify the circuit model provided by MACOM.
This tool combined with the knowledge acquired over the years of using this tool in the
Engineering degree at Macquarie University and the experience of Anthony Parker and
engineers at MACOM was required to carry out the small signal implementation of the
two dependent source model of a FET that is discussed in the next chapter.



Chapter 3

Determining the Stability of N-Port
Networks

The Two-port network model extracted from Struble’s [10] work has been shown in Chap-
ter 2. This mathematical study is an extension of the NDF analysis for N-port networks
carried out by Struble using single current sources. This thesis is aimed to look at the
implications of having multiple control sources within a FET to represent the realistic
transistors used in MACOM’s preferred Meerkat pHEMT model.

This thesis particularly looks at the implementation of a two dependent source model
based on Struble’s Two-Port network as shown in figure 2.5. The two control sources
used in this model are voltage controlled current sources that are equal in magnitude but
opposite in direction. This is represented in the figure 3.1.

1
+ °,
Vext BmaVext Vext BmBVext
—0" —0

Figure 3.1: Introducing a second source in the passively terminated Two-Port network

This new model has been restricted to a common node, Node 1, as shown in figure
3.1. The next step in carrying out the mathematical NDF analysis is to work out the
admittance matrix of the network and use it to find values for vy, v3 and v5. equation
2.10 Y(S) x V(S) = I(S) is used for these Return Ratio calculations that can be referred
back to the previous chapter.

13
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Y11 Y12 Y13 Y14 Y15 U1 )
Y21 + Gma + 9mB Y22 Y23 — GmA Y24 Y25 — ImB Uy (5

Y31 Y32 Y33 Y34 Y35 X | v | = | 13 (3.1)
Ya1 — GmA — 9mB Y42 Y43 T ImA Yaa Ya5 T GmB (N i4

Ys1 Ys2 Ys3 Ys4 Yss Us i5

These equations are to be used in two different scenarios. These are as follows.

e Scenario 1: Each current source, i.e. g,,4 and g,,p is excited and set to zero succes-
sively and the NDF calculated is based on the two return ratios obtained from each
step in this two step process.

e Scenario 2: Both the sources are probed by an external stimulus, simultaneously
and the NDF is calculated based on the Return Ratios obtained in one single step.

The aim is to compare the NDF for both the scenarios and see whether there is a
common trend. MACOM has recently implemented the NDF analysis in some of their
simpler non-linear models consisting of single control sources within the FET, however,
further work is required to implement the NDF in their preferred more sophisticated non-
linear Meerkat pHEMT model. The Meerkat model contains FETs that have multiple
control sources and so this thesis work which looks into a double VCCS source model would
help with the implementation process. Currently, it is difficult to determine whether the
order in which the control sources are turned off for Return Ratio calculations play a role
in the overall NDF analysis or not. Since, calculating the NDF based on the Return Ratio
method only takes into account the products of the Return Ratio of each control source,
the order should not matter and this is exactly what will be observed in this thesis.
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Scenario 1

Exciting the first control source, which is represented by the transconductance value g, 4
through an external stimulus and using equation 3.1.

Y11

Y21 + GmB
Y31

Ya1 — ImB
Ys1

Y12 Y13
Y22 Y23
Y32 Y33
Ya2 Y43
Ys2  Ys3

Y14
Y24
Y34
Yaq
Ys4

Y15

Y25 — dmB

Y35

Yas5 + 9mB

Yss

U1
V2
U3
Vg
Us

0
—9ImA-Vext
- 0 (3.2)
ImA-Vext

0

Exchanging the rows and columns, the terms with g,,;, are collected together towards
the top of the matrix, to be later used as a block matrix.

[ Y21 + GmB
Y41 — 9mB
Y1

Y31
Ys1

[ Y21 + GmB
Y41 — 9mB
Y1

Y31
Ys1

Y22 Y23
Ya2 Y43
Y12 Y13

Y32 Y33
Ys2  Ys3

Y24
Ya4
Y14

Y3za
Ysa

Y25 — GmB Y22
Ya5 + 9mB Y42

Y15

Y35
Yss

Y21 + gmB
Ya1 — gmB

where,
A=y +ya + Uss

NDF = (RRy + 1)(RRy + 1)

o gmAA+gmBB+C X

Y12

Y32
Ys2

Y25 — 9mB
Y45 + 9mB

Y15

Y35
Yss

Y3
Ya3
Y13

Y33
Ys3

Y25 — gmB
Yas5 + gmB

Y24
Yaa
Y14

Y34
Ysa

|

U1
V2
U3
Vg
Us

U1
Us
]
U3
Vg

o]

After solving this 2 x 2 matrix, the Return Ratio, RR; is obtained. By solving a
similar matrix equation but this time setting exciting the VCCS with transconductance
gmp and setting g,,4 to zero, Return Ratio, RRs is obtainted. The two results are then
used to calculate the NDF as follows.

—9mA-Vext
ImA-Vext
= 0 (3.3)
0
0

—9mA-Vext
ImA-Vext
- 0 (3.4)
0
0

—GmA-Vext 1 (35)
GmA Vet

gmBD + gmAE + F

gmBB + C

+ Y25

B = yo1 + Ya5 — Ya1 — Y25
C' = yY21Ya3 — YnY2s

D = yaq + Y21 + Yaz + Y3
E =y + ya3 — Ya1 — o3

gmAE + F
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F = y21y43 — Ya1y23

This was the first scenario calculation, where each of the current sources were excited
successively and in the excitation of the second source, the first source was switched off to
zero. The next step is to look at the scenario where both the current sources are probed
by an external voltage source together.
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Scenario 2

The network matrix remains unchanged and is the same as equation 3.1, however, since
both the sources are excited together, the resulting matrix for this scenario can be shown

below.

Y21
Ya1
Y11
Y31
Ys1

Yo3
Ya3
Y12
Y32
Y52

Y21
Ya
Y11

Yos
Yas
Y13
Y33
Y53

Y23
Ya3
Y12

Y22
Ya2
Y14
Y34
Ys4

Yas
Yas
Y13

Y24
Yaq
Y15
Y35
Ys5

X

(%1 _<gmA + gmB)-Uext
U3 (gmA + gmB>‘Uext
X Vs = 0 (36)
(%) 0
V4 0
U1 _(gmA + gmB)-Uemt
U3 = (gmA + gmB)'vemt (37)
Us 0

Solving this 3 x 3 matrix requires the knowledge of solving the inverse of a 3 x 3 matrix
which is learnt off from the Khan Academy tutorials [2].
The following NDF expression is obtained from the calculation.

where,

NDF =

[(gmA + gmB)A + X] X [(gmA + gmp)B + X]

XQ

A= Ya3Y13 — Y12Ya5 — Y11Y4a5 + Ya1913 — Y12Y2s + Y23Y13 — Y21Y13 + Y11Y25
B = —ysiyi2 + y11yaz + Y11Y23 — Y21Y12 + Ya3Y13 — Y12Yas — Y12Y25 + Y23Y13
X = yzl(y43y13 - y12y45) - y23(y4ly13 - 911945) + yzs(y41y12 - y11y43)

The results from both the analysis seems to be quite different and cannot be simplified
to present a common solution. It can therefore not be concluded that the two current
sources excited successively as Struble described in [10] is the same as exiting them to-
gether in one single step. The other thing to note is that the 5 x 5 matrix makes the
whole process much more tedious as there are too many admittance parameters to deal

with.
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3.1 Calculating NDF for a Single Three-Port FET
Model

Since, the results from the five-port network calculations did not match as expected, the
next logical step was to take a closer look at what happens when the behaviour of a simple
single three-port network such that of a FET is observed. The FET is represented
in a small signal model with two dependent current sources that are equal
in magnitude and opposite in direction. The model used to represent the three
port FET can be shown below in figure 3.2. We use a FET in this case as engineers at
MACOM have already implemented the NDF in some of their models using FETS.

+ ©,
Vext BmaVext Vext BmeVext
— N -0
2 2 1 1

Figure 3.2: Three-Port FET model with an additional control source

The calculations are carried out in the same way, as explained in the two previous
scenarios using equation 2.10

Y (S) « V(S) = I(S).

The admittance network can be represented in the equation below.

Y11 — GmB Y12 — mA Y13 T Gma + ImB U1 1
Y21+ 9mB Y22+ GmAa Y23 — GmA —GmB | X | V2 | = | 12 (3.8)
Y31 Y32 Y33 U3 13

For, the first scenario, the two sources are excited one at a time. In this instance, the
control source with transconductance, g,,4 is excited by an external voltage source, V.,
and the other control source works normally. So, the following equation is obtained.

Y11 — GmB Y12 Y13+ ImB (] GmA-Vext
Yo1 +gmB Y22 Y23 —GmB | X | V2 | = | —GmA-Veat (3.9)
Y31 Y32 Y33 U3 0
—v
RR, = 32
Vext

Exchanging coloumns and rows and using the concept of partioned matrix [7], the
following is obtained.
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Y12 Y13 T 9mB  Y1l—gms Vg GmA-Vegt
Y22 Y23 — GmB Y21 T GmB | X | V3 | = | —GmA-Veat (3.10)
Y32 Y33 Y31 (0 0
Y12 Y13 + gmB % V2 | _ { ImA-Vext } (3'11)
Y22 Y23 — GmB U3 —GmA -Vegt

By solving the above equation, RR; is obtained as follows.

_ Gma(Ya3 + Y13 + Yoo + Yi12)
RR, =
Yi2(Y23 — 9mB) — Y22(¥13 + GmB)

In the next step, the control source with transconductance g,,p is excited and the first
control source is set to zero. The equation for this step is as follows.

Y11 Y12 Y13 U1 Gmb-Vext
Yar Y22 Y23 | X | V2 | = | —GmB-Veat (3.12)
Y31 Y32 Y33 U3 0

The Return Ratio for this step, RRs is obtained in the same way as before and the
NDF is calculated as follows.

m + 13 + Y2 +
RR, = g 3(923 Y13 T Y21 yu)
Y11Y23 — Y21Y13

AGm5AB + guaAC + gupBD + DC
NDF = (RRy)(RRy) = JnA0mb 22 2 9z &m0 1

where,

A = yz3 + Y13 + Y22 + Y12

B = ya3 + 413 + Y21 + yn1

C' = y11y23 — Y21¥13

D = y21Y23 — Y129mB — Y22Y13 — Y229mB

Moving on from the results that have been obtained by subsequent excitation and
switching of the control sources, we now look at the Scenario 2 where both the VCCS are
excited together. These calculations are still based on the model shown in figure 3.2 and
the equation still remains the same as equation 3.8.

In order to observe what happens when both the sources are excited together, the
following equation is derived.
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Y11 Y12 Y13 (1 (—Gma + GmB) Vet
Y21 Y22 Y23 X V2 = (gmA - gmB)-Uemt (3-13)
Y31 Y2 Y33 U3 0

This 3 x 3 will have to be solved to obtain the NDF. The final result is as follows

(g2 4+ 62 5)(AB) — 2ABgmagmp + (9ma — 9mp)(AX + BX) + X?

NDF = =

where,

A = —ynysz + Ys2Y23 — Ya1Y12 + Y11Y32 + Y3213 — Y1233 + Y21Y32 — Y3122
B = —ys31(yY23 + 113 + yo2 + y12) + Ys3(y21 + y11) + ys2 (Y22 + y11)

X = yo2(y11y33 — Y13ys1) + vi2(Y2sys1 — Y21Ys3) + ys2 (Y1321 — Y11Y23)

It can be observed, that the NDF results for when both the VCCS are controlled
successively and when they are switched simultaneously, are quite different algebraically.
In order to understand this phenomenon a bit better, we take a closer look at the im-
plementation being carried out in the Microwave Office AWR circuit simulator which is
discussed in greater details in chapter 4.



Chapter 4

Small Signal Implementation in
circuit simulator AWR

Since, we have not been able to conclude a great deal from the mathematical analysis of
the three port FET model, we now look at the small signal implementation to compare
results from the two switching patterns. In order to do this, the current model provided
by Bryan Schwitter from MACOM that uses single control source FETs will need to be
modified to include a second control source. Before the small signal implementation could
be carried out, the existing model has to be verified to see if it is working properly as
expected. It would be unwise to employ the second control source when it has not been
ensured that the circuit model provided by MACOM is working perfectly fine.
Following figure 4.1 is the AWR model provided by MACOM

21
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HeFETs =3
[EasE . . . . . . .
- H : B B - B o PORT. .
swvan
Dy, . . . . . . wn Lo |- 00m
VarNsme="HDF_SWP" -
Vauss-ataopedtt NafETs. 1 .
- " poRT
UneTyge-tione. ot > ( s
- Ze50 Com.
- -
SUBCKT
D -
NETe e
B 4 . 9 S PORT 5
P2
Zseom
. J sueexr
H o s .
soRt = NET lodelOF_Anaipa”
Pei. Rn=RRIN
2250 00m Raut-RRost
N FET3

Figure 4.1: Top Level Ciruit model diagram in AWR (obtained from MACOM)

When we go into the second and third bottom level of this circuit we obtain the

following figure 4.2 and figure 4.3.

. SUBCKT
RRin <=>-a&<_ > RRin ID=S4
NET="PL1512_linear_scalable1"
RRin=RRin
RRout <—=—a— > : : S - RRout=RRout -
RRout FET=FET
. . . . . . . . VGS=-0.35 .
VDS=3.5
UGwW=75

AXIEM_1_Sonnet_0=0

FET<<1 ) . o
PORT
p=1
7-500hm | »
. . S h
PORT )
p=2
7=50 Ohm

Figure 4.2: Second Level Ciruit model diagram in AWR
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NDF SWITCH
FET<et
SWISINDF_SWPs=FET 1.0)
SW2SINDF_SWP=FET,1.0)

BIAE INDEX

VG5 18-6°140.05)1
(VDS*10))

vg_ind <=0, 1,v_ind)
vg_ind1 > 21, 21, wg_ind1)
Vi ng<0,0.vd Ind)
1> 50,50vd_inat) * o
RRin

Bras_Ingai = va_inaz-21+g_ingz

AEM_i_Sonnet ¢
GOP =R

MIM_i0QU_PL 1812 FETJo0EL

D=1
C=COP o

ESCALING AND NOISE

PORT
P=l

=50 ohm

Figure 4.3: Bottom Level Ciruit model diagram in AWR

The following figure 4.4 is the LRC filter circuit which is represented as sub circuit in
the top level AWR circuit model in figure 4.1. This LRC circuit consists of an inductor
(L), a resistor (R) and a capacitor (C), connected in series.

PHASE2
ID=P1
SRLC A=-180 Deg
ID=RLC1 5=0 Deg
R=1 Ohm F=200 GHz
N Z0=50 Ohm
T L=300 pH
C=0.25 pF
P=1
Z=50 Ohm
B 4 1 ’ ‘ = ]
PORT
p=2
Z=50 Ohm

Figure 4.4: Filter circuit as shown in the top Level of AWR circuit model

Since, two transistors are used, there is the need for a switching block to control
the switching pattern of the two transistors. The calculation of Return Ratio requires
subsequent switching on and off of the two transistors. The switching block is included
within each FET and can be shown in figure 4.5.
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....... © .
..... } 3 3 e IO I
..... . i S T N N IR
1 Y 17
SPOT - - 1 SPOT
1D=283 2 2 0. ID=54
STATE=SW1 'SP STATE=SW1
BIT=0 ID=56 BIT=0
............ . STATE=SWZ
ﬁ’j BIT=0
RRout RRin
............ RORT
............ P2
..... Zakg

Figure 4.5: Switching block included within the individual FET
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4.1 Modification of the existing circuit model

The model provided from MACOM was looked at thoroughly and some corrections needed
to be made in the output equations. With the current model provided by MACOM, the
NDF calculations did not seem to work properly. This was checked by simplifying the
model to work with a single transistor first. The single transistor model was used to
calculate the Return Ratio and then that value of Return Ratio was used to calculate the
NDF. Meanwhile an experimental NDF was also calculated using the equations provided
by the MACOM Engineers. It was found that there were some discrepancies between the
two. The NDF equation was measured from the same circuit. The equations are given as
follows.

NDF.34= NDF TEST_-EXAMPLE : S(3,4) (4.1)

RR = —NDF_534/2 (4.2)

NDF = (RR[",1] + 1) * (RR[,2] + 1) = (RR[", 3] + 1) (4.3)
NDF _encirclements = unwrap(angle(NDF), _PI)/(—2 % _PI) (4.4)

Both the equations and the model had to be changed for the NDF calculation to work
properly. The following are the changes that were made to the model.

1. The first change was to ensure that only a single transistor was in operation. To do
this, the two other transistors had to disabled and the number of transistors had to
be changed to 1 to avoid sweeping, since there is no sweeping required.

2. The RR,, port impedance as show in figure 4.1 was causing the the results to
differ as the port impedance of 50 ohm resistor was adding to the overall circuit
impedance. In order to neglect the effect of this port impedance, the impedance
was increased to the order of 1 x 10° ohm.

3. The top level port impedances also hampered the circuit impedance hence was
grounded using resistors. Simple grounding resulted in an error in AWR, so a 1
Ohm resistor was used.

4. Changes in the LRC filter circuit

(a) If we look at the LRC filter circuit as shown in figure 4.4, we will see that a
phase shifter has been used. The phase shifter is only required when more than
two transistors are used. For this purposes, we also disable the phase shifter.



26

Chapter 4. Small Signal Implementation in circuit simulator AWR

(b) Previously, the complex value of impedance, Z, of the filter circuit was read off
as a sub circuit however, it was found that to realise the actual complex value
of the LRC circuit impedance, it was required to measure the impedance, Z,
in isolation of the rest of the circuit by measuring the impedance against one
port and grounding the other.
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Single FET

After the above changes and simplifications had been made to the circuit model the new
Return Ratio was calculated. The modified circuit model can be shown in figure 4.6
and figure 4.7. This calculation of the Return Ratio is done in the method described in
Chapter 3 where the Y, admittance matrix of the transistor model has to be obtained
first.

SUBCKT

aih PORT ID=85
P=5 NET="Filtar
[NBF SWP =0 ] Z=50 Ghm
Do =l

SUBCKT

ID=54
SWPVAR NET="Fiter"
D=SWP1 + . - SR |
Varhame="NDF_SWP o a0 . .
Values=stepped(1 NoFETs, 1) =t 2,
UnitType=Hone
Xe PR £
=t

SUBCKT -
ID=81
MET="Model_NDF: Analysis™
RRin=RRin
RRout=RRout
FET=1

Figure 4.6: Modified circuit model
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1 SPRL
10=54

| STATE=SW1
BIT=0

. .\2 1| A
SPOT 30 1|
[ —— N
STATE=SW1

BIT=0" | |

TYPE=current source

EQN="gm*V1"
| ogm=0043 . . .

Figure 4.7: Modified circuit model

The admittance matrix of the model shown in figure 4.6 is obtained as shown below.

Y +Y; Y U1 i1
X = . 4.5
{—Y%—gm Y+YL:| |:U2:| |:22:| ( )
By probing the control source having transconductance g,, with an external source,
the following is obtained.

Y+Y, -Y v | 0
{ Y Y4y ] . [ v ] - [ G ] (4.6)
From the above matrix shown in equation 4.6, the following simplifications were made

(Y—FY})Ul —YUQ =0

_le + (Y + YL)UQ = —9mUext-

Solving these two equations, the Return Ratio and the NDF can be calculated as
follows.

Ur _ng
RR = — = .
Vet (Y + YL)<Y + YVI) -Y?
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Assuming, ¢g,, = —1 and Z; = Z; = 50, the following is obtained

Y
Y+ 5V +5) -V

Next, the whole equation is expressed in terms of impedance, Z

RR =

Z
1+5) -1
Hence,
Z
NDF=RR+1= ——5——+1. (4.7)
(1+&7) -1

The above equation 4.7 was used to measure the NDF value and compare it to the
quantity measured. The point to be noted here is that the equation 4.7 is calculated
using the transconductance value, g,, to be negative unity so it is expected the NDF
measurement and the calculations will only match and overlap when g, is -1. NDF is a
complex quantity so it is necessary to analyse both the magnitude and the angle plots
separately. The results obtained are as follows.

Mag of NDF measured vs Mag of NDF calculated using RR
30
4~ |Eqn(NDF)|
o5 NDF
Jran “ [Eqn(RR_2)|
20 7 AN NDF.$FPRJ
4 \
15 / \
d
10 \
/ \
5 A \,
A N
o F—BE— sl TB—
.0001 .01 1 100 10000
Frequency (GHz)

Figure 4.8: Magnitude of NDF versus Magnitude of NDF calculated using equation 4.7
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Ang of NDF measured vs Ang of NDF calculated using RR
200
1
TE -2~ Ang(Eqn(NDF)) (Deg)
\‘\& NDF

100 AN -+ Ang(Eqn(RR_Z)) (Deg)

‘5\\ NDF.$FPRJ

\a
0 B
-100 \E\
AW
Ml\\\
~.
-200
.0001 .01 1 100 10000
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Figure 4.9: Angle of NDF versus Angle of NDF calculated using equation 4.7

It can be observed in figure 4.8 and figure 4.9 that the two plots, one of NDF mea-
surement and the other of NDF calculation are perfectly overlapping on each other, which
proves that the NDF measurement from the new modified circuit model is working cor-
rectly. The encirlements of the complex quantity of NDF can be represented in the form
of a trajectory swept over an angular frequency, w of —oo to +00 which can be shown as
in figure 4.10.
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NDF_Polar < Eqn(NDF)
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Figure 4.10: NDF Encirclements around the origin representing zeroes on the RHP
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Figure 4.11: The number of encirclements around the origin

The figure 4.11 represents the number of encirclements of the Normalised Determinant
Function around the origin. It can be seen that it has not quite reached the 1 mark yet
meaning the circuit is still stable. So, in order to increase the number of encirclements
and observe the instability behaviour, the transconductance, g,, has to be changed. The
results are discussed in the following chapter.
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Two FETSs

Now that it has been proved that the NDF measurement of the circuit model is working
correctly with a single transistor, a second transistor can be introduced. A positive
feedback is required in order to introduce oscillations in the circuit model for
testing purposes. Mathematically, positive feedback is defined as a positive loop gain
around a closed loop. That is, positive feedback is in phase with the input so it works
to make the input larger and larger. A single FET inverts the input and so to be in
phase with the input another FET needs to be added to the circuit to keep the feedback
in phase with the input. So, the two transistors used can either be positive or both
negative. The initial model had three transistors which required a phase shifter in the
LRC filter circuit as the FETs invert thrice and eventually is out of phase with the input.
However, for the purposes of this experiment, a double FET model is used. Since two
FETs are used, a phase shifter is no longer required to maintain positive feedback. The
double FET model is shown in figure 4.12.

Figure 4.12: The modified circuit model to include a second FET
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The number of encirclements i.e zeroes on the RHP can be increased in a number of
ways. One way of increasing the number of zeroes is by introducing a second filter (LRC)
circuit in the circuit model. A single LRC circuit can only provide a single encirclement
of 180 ° from -90 ° to 490 ° degree whearas two FETs produce two encirclements of

180 © each. This can be represented in figure 4.13

PORT

P=4
B RRin <> /J 7=50.0hm
NoFETs =2 = S SIECHE

. . PORT . - . ID-55 - L
RRout <> \/] it NET="Fier"

P=5
DF_SWP = .
LT Z=5000000 Ohm =50 Ohm
} @ ‘s

- ID=84
NET="Filter"

SWPVAR
1D=SWP1

VarName="NDF_SWP"
Values=stepped{1 NoFETSs, 1)
UnifType=None
%o ... xm
i : . 1D=56
NET="Filar"
RES
ID=R2 * <
R=10hm >
<
o .
PORT
P=1 oL
2=50 Ohm =
S
_T SUBCKT
ID=82
= NET="Model_NDF_Analysis"
RES - RRin=RRin
ID=R1 < ——  suBckT RRout=RRout
R=10nm > = D=1 FET=2
< NET="Model_NDF_Analysis"

RRin=RRin

RRout=RRout
FET=1

Figure 4.13: The modified circuit model to include a second LRC filter circuit

This can be observed when the value of transconductance, g,, is tuned to see two clear
encirclements on both the polar trajectory and the encirclement plot. This can be shown

in figure 4.14 and figure 4.15.
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Figure 4.14: NDF Encirclement trajectoryFigure 4.15: Number of encirclements and
on a polar plot when g, = 0.12 zeroes on the RHP when g, = 0.12
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4.2 Implementation of the two control sources in the
switching model

The next step in the thesis is to implement the two control sources within the modified
Two FET model as described in the previous section. A part of the solution to the bigger
problem of providing a general solution to arbritrary circuits and implementing the NDF
stability analysis in the Meerkat pHEMT problem is to observe and compare the result
of when there are multiple control sources within a transistor and what the Return Ratio
calculation alogorithm looks like.

To observe this behaviour, this thesis looks at different switching models for when
there are two control sources. It is assumed that the NDF calculation carried out by the
subsequent excitation and switching of the two control sources yield similar results to when
the two control sources are excited together. This is because the NDF calculation depends
on the products of the Return Ratios so the order in which the excitation and switching
occurs should not matter. This will be proven through this part of the experiment.

The two different switching models are shown below in figure 4.16 and figure 4.17.

¢ 2 ] o
3 3 )
y 9 ¢ ——a
1 AN {/
S <Q) - AN - 1
RN 2 2 0" -
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[0 - et
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= o 9 e
= SOV pnvees =
f(¢_\¢; O jpavez PORT
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cap + : o ID=VE3
e V1 £07{ |} V0 TYPE=current source ~ |CAP -
=002 pF T o D

4 9 gm=0.003
=3

Figure 4.16: Two FET two control source FET model with a shared switching block

€=0.083 pF
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25008

Figure 4.17: Two FET two control source model with individual switching blocks

In the first model represented by figure 4.16, it can be observed that there is only
one switching network for both the sources which means that the two control sources get
excited together and the NDF measurement is carried out.This circuit model follows the
same hierarchial structure as the model provided by MACOM where at the top level, two
FETs can be seen and at the bottom most level, the control sources can be seen.

On the contrary, figure 4.17 represents a new hierarchial model where on the top level,
the two FETS can be observed in terms of the two control sources. The two control sources
are denoted by two black boxes for each FET totalling to 4 control sources altogether. The
two control source model each have their own switching network and this can be observed
when looked at the bottom most hierarchy level. Each control source is represented using
a black box so going into the subcircuit, the gate-drain and the gate-source connections
of the FET can be seen. This can be shown in figure 4.18 and figure 4.19.
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Figure 4.19: Control source with gate-source connections

The values used to define the transconductances, g,, on each gate-drain and gate-
source connections and the capacitance values are that of a linear FET model obtained
from MACOM by S parameter measurements of a pHEMT. It describes the behaviour
of the intrinsic device channel i.e. how the semiconductor behaves, separated from the
devices metalisation. The values are measured over a frequency range of 50MHz to 50
GH but do not vary much with frequency. The values used are that of frequency 10 GHz.
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The results obtained from these circuit models will be analysed and compared in
chapter 5.



Chapter 5

Comparison of analysis approach

It is important to understand the different circuit models used in this thesis to draw up
a comparison analysis. This comparison analysis will help understand the underlying
differences in adding additional FETs and voltage controlled current sources and how it
affects the polar trajectory and encirclement plots and hence the stability of the circuit
as shown in figure 4.10 and figure 4.11. The models used are defined as follows.

1. Single FET model with single control source
2. Two FET model with single control source
3. Two FET model with double control source

(a) Double control source model controlled and excited together (one shared switch-
ing network)

(b) Double control source model with individual switching network

The results, i.e. the polar trajectory plot and the encirclement plot by sweeping w
from 0 to —oo from both the single and double FET model each with single control sources
can be compared to see if there are any similarities or notable differences in the number
of zeroes on the RHP and stability.
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5.1 Results for Single FET single source

The following are graphs of varying transconductance, g,, values of the voltage controlled

current source. These graphs represent values g, = —0.05 and g,, = 0.042.
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5.2 Results for Two FETs single source

Now, the behaviour of the Two FET model can be observed using the same values of
transconductance, g,, as used for the single FET model. The following represents graphs
when g,, = —0.05 and g, = 0.042. These values were chosen with the use of a tuning
tool to display clear encirclement plots.
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With the help of a tuning tool in AWR, it is observed in the case of a single FET,
the lower the transconductance value, below -0.05, the higher the encirclements, i.e the
zeroes on the RHP starting from one. At a value greater than -0.05, a single FET has no
encirclement. A clear encirclement can only be observed when the value of g, <-0.05.
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With the aid of the same tuning tool, it is observed that using two FETSs the polar
trajectory is slightly different. One encirclement is achieved by the Two FET model when
the transconductance value is when -0.09 <g,, <-0.05, making the model unstable only
in that range of g,,.
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5.3 Results for Two FET, Two Control Source Model

This section can be divided to look into the two different models.

Double control source model containing a single switching network

This particular model makes use of two FETs, each having two VCCS that share a single
switching network. This switching network is used to excite the two FET's simultaneously.
The aim of the thesis is to look at the concept of multiple control sources as a novel area
of research and provide with mathematical and practical evidence to confirm that the
order in which the control sources are excited and the Return Ratios calculated have
no effect on the final NDF calculation and stability. It is expected that the model with
a shared switching network will yield a similar result to when the sources are controlled
individually. The first model developed as represented in figure 4.16 produces the following
encirclement graphs. The output equations to get to these results are very similar to the
equation 4.1, 4.2, 4.3 and 4.4 and had to be modified slightly to reflect the number of
FETs to achieve the encirclement plots shown in figure 5.9 and figure 5.10.

This method allows for the Return Ratios and in turn the NDF to be calculated
in one single step by providing an external stimulus to both the sources at the same
time, instead of calculating it in two successive steps as is in the case of using individual
switching networks for the control sources.
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Double control source model with individual switching network

The circuit model used to realise the individual switching network is represented in figure
4.17. This model allows for successive excitation and switching of the control sources.
In short, the two control sources are individually controlled and the NDF
obtained using this model is calculated in two steps through working out the
Return Ratio. The first Return Ratio is obtained by providing an external
stimulus to one source and allowing the other to work normally. And in the
next step, the second source is excited with the first source switched off.
The following are the NDF analysis graphs obtained for the above described model.
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Figure 5.11: Polar trajectory plot by sweeping w from 0 to —oo
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Figure 5.12: NDF encirclement plot by sweeping w from 0 to -oo

If the results from the two models are compared we can see that both produce very
similar results. The NDF polar trajectory obtained by sweeping w from 0 to -oc is slightly
different for the two models but the number of encirclements and hence the number of
zeroes in RHP obtained is the exact same since encirclements are only counted in whole
numbers.

Thus, it can be concluded that the NDF analysis results obtained for any two con-
trol sources are the same whether the NDF measurement is carried out by subsequent
excitation of the control sources or whether it is simultaneously probed with an external
stimulus. This information is vital for determining the stability of any network containing
multiple control sources.

5.4 Further Three FET model implementation

This thesis could be extended to a three FET model to match the initial model obtained
from MACOM. Since, the foundation has already been established previously, this imple-
mentation is quite straightforward. A single FET is added to the existing model and the
output equations for the NDF analysis has to be modified a bit to take into account the
third FET. The following figure 5.13 represents the model.
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Next, the NDF analysis can be carried out on this model and the NDF polar trajectory
and the encirclement plots observed. The following figure 5.14 and figure 5.15 represents

this NDF analysis plots.
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Figure 5.15: NDF encirclement plot by sweeping w from 0 to -0

It can be observed that a three FET model yields a very similar result to a single FET
and Two-FET model. Adding additional FETs to the model does not seem to vary the
results greatly.
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Conclusion

This thesis is focussed on a very specialised area of interest for Macquarie University’s
industry partner MACOM Technology Solutions. For decades design engineers have relied
on using the Linvill and Rollett (B and K) stability criteria to ensure stability of their
circuits, however, both the B and K criteria have limitations. Recently, Struble [11] started
working on a robust stability test called Normalised Determinant Function. Struble’s
work provided the foundation for this thesis however, this thesis was tailored to suit the
implementation needs of MACOM.

MACOM have recently applied NDF in some simple linear models, however, some
problems remain with the implementation of this useful feature in the more sophisticated
and preferred non-linear model, Meerkat pHEMT model. One of the problems that arises
with the implementation of the NDF in the Meerkat pHEMT model is that the model
consists of multiple control sources in one single pHEMT and the study by Struble only
looks at single control source transistors. This thesis is an extension to Struble’s work
and looks further into what the implications are in having multiple control sources and
how it changes the NDF algorithm both algebraically and practically.

At the end of the thesis, it can be concluded that there is mathematical and practical
evidence to prove that NDF can be implemented in the Meerkat PHEMPT model where
each pHEMT has multiple control sources. This thesis will provide the foundation to im-
plementing the NDF in arbritrary circuits and providing an overall solution to implement
the NDF as a circuit stability test.

Future Recommendations

It is recommended that the work in this thesis is carried to the next step in developing
an overall solution to implementing the Normalised Determinant Function as an integral
circuit stability test within the design process of amplifiers, etc. This can be achieved by
looking at more realistic transistor models that are part of a bigger and more complex
network containing lumped elements. The NDF algorithm will then have to be observed
and analysed as to how realistic transistors behave and interact with other circuit ele-
ments. It is also necessary to extend this work to represent the number of control sources
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within the Meerkat pHEMT model that is of interest to MACOM. This thesis only looks
into the case of having two dependent sources within each FET whereas, the Meerkat
model uses multiple sources. The results yielded from the different switching patterns of
the sources will also have to be observed and taken into consideration when developong
the overall general circuit stability.
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Abbreviations

NDF Normalised Determinant Function

RHP Right Hand Plane

FET Field Effect Transistor

pHEMT pseudomorphic High Electron Mobility Transistor
PDK Process Design Kit

VCCS Voltage Controlled Current Source

o1
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Appendix A

Project Attendance Form

This appendix contains the consultation meetings attendance form as required by the
department.Both the supervisor and the student had to sign off the consultation meetings
form for the official record of the meetings.
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Appendix B

Related Paper

A Rigorous Yet Simple Method For Determining
Stability of Linear N-Port Networks

Wayne Struble and Aryeh Platzker

Raytheon Research Division
131 Spring Street, Lexington, Massachusetts 02173

Abstract - Most GaAs MMIC designers use the well-known
Linvill or Rollett [1-3] stability criteria (C or K) to determine
the stability of linear two-port networks. These criteria have
misled the circuit design community in that they only apply to
linear two-port networks that are stable to begin with, In a
paper by Platzker et al. [4], it was shown that these criteria are
not rigorous because they only apply to linear networks with no
poles in the right lmlf lane (RHP). Thus a separate test is
required to determine if the network contains any poles in the
RHP bejore the Linvill or Rollett stability criteria can be
applied. Platzker [4] describes a mathematically rigorous test
based on contour plotting of a normalized determinant
function for ascertaining the stability of linear networks. The
intent of this paper is to describe a technique for easily
calculating this determinant function using Return Ratios. It
will be shown that an elegant yet simple relationship exists
between the Return Ratios of each dependent source in a linear
network and Platzker's normalized determinant function.
Using this relationship, the stability (or instability) of linear N-
port networks containing any number of active devices can
easily be determined using commercially available circuit
simulators. An example will be shown where this new
technique correctly predicts instability in a GaAs MMIC power
amplifier.

INTRODUCTION

Platzker's [4] normalized determinant function (NDF) is
shown below:

NDF = 3& (1)

where A represents the full network determinant (including all
port terminations) and Agn represents the resulting passive
network determinant when all N dependent sources (i.e.
voltage controlled or current controiled sources) are set equal
to zero. This is similar to Bode's [5] definition of the Return
Difference A / Ay for a single dependent source, where A9
represents the network determinant when the dependem source
is set to zero, Note that any linear network parameters such as
Y, Z, H etc. can be used to calculate the above determinants.

To determine stability, one would calculate the complex

quantity NDF of a given network along the frequency axis w
from + < to - = and plot its locus in the complex plane. If the
locus of the NDF encircles the origin (,0) in a
counterclockwise direction, the determinant A contains zeroes
in the RHP, The number of encirclements is equal to the
number of zeroes in the RHP. From Routh [6] and Bode [5], if
the determinant of a linear network contains any zeroes in the

U-7803-1393-34353.00 <[99 IEEE

RHP, including the frequency axis w, the network will be
unstable, otherwise the network is stable.

To most simply calculate the NDF, one can eliminate a
number of nodes in the network by reducing it to a parallel
connection of a passive and an active m-nodes where,
depending on the nature of the dependent sources, m can be as
large as four times and as small as twice the number of
dependent sources. The network cannot be reduced further
than this due to the possibility of introducing zeroes in the RHP
of Agn. This can result in pole-zero cancellation in the NDF,
and thus its locus may not encircle the origin (0,0) even when
A contains zeroes in the RHP.

In networks with more than five dependent sources, direct
calculation of the NDF becomes difficult using commercially
available circuit simulators. This is due to the limitation in the
sizes of matrices that can be saved by the simulators for
external calculations. LIBRATM, for example, can save up to
20 port S parameter matrices. Calculation of the NDF inside
the circuit simulator program is desirable since it allows
stability sensitivity analysis or optimization of the network. To
this end, we have derived an alternative way of easily
calculating the NDF within the simulator using the concept of
Return Ratios.

THE METHOD

The concept of Return Ratio (RR) was first presented by
Bode [5] and is defined as the Return Difference minus one or,

A
RR=2 -1 2
Ao @

where A and Ap have been previously defined. The Retumn
Ratio has been used extensively by Maclean [7] to determine
stability and assess stability margins of feedback amplifiers.
For a network with a single dependent source, the Return Ratio
is equivalent to the NDF and can be used as a rigorous check
for stability. In this case,

NDF:E%];R.R,*I 3

If the network oontams more than one dependent source, Ag
may contain zeroes in the RHP due to other dependent sources,
and a single Return Ratio calculation is not sufficient for a
rigorous assessment of stability. However, the concept can be
extended to networks with N dependent sources by
rearranging the previous equation into the form,
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A=(RRy+1)40 )
and realizing that,
Aoy ={(RRz + 1) &gz (5)

where RR; is the Return Ratio of a second dependent source in
the network with the first dependent source set to zero. By
substituting (5) into equation (4), one can easily see that:

A=(RRq + 1)(RR3 + 1) Agy (6)
By continuous substitution,
A=(RR; + I)(RRz + INRR3 + I)..(RRy + Aoy (7
and finally,

ﬁ:(mz, + )RR, + D(RR3 + 1)--(RRy + 1) (8)

which is by definition equal to the normalized determinant
function NDF equation (1). For a given network, the

t source Return Ratios may be calculated in any order
provided that each successive Return Ratio RR; (i=2-N) is
calculated with all previous dependent sources set to zero. This
technique for calculating the NDF can be easily implemented
directly inside a circuit simulator such as LIBRATM,

RETURN RATIO CALCULATIONS

The final ingredient necessary to implement our stability
method is to calculate the Return Ratio of an arbitrary
dependent source embedded in a given linear N-port network.,
This calculation can be easily accomplished by replacing the
dependent source, which is controlled by an intemal voltage or
current, by an identical source that is controlled by an external
voltage or current.

As an example, consider a passively terminated linear N-
port network with an embedded dependent source as shown in
figure 1 and an identical network where the source is controlled
by an external voltage v.y; as shown in figure 2. In this
example, the dependent source chosen is a voltage controlled
current source. We will show that the Return Ratio of this
dependent source is given by:

PBN-931-1850a
Port 1 1 2 Port N
o,
Vi3 ‘ Em*V13
—o
3 4

Fig, 1. Passively terminated N-port linear network with an
embedded voltage controlled current source.
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Equation (9) represents a simple voltage gain calculation and
can be performed within any commercial circuit simulator.

To prove equation (9), we start with equation (2) and use
the Y parameters of the network shown in figure 1, The Y
matrix of the network shown in figure 1 is given by,

Yi1 Yiz Yia Yia Yin
¥2178Bm Y22 Y237 Zm Y YN

¥an ¥aa Y ¥4 ¥in a0
Y41~ Bm Ya2 Y3t 8m Yaa Yin

Yri ¥ne ¥na ¥na Y

where the first four rows and columns of the matrix represent
the four internal nodes (1-4) of the network where the voltage
controlled current source is connected. After exchanging rows
and columns, the Y matrix can be partitioned as follows,

Y21 Bm¥23 = Bm Y22 Ya4 ¥on
Y~ BuVYaz* Bm  Yaz Va4 I £
¥n Yis ¥i2 Y4 YiN an
¥an ¥33 ¥a2 Y34 Yan
Y ¥us ¥nz ¥4 YNN
or,
|YJ=[ég 12)

Using a matrix determinant identity [8], we have,

—tAB | _|a_mn-i]).
|Y‘-rCD =|A-BD'C|-|D| (13)
and,
Ay B _
|Yo|=| & |=er‘BD 'c|-|p| (14)
PBN-33-15' (b
N
Vext CXL
Port 1 1 2 Port N
—o
+
Vi3 EBmVext
—0"
3 4

Fig. 2. Passively terminated N-port linear network of figure 1
where the current source is controlled by an external
voltage vex; instead of vy3.
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where Ag represents the sub matrix A with g, set equal to zero.
Since the sub matrix D in equations (13} and (14) is the same,
the Return Ratio A / Ag - 1 becomes:

1Y} |A-BD"'C|
=l =27 15

1Yo | Ag~BDIC| 13
If we make the following substitutions,

bybp
by by

]=BD“C (162) A=

a5 33 Bm “Bm
a2+ 5 en] aew

the Return Ratio is given by:

_Em{lan-b wHags —bolHag, — by J+ag, ~bal}
KR (211 —b11Xaz - baHay, — byolay, —byy) an

Now, starting from the modified network shown in figure 2, the
Y matrix equation is given by:

Yir ¥z Yia Yia Yin|[v1 ] 0
Y21 Y22 Y23 ¥2¢ 0 YN || V2| [~BaVem
¥31 Y32 ¥Yaa ¥as Yan || Va|_ 0
= (18)
Ya1 Ya2 Yaz Yas Yan || Ya Bm Vext
¥YN1 YNz Y3 Yra Yun || VN 0

After exchanging rows and columns, the matrix can be
partitioned as follows,

Yan V1 B Vext
Ya1 "y'“fhf © Yan :: B Vext
SERTSAIIEN (bl B I
¥ Y;:a.)’Nz YNa ¥ |V 0
or,
Vi “Bm Vext
1’3 gm;)vexl_
eslle @)
wl | o

Note that the partitioned Y matrix in equation (19) is the same
as in equation (11) where gm is set to zero. Using standard
matrix techniques, (20) can be reduced 1o,

[A(rBD"C]| :ﬂ= o Vou ['11 ] o)

and solving for v, and v3 gives:

v, = “Bm Vext {[3.12 -b 12]*[“22 — bn]} (22)
P {agy = bygMaz — DaoHap — bifay —by)
B Vem ({311 —b1a)¥(2p; ~2y)} 23)

Vp =
37 (a5 - b3z = DrHap — bigfay —bay)
Subtracting (23) from (22) and dividing by vy results in,
Vi3 _ Bm{la;, -b (B2 = b8y = bay)Haz, — by}
Vext (811~ b11Xax —bpoHayp —biokaz —ba)
which is equal to equation (17), thus finishing the proof of

equation (9). Similar proofs have been done for other
dependent sources and the results are presented in Table 1.

(24)

lo, 2
vi3 eV 3 => OleVgy =%.::

30" 4

1 2
i3 Y B-ij3 => Pien RR=¥
ext

3 4

1 2

i ij3=> y-i 2

13 ' Y-113 Y- lext R.['l=-xl—e—12
xt

4

lo, 2
V13 B.viz=>D-vey R.R=—_v::

307 4

Table 1.  List of dependent sources and their Return Ratio
equivalents. Column 2 gives the formula to
calculate the Return Ratio of each source from the
Return Ratio equivalent.

EXAMPLE OF A MMIC APPLICATION

The utility of our method for predicting oscillations in
microwave circuits is demonstrated using a two-stage GaAs
MMIC amplifier as an example. The layout of the two-stage
amplifier is shown in figure 3. Topologically, the amplifier is
composed of a parallel connection of two identical two-stage
cascades with additional input and output reactively matched
sections. Figure 4 shows the corresponding locus of the NDF
contour for the two-stage GaAs amplifier. Our method predicts
oscillations since the locus of the NDF encircles the origin
(0,0) twice. The amplifier was designed and processed Frimm
the utilization of this method. It was judged to be stable since
its stability factor K from input to output was greater than 1
and the determinant of its two-port S parameters was less than
1 in magnitude at all frequencies as shown in figure 5. The
fabricated circuit however exhibits very strong oscillations
between 8 and 9 GHz and cannot be used as an amplifier at all.
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PBN-93-15501

Fig. 3. Layout of a two-stage GaAs MMIC power amplifier.
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Fig. 4. a} Locus of the normalized determinant function
showing instability (two encirclements) for a two-
stage GaAs MMIC power amplifier.

b) Expanded view of figure 4a (zoom region).
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Fig. 5. Plot of K factor and the determinant of S for a
two-stage GaAs MMIC power amplifier showing
an incorrect prediction of stability.

PROPERTIES OF THE NDF

For physically realizable networks, the locus of the NDF
over negative frequencies will be a mirror image of the locus
over positive frequencies. This means that it will be
continuous at both zero frequency and at positive and negative
infinite frequencies. Another property of the NDF when
applied to physically realizable networks, is that the value of
the NDF will always approach (1,0) in value at infinite
frequencies. This property is used to determine how high in
frequency one must calculate the NDF to guarantec that all
possible encirclements of the origin (0,0) have been found.
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