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Directores de Tesis
Fernando Silveira . . . . . . . . . . . . . . Universidad de la República, Uruguay
Sylvain Bourdel . . . . . . . . . . . . Instituto Politécnico de Grenoble, Francia
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Resumen

Los avances en las comunicaciones celulares y su difundido uso han impulsado a los
fabricantes de transceptores de radiofrecuencia a integrar sus productos y a disminuir
el número de componentes fuera del chip. Además, la proliferación de diferentes
estándares para sistemas de radiofrecuencia motiva la realización de diseños flexibles
en los que un mismo circuito puede ser utilizado para diferentes esquemas de comuni-
cación. En este contexto, los inductores activos constituyen una herramienta atractiva
para la configuración del hardware en tiempo real.

Un inductor activo es un circuito sin inductores cuya impedancia vista de pequeña
señal, en uno de sus puertos, es inductiva. Generalmente ocupa mucho menos área que
su equivalente pasivo y ofrece posibilidad de sintonización. Las principales desventajas
son el rango lineal limitado, el consumo de enerǵıa adicional y el ruido generado por
el circuito.

En esta tesis los resonadores activos –construidos con inductores activos– son pre-
sentados en varios niveles. Partiendo de la motivación, la necesidad del girador como
núcleo del resonador activo se convierte en algo natural. A partir de una definición gen-
eralizada del girador, pasando por el concepto de resonador activo ideal, este trabajo
desarrolla el modelo de resonador activo perfecto como un primer paso, que incorpora
la conductancia de salida de los transconductores, y un modelo de resonador activo
completo como una aproximación más precisa que también tiene en cuenta los efectos
capacitivos de entrada-salida de los dispositivos.

En el desarrollo del modelo se introdujeron definiciones clave y se obtuvieron al-
gunos resultados novedosos. Este trabajo propone un factor de calidad del girador y
muestra su relevancia en los diseños de resonadores activos (AR); limita, bajo cier-
tos supuestos, el máximo factor de calidad que el resonador activo puede alcanzar.
También se analizan las relaciones de compromiso entre el ruido, la linealidad y el
consumo de enerǵıa, y se contrastan con simulaciones.

El modelo de resonador activo perfecto ha demostrado ser muy potente para
diseñar, analizar y comparar cualitativamente arquitecturas de resonadores activos,
mientras que el modelo más completo brinda resultados precisos para realizar análisis
computacional.

Por último, una de las arquitecturas estándar se probó en un diseño global de un
amplificador de bajo ruido (LNA), colocándolo como etapa de entrada, proporcionando
una red de adaptación sintonizable. Se demostró que los resultados del modelo siguen
siendo válidos en este diseño completo que incorpora el transistor del LNA y las fuentes
de corriente reales.
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Abstract

The progress in cellular communications and its spread applications have propelled
manufacturers of transceivers to integrate their products and decrease the number of
off-chip components. Also, the proliferation of different standards of radio frequency
systems motivates flexible designs in which the same circuit could be suitable for dif-
ferent communication schemes. In this context, active inductors become an attractive
tool for real-time hardware customization.

An active inductor is an inductorless circuit whose small signal impedance, at
one of its ports, is inductive. Generally, it occupies much less area than its passive
counterpart, and offers tunability. The principal disadvantages are the limited linear
range, the additional power consumption and the noise generated by the circuit.

In this thesis, active resonators—built with active inductors—were presented in
several levels. Starting from the motivation, the need of the gyrator as the active
resonator core becomes natural. From a generalized gyrator definition, passing through
the ideal active resonator concept, this work develops the perfect active resonator model
as a first step model which incorporates the output conductance of transconductors,
and a complete active resonator model as a more accurate approach which also takes
into account the input-output capacitive effects of the devices.

In the model development, key definitions were introduced, and some novel results
were achieved. This work proposes a gyrator quality factor and proves its relevance in
the active resonator (AR) designs; it limits, under certain assumptions, the maximum
active resonator quality factor that can be achieved. The trade-offs between noise,
linearity and power consumption are also analysed and contrasted with simulations.

The perfect active resonator model proved to be very powerful to design, analyse
and compare qualitatively active resonator architectures, while the more complete
model gives accurately results when performing computational analysis.

Finally, one of the standard architectures was proven in an overall design of a low
noise amplifier (LNA) as its input stage, providing a tunable matching network. It is
shown that the model results are still valid in this complete design that incorporates
the LNA core transistor and real current sources.
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Chapter 1

Introduction

The motivation of this work was to explore the active inductors in the context of the
possibilities offered by new technologies, as the nanometre scale fully depleted silicon
on insulator (FD-SOI).

The progress in cellular communications and its spread applications have propelled
manufacturers of transceivers to integrate their products and decrease the number of
off-chip components [1]. Also, the proliferation of different standards of radio fre-
quency systems motivates flexible designs in which the same circuit could be suitable
for different communication schemes. In this context, active inductors become an
attractive tool for real-time hardware customization.

Active inductors could be placed at different stages of radio frequency systems.
Most common applications are in tunable matching networks, as shown by Ma and
Hu [2], Saberkari et al. [3] for low noise amplifiers (LNA) and Saberkari et al. [1] for
power amplifiers (PA), and in tunable band-pass filters, used by Mehra et al. [4]. The
example case in this work focused the design on a matching network as the input stage
of an LNA.

An active inductor is an inductorless circuit whose small signal impedance, at
one of its ports, is inductive. Generally, it occupies much less area than its passive
counterpart, and offers tunability [5]. The principal disadvantages are the limited
linear range, the additional power consumption and the noise generated by the circuit
[6].

To achieve an inductive behaviour it is required some kind of memory, i.e. the
current through the inductor (as happens with its passive counterpart). To get an
analogue memory, it is needed a capacitor, so the current through the simulated in-
ductor must be converted to the voltage at the capacitor terminals. Analogous, the
capacitor voltage must be converted to a current at the simulated inductor terminals.
The circuit that performs these operations is called a gyrator, was proposed by Telle-
gen [7] and is presented in Chapter 2. This approach, the understanding of the active
inductor as a capacitor loaded gyrator, used here, is the traditional one and is also
used by Belmas [8], Szczepkowski [9], Szczepkowski and Farrell [10, 11], Kaunisto [12]
and Shin and Bult [13] among others.

However, there are other approaches to analyse an active inductor like see it as an
amplifier with feedback network as used by Van Vliet et al. [14] and Leuzzi et al. [15],
or those that see it as a particular Gm-C filter like Kuhn et al. [16] and Efthivoulidis
et al. [17].

This work will use the gyrator as a two-port network (also called quadripole) with
its mathematical definition, as is used by Szczepkowski [9] and Kaunisto [12]. The



Chapter 1. Introduction

former is focused on oscillators while the other does it on filters. Although Kaunisto
[12] does a very deep analysis of noise, linearity and dynamic range, giving very in-
teresting results, it doesn’t provide a practical model to apply directly over a given
architecture. Their work was focused on the comparison between active resonators
and negative resistance filters. On the other side, Szczepkowski [9] propose the phase
addition to the transconductors input, but focused his work on oscillators.

In contrast to those works, this one will focus on developing a practical model
that will lead to explore and characterize new architectures, and shows the principal
constraints of the design. The study will focus on active resonators, built with active
inductors. Although the architectures of active inductors and active resonators are
quite the same, the analysis of the former is over a frequency range in which the
behaviour is inductive, while the latter (i.e. the one carried out in this work) is focused
on the resonance frequency region.

This work is organized as follows: Chapter 2 analyses the gyrator concept and
shows the operation of an active resonator; Chapter 3 develops the perfect active
resonator model (PAR model) including basic trade-offs between noise, linearity and
power consumption; Chapter 4 analyses the PAR model through simulations, applies
it to two standard implementations of active inductors in MOS technology, proposes
a more complete model and derives two new active resonator architectures; Chapter
5 uses one of the classic implementations of active inductors as a tunable matching
network placed at the input of an LNA, with the aim to show an interesting result of
the PAR model; finally, Chapter 6 concludes the thesis and raises future works.

2



Chapter 2

Ideal Active Resonator

This chapter presents the fundamentals of gyrators as the core of active resonators.

2.1 Tellegen’s gyrator
The gyrator is a network element defined by Bernard D. H. Tellegen in 1948 that
“completes the system of network elements” [7]. He was trying to answer the question
“Besides the four known network elements are other, similar elements, conceivable?”.
Based the analysis in the following properties of the 2n-poles networks:

• the relation between voltages and currents is formed by a system of ordinary
linear differential equations;

• the differential equations have constant coefficients;

• the 2n-pole is passive (i.e., it can deliver no energy);

• the 2n-pole satisfy the reciprocity relation (i.e., for the 2-pole case, the admit-
tance matrix is symmetric);

Tellegen figured out that any two-pole and four-pole possessing these four properties
can be realized by a network composed of the four known elements (resistor, capacitor,
inductor and transformer).

To extend the possibilities, Tellegen dropped the fourth property and proposed the
ideal gyrator as the fifth network element, with the symbol shown in Figure 2.1a and

r

+

−

v1

+

−

v2

i1 i2

(a) Gyrator representation.

r

Zl

Zv = r2

Zl

(b) Gyrator of impedance.

Figure 2.1: The gyrator element.
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described by the following equations:{
v1 = −ri2

v2 = ri1
(2.1)

where the parameter r is called the gyration resistance1 and has units of Ω.
Figure 2.1b illustrates one of the most important property of the gyrator -at least

for this work-; when an impedance Zl is connected on port 2, the equivalent Thevenin
impedance (from now on the equivalent impedance) on port 1 is

Zv =
r2

Zl
. (2.2)

2.1.1 A generalized gyrator
In the following chapters it will be needed a more general gyrator device, in which the
two equations in 2.1 has different gyration resistance value. Also, it will be more prac-
tical to work with transconductances instead of resistances. Our generalized gyrator
is shown in Figure 2.2, and is defined by the following pair of equations:{

ia = gmavb

ib = −gmbva
. (2.3)

Or, in an admittance matrix form:

[Y ] =

(
0 gma

−gmb 0

)
. (2.4)

Equation 2.3 is equivalent to 2.1 when

gma = gmb =
1

r
. (2.5)

A question must be answered: “is our generalized gyrator still a gyrator?” The
answer is yes, it is still an impedance gyrator since equation 2.2 becomes

Zv =
1

gmagmbZl
. (2.6)

−gmb

gma

+

−

va

+

−

vb

ia ib

Figure 2.2: The generalized gyrator.

1In the original work, Tellegen uses the letter s for the gyration resistance parameter, but
in this work is preferable the use of letter r to avoid confusions with the complex frequency.

4



2.2. Ideal active resonator

However, the difference introduced in the definition is not a minor detail; the device
is still linear and non-reciprocal, but it can be not lossless nor passive. In fact,

iava + ibvb = vavb(gma − gmb) ̸= 0 if gma ̸= gmb. (2.7)

In a more formal approach, if the total voltages and currents on ports a and b
are Ṽa, Ĩa, Ṽb and Ĩb respectively, the transconductances are defined by the following
equations

gma =
∂Ĩa

∂Ṽb

gmb =
∂Ĩb

∂Ṽa

(2.8)

with equation 2.3 being the small signal model.
From now on, the term gyrator will refer to the device shown in Figure 2.2.

2.1.2 Gyrator implementation
There are multiple forms to build a gyrator, sometimes including the passage to the
mechanical domain through transducers. However, the most common implementation
is schematized -ideally- in Figure 2.3 using two transconductance amplifiers with values
gma and gmb respectively. It can be seen easily that the admittance matrix becomes(

0 gma

−gmb 0

)
(2.9)

and agrees with equation 2.3.

2.2 Ideal active resonator
The most common implementation of an active inductor is loading a gyrator with a
capacitor, as shown in the circuit of Figure 2.4. It doesn’t matter which port on the
gyrator the capacitor is connected to; if it is connected to one port, the impedance
seen from the other port is the same. In fact, the study will be based in a resonator
(tank) circuit implemented by a gyrator loaded by one capacitor on each of its ports,
as shown in Figure 2.5a. Figure 2.5b shows the ideal equivalent circuit seen from port
a and Figure 2.5c shows the same circuit seen from port b. It is interesting to note
that although the equivalent circuits are different, both are resonant circuits with the
same resonance frequency:

ω0 =
1√
LC

=

√
gmagmb

CaCb
(2.10)

−

+ −

+
gmb

−

+−

+

gma

ia
ib

+

−

va
+

−

vb

Figure 2.3: Gyrator implementation.
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−gmb

gma

C

Zv = sC
gmagmb

Figure 2.4: Active inductor implementation. A generalized gyrator loaded by a capacitor C. s is
the complex frequency.

and infinite quality factor. Through this document, it will be used the letter a to
denote the port from which the overall circuit is seen. If it is needed to swap the
ports, the new gma will be the previous −gmb and the new gmb will be the previous
−gma.

−gmb

gma

CbCa

(a) Implementation of tank circuit.

Ca L ≡ Cb

gmagmb

(b) Equivalent circuit seen from port a.

Cb L ≡ Ca

gmagmb

(c) Equivalent circuit seen from port b.

Figure 2.5: The gyrator application for a tank circuit implementation.
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Chapter 3

Perfect active resonator

3.1 Motivation

Figure 3.1 shows two of the most simple implementations of gyrator circuits used
to build active inductors. Neglecting the parasitic capacitances, the -small signal-
admittance matrix of the simple grounded active inductor (Figure 3.1a) seen from
port 1 is

[Ysgai]p1 =

(
gds1 gm1

−gm2 gds2 + ngm2

)
(3.1a)

ID1

v1

ID2

M1

M2

v2

Vdd

(a) Simple grounded active
inductor proposed in Ismail
et al. [18].

v2

ID

Vdd

VG2

v1

M1

M2

(b) Basic flipped-active
inductor proposed in Yue
Wu et al. [19].

Figure 3.1: Practical implementations examples of active inductors.
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and for the basic flipped active inductor (Figure 3.1b) seen from port 1 is

[Ybfai]p1 =

(
gds2 −(ngm2 + gds2)

gm1 − gds2 gds1 + gds2 + ngm2

)
(3.1b)

where gm is the gate transconductance, gms the source transconductance, gds the
output conductance and n the slope factor. They will be referred as active inductors
because they were proposed for that purpose and are used with capacitive load [18, 19].

The above matrices include non-idealities not considered in the diagonal matrix of
equation 2.4. This fact leads to consider a more general model exposed in the following
sections.

Some mathematical results, which equations are tagged with square brackets, are
developed in the Appendix B.

3.2 The model
As it was shown in the previous section, real implementation of an active resonator will
differ greatly from the circuit schematized in Figure 2.5a; it will contain several non-
idealities that must be modelled. Many of these non-idealities (output conductance of
each transconductor, for example), can be modelled adding a parallel resistor to each
capacitor, as shown in Figure 3.2a.

The circuit of Figure 3.2a is a particular case of the more general circuit shown in
Figure 3.2b where

Zv = Za||
1

Zbgmagmb
(3.2)

−

+ −

+
gmb

−

+−

+

gma

Cb Rb

CaRa

Zv

(a) Active resonator circuit considering output conductance of transconductors.

−gmb

gma

ZbZa

Zv

(b) Compact and general representation.

Ca Ra

Ls ≡ Cb

gmagmb

Rs ≡ 1
Rbgmagmb

(c) Equivalent model.

Figure 3.2: A first approach to the model.

8



3.2. The model

From the circuit in Figure 3.2a

Za =
1

Cas
||Ra =

Ra

RaCas+ 1
(3.3)

and

Zb =
1

Cbs
||Rb =

Rb

RbCbs+ 1
. (3.4)

The impedance Zb connected to port b, results in an impedance Zba seen from port a,
as follows:

Zba =
1

Zbgmagmb
=

Cbs

gmagmb
+

1

Rbgmagmb
. (3.5)

With the above expressions, the equivalent circuit is an RL series in parallel with
an RC parallel, as shown in Figure 3.2c. As will be analysed in Section 3.2.4, the
finite output conductance of the transconductors reduces the quality factor of the
active inductor (through Rs) and further reduces the quality factor of the overall tank
circuit (through Ra).

3.2.1 The active inductor
If capacitor Ca is removed from the circuit of Figure 3.2a the equivalent circuit becomes
that of the Figure 3.3.

The equivalent steady-state impedance is

ZL = Ra||(Rs + jωLs) =
Ra

(
1 + jω

ωb

)
x+ 1 + jω

ωb

[3.6]

where

Rs ≡ 1

Rbgmagmb
and Ls ≡ Cb

gmagmb
(3.7)

are the equivalent series resistance and inductance respectively,

ωb =
1

RbCb
(3.8)

is the characteristic angular frequency on port b and

x = RagmaRbgmb (3.9)

is the product of the intrinsic gain of the transconductors, which is also equal to the
relationship between Ra and Rs:

x =
Ra

Rs
= RagmaRbgmb (3.10)

Ra

Ls ≡ Cb

gmagmb

Rs ≡ 1
Rbgmagmb

ZL

Figure 3.3: Equivalent circuit of the active inductor.

9



Chapter 3. Perfect active resonator

ωb (x+ 1)ωb

Ra

x+1

Ra

ω

|ZL|

ωb (x+ 1)ωb

0

π
2

ω

ZL

Figure 3.4: Bode plots of the equivalent impedance of the active inductor.

Figure 3.4 shows the Bode plots of ZL. It can be seen that for frequencies below
ωb and above (x + 1)ωb the behaviour of the circuit is practically resistive, while for
frequencies in the middle the behaviour is inductive. So, the region of interest is

ωb << ω << (x+ 1)ωb (3.11a)

which implies
ω

ωb
>> 1 and x >> 1 (3.11b)

The above conditions will be used throughout the development of the model. Consid-
ering that x should be much greater than 1, the value of x + 1 will be approximated
by x.

3.2.2 The resonance frequency
If the capacitor Ca is placed back in the circuit terminals of Figure 3.3, the equivalent
impedance becomes

Zv = ZL||
1

jωCa
=

Ra

(
1 + jω

ωb

)
(
1 + jω

ωa

)(
1 + jω

ωb

)
+ x

[3.12]

where

ωa =
1

RaCa
(3.13)

is the characteristic angular frequency of port a. The impedance module, |Zv|, for
different values of Ca, is plotted in Figure 3.5 (where the approximation x+1 ≈ x was
used). For low values of Ca (right part of the plot) the behaviour is resistive at low
frequencies, then inductive, then resistive again and finally, for higher frequencies, the
behaviour is capacitive. For high values of Ca (left part of the plot) the behaviour is
resistive and then capacitive (like that of a parallel RC circuit). At middle values of

10



3.2. The model

Ca, where ωb < 1√
LsCa

< xωb, the circuit resonates. The resonance frequency can be
calculated by cancelling the imaginary part of Zv in equation 3.12, obtaining:

ω2
0 = xωaωb − ω2

b . [3.14]

Using the definitions

x = gmaRagmbRb ωa =
1

RaCa
ωb =

1

RbCb
=

Rs

Ls
(3.15)

the equation 3.14 can be written

ω2
0 =

1

LsCa
− R2

s

L2
s

, (3.16)

and it becomes clear that the left part of equation 3.14 corresponds to the resonance
frequency of a parallel RLC circuit while the right part responds to the effect of the
series resistance of the equivalent circuit which can be neglected if ω0 >> ωb. Under
this assumption, resonance frequency can be written

ω2
0 ≈ xωaωb. (3.17)

3.2.3 Observed impedance at resonance frequency
At resonance frequency, the equivalent impedance is real. Evaluating 3.12 at ω = ω0

and substituting ωa from equation 3.14 gives

Rv = Zv(ω = ω0) =
Ra

(
1 +

ω2
0

ω2
b

)
x+ 1 +

ω2
0

ω2
b

. [3.18]

The plot of Rv was superposed in black in Figure 3.5; it has a double zero at ω = ωb

and a double pole at ω = ωb

√
x.

ωb ωb

√
x ωbx

Ra

x

Ra

Ca

ω

|Zv|

Figure 3.5: Plot of the resonator equivalent impedance module varying the value of Ca (gray).
In black is the equivalent impedance at resonance frequency. The arrow indicates the direction of
increasing Ca.
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Chapter 3. Perfect active resonator

3.2.4 Quality factor
Quality factor of a device can be defined as 2π − times the ratio of the maximum
(peak) energy stored in one cycle to the energy dissipated in the same cycle. And
is, naturally, frequency dependent. In the Figure 3.2c, the equivalent circuit shows
a resistor Ra in parallel with the capacitor Ca and a resistor Rs in series with the
inductor Ls. To calculate the quality factor, both parts can be considered separated;
the parallel RC has a quality factor

QC = ωCaRa =
ω

ωa
(3.19)

and the series RL has a quality factor

QL =
ωLs

Rs
=

ω

ωb
(3.20)

so, it can be shown that the quality factor of the whole circuit becomes the parallel of
QC and QL [20]:

Q =
1

1
QC

+ 1
QL

=
ω

ωa + ωb
. (3.21)

Evaluating 3.21 at ω = ω0 and substituting ωa from equation 3.14 follows

Q(ω0) =
xω0

ωb

ω2
0

ω2
b
+ x+ 1

≈
xω0

ωb

ω2
0

ω2
b
+ x

(3.22)

which is plotted in Figure 3.6. The maximum can be calculated by cancelling its
derivative and results in

ω2
0

∣∣
Qmax

= ω2
b (x+ 1) ≈ ω2

bx [3.23]

which substituted in 3.14 implies
ωa = ωb (3.24)

and the maximum value of Q is

Qmax =
x

2
√
x+ 1

≈
√
x

2
(3.25)

which motivates the denomination of gyrator quality factor to the parameter x. This
is an important result because x is the product of the intrinsic gain of the transcon-
ductors, so they limit the maximum quality factor that can be reached. In other
words, to increase the quality factor it is necessary to increase the intrinsic gain of the
transconductors.

ωb

√
x

0

√
x
2

ω0

Q

Figure 3.6: Plot of the quality factor as a function of the resonance frequency, with fixed values
of ωb and x.
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3.2. The model

3.2.5 Noise analysis
One of the principal disadvantages of active inductors in comparison of the passive
counterpart is the poor noise performance [6, 5]. How the transistors thermal noise
is translated to the gyrator ports? Figure 3.7 shows four possible locations of noise
power source.

It is easy to see that a noise power source1 located at V 2
na is equivalent to a noise

power source located at I2nb with

I2nb(f) = g2mbVna(f)
2. (3.26)

The same applies to the equivalence between V 2
nb and I2na with

I2na(f) = g2maVnb(f)
2. (3.27)

Also, if the circuit is “seen” from port a2, the current noise power source I2nb can be
translated to a voltage noise power source on V 2

nb with

V 2
nb(f) = |Zb|2I2nb. (3.28)

A common approach to model the noise of an active inductor is assuming the
transconductances are obtained with single transistors and each one has an equivalent
input power noise voltage V 2

gni(f) assumed constant (white noise) and neglecting the
flicker noise [21]. If it is assumed transconductances obtained with saturated single
transistors in weak inversion, the power spectral density (PSD) of noise is3 [24]

V 2
gni(f) =

2kBTn

gm
(3.29)

where kB is the Boltzman constant, T is the temperature in Kelvins, n is the slope
factor and gm the corresponding transconductance of the transistors.

−

+ −

+
gmb

−

+−

+

gma
V 2
nb

Zb I2nb

V 2
na

ZaI2na

Zv

Figure 3.7: Possible locations of noise power sources.

1There is an abuse of notation where V 2
ni and I2nk are noise power sources with noise power

spectral density of values V 2
ni(f) and I2nk(f) respectively.

2This assumption is important since the equivalence is not valid if the noise is measured
on the Zb terminals.

3A concern could be whether shot noise must be also included as a separate noise contribu-
tion. However, this is not necessary since it is already included in the white noise component
[22, 23].
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Chapter 3. Perfect active resonator

With the above assumption, there are only two noise power sources located at V 2
na

and V 2
nb, with values

V 2
na(f) =

2kBTnb

gmb
V 2
nb(f) =

2kBTna

gma
(3.30)

with units of V 2/Hz. Using the relations 3.26, 3.27 and 3.28, the noise can be modelled
by a single current noise power source of value

I2n(f) = V 2
nag

2
mag

2
mb|Zb|2 + V 2

nbg
2
ma (3.31)

located in I2na of Figure 3.7, i.e. in terminals of the active resonator. Incorporating
the value of Zb from equation 3.4, equation 3.31 becomes

I2n(ω) = V 2
nag

2
mag

2
mb

R2
b

1 + ω2

ω2
b

+ V 2
nbg

2
ma. (3.32)

Sometimes is useful to know the PSD of the noise voltage (V 2
n ) while sometimes is

better to know the PSD of the noise current (I2n). For example, for passive resistors, a
larger resistance implies larger V 2

n but smaller I2n. For a useful comparison and easier
analysis, could be better to use the normalized power spectral density of noise defined
by

Sn

Sn0
≡ Snv

Snv0
=

Sni

Sni0
(3.33)

where Snv and Sni are the PSD of noise (voltage and current respectively) generated
by the active resonator, and Snv0 and Sni0 are the PSD of noise (voltage and current
respectively) generated by the passive counterpart (with parallel resistor equal Rv).
The quantity defined by equation 3.33 will be of particular interest and, in Section
3.3.1, it will be proved that, under certain assumptions, for an active resonator placed
at the input of an LNA, its noise factor can be written as:

F = 1 +
Sn

Sn0
(3.34)

With the above definitions, the normalized PSD of noise can be calculated as

Sn

Sn0
= I2n(f)

Rv

4kBT
=

n

2
gmaRa

Rb
Ra

x+ 1 +
ω2
0

ω2
b

x+ 1 +
ω2
0

ω2
b

≈ n

2
gmaRa

Rb
Ra

x+
ω2
0

ω2
b

x+
ω2
0

ω2
b

. [3.35]

Equation 3.35 is a very important result; the PSD of noise at resonance frequency is
independent of the value of gmb. gmb could be increased, increasing also the value of
x and therefore the value of Q with small impact the generated noise by the active
resonator. This refutes the idea that noise of active resonators grows with Q, proposed
by several works, in particular by [21], which only holds when both transconductances
are imposed to be fixed.

If the value of ω0 which maximizes Q is used, equation 3.35 is reduced to

Sn

Sn0
=

n

2
(Ra +Rb)gma. (3.36)

However is valid to ask whether the noise can be reduced at the cost of working in
a non-optimal point for the quality factor. Equation 3.35 has a double pole in ωb

√
x

and a double zero in ωb

√
xRb

Ra
. The behaviour of Sn/Sn0 is sketched in Figure 3.8
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3.2. The model

ωb

√
x

ω0

Sn

Sn0 Ra < Rb

Ra = Rb

Ra > Rb

Figure 3.8: Behaviour of the normalized PSD of noise.

for three different relationships between Ra and Rb. If Ra < Rb, for ω0 < ωb

√
x

the normalized PSD of noise could be lower, while if Ra > Rb the same applies for
ω0 > ωb

√
x. Is it better to reduce noise at the cost of reducing Q? The answer is “yes”,

at least, it makes sense because noise decrease at 20 dB/dec while Q decrease only at
10 dB/dec; in other words, moving ω0 a factor of 2 from ωb

√
x implies a reduction

of the normalized PSD of noise by a factor of 4 but only reduce the value of Q (or
increase the bandwidth) by a factor of 2. To complete this discussion, it can be defined
a figure of merit as

Ŝn

Sn0
≡ Sn

Sn0

1

Q
=

n

2
gmaRa

Rb
Ra

x+ 1 +
ω2
0

ω2
b

xω0
ωb

≈ n

2
gmaRa

Rb
Ra

x+
ω2
0

ω2
b

xω0
ωb

(3.37)

which has the advantage that includes the bandwidth (∝ 1
Q
). The equation 3.37 is

sketched in Figure 3.9 for three different relations of Ra/Rb. The minimum is at

ω2
min =

(
x
Rb

Ra
+ 1

)
ω2
b ≈ ωb

√
x
Rb

Ra
[3.38]

and its value is

Ŝn

Sn0

∣∣∣∣∣
ω=ωmin

= ngma

√
RaRb

x
+

R2
a

x2
≈ ngma

√
RaRb

x
= n

gma

gmb
. [3.39]

ωb

√
x

ω0

Ŝn

Sn0 Ra < Rb

Ra = Rb

Ra > Rb

Figure 3.9: Behaviour of the figure of merit Ŝn
Sn0

.
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Chapter 3. Perfect active resonator

In conclusion, it could be better to work in an operating point different of ω0 =
ωb

√
x. Nevertheless, this last analysis was carried out towards the end of this work

so, in this document, the chosen operating point will be ω0 = ωb

√
x.

3.2.6 The two-port network approach
The model exposed in previous subsections can be developed, also, over the two-port
network shown in Figure 3.10. The admittance matrix of the two-port network is

[Y ] =

[
yaa yab
yba ybb

]
=

 1
Ra

(
1 + j ω

ωa

)
gma

−gmb
1
Rb

(
1 + j ω

ωb

) (3.40)

where

ωa =
1

RaCa
and ωb =

1

RbCb
.

The Thevenin equivalent admittance from port a can be calculated as

1

Zv(jω)
= Yv(jω) =

ia
va

= yaa − yabyba
ybb

= G+ jB (3.41)

where G and B are the conductance and susceptance given by the following expressions
G =

1

Ra

1 + x

1 + ω2

ω2
b


B =

1

Ra

 ω

ωa
−

x ω
ωb

1 + ω2

ω2
b

 (3.42)

where
x = RagmaRbgmb

as was defined in Section 3.2.1.
The resonance frequency ω0 can be calculated by cancelling the susceptance B of

equation 3.42:

B = 0 ⇐⇒ ω0

ωa
−

xω0
ωb

1 +
ω2
0

ω2
b

= 0 ⇐⇒ ω2
0 = xωaωb − ω2

b . (3.43)

−

+ −

+
gmb

−

+−

+

gma

Cb Rb

CaRa

+

−

va
+

−

vb

ia
ib

Figure 3.10: Two-port network model of the active resonator.
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3.3. Noise, linearity and power consumption: the tradeoffs

The equivalent impedance is simply

Zv =
1

G
=

Ra

(
1 + ω2

ω2
b

)
x+ 1 + ω2

ω2
b

. (3.44)

The quality factor Q can be calculated as

Q =
Rp

ωLp
= RpωCp (3.45)

where Rp is the equivalent parallel resistance (1/G), Lp is the equivalent parallel
inductance and Cp is the parallel capacitance. From equation 3.42, if ω0 >> ωb,

Lp ≡ Ra

xωb
Cp ≡ 1

Raωa
(3.46)

then

Q(ω0) = Rpω0Cp =
1

G
ω0

1

Raωa
=

ω0
ωa

(
1 +

ω2
0

ω2
b

)
x+ 1 +

ω2
0

ω2
b

=
xω0ωb

ω2
0 + (x+ 1)ω2

b

. (3.47)

The noise can be analysed from the output current noise power of each transcon-
ductor as shown in Figure 3.11. With

I2na = 2nkBTgma and I2nb = 2nkBTgmb, (3.48)

I2n results in

I2n = I2na +

∣∣∣∣yabybb

∣∣∣∣2 I2nb = 2nkBT

gma +
g2maR

2
b

1 + ω2

ω2
b

gmb

 (3.49)

which is equivalent to equation 3.32.

−

+ −

+
gmb

−

+−

+

gma

Zb I2nbZaI2na

Zv

Figure 3.11: Simple noise model using the two-port network approach.
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Chapter 3. Perfect active resonator

3.3 Noise, linearity and power consumption: the tradeoffs
Based on the model presented previously, this section will try to show some tradeoffs
associated with the design of active resonator circuits, in particular applied to use in
low noise amplifiers (LNA). There is no intention to show strong constraints, but the
idea is to expose the relations between the relevant parameters.

The analysis will be based in the LNA schematized in Figure 3.12 where Rin is the
input resistance (typically 50 Ω), Rout the output resistance (or load resistance), and
gm an ideal noiseless transconductance of value gm, with infinity input and output
resistance. The signal power gain is

G = g2mR2
out. (3.50)

The idea is to replace one of the resistances by an active resonator circuit with the
aim to build a frequency filter. It will be analysed both cases, replacing Rin or Rout,
separately.

Every result will be evaluated at ω0 = ωb

√
x, the operating point at which the

quality factor is maximized (see equation 3.23).
In this work the linearity will be quantified by the 3rd order Intercept Input Point

(IIP3). It is a figure of merit usually applied to quantify the linearity of an RF block.
It corresponds to the input power where the amplitude of the third harmonic at the
output would equal the amplitude of the fundamental [25]. To analyse the linearity,
the active resonator circuit will be modelled by the schematic of Figure 3.10 and using
the matrix of equation 3.40. There are, at least, two nodes (va and vb) whose maximum
voltage range will determine the IIP3. The relationship between the amplitude signal
in each port at ω0 = ωb

√
x is

∣∣∣∣ vbva
∣∣∣∣ = ∣∣∣∣ybaybb

∣∣∣∣ =
∣∣∣∣∣∣∣∣

gmbRb√
1 +

ω2
0

ω2
b

∣∣∣∣∣∣∣∣ ≈
∣∣∣∣gmbRb√

x

∣∣∣∣ = ∣∣∣∣ gmbRb

gmaRa

∣∣∣∣ 12 . (3.51)

If v̂a and v̂b are the maximum voltage swing in each port (with a strong limit),
then the voltage swing of the active resonator will be

v̂ar = min

{
v̂a;

∣∣∣∣gmaRa

gmbRb

∣∣∣∣ 12 v̂b

}
. (3.52)

−

+ −

+
gmRin

vin

Rout

vout

VDD

Figure 3.12: Simple LNA model used to analyse the tradeoffs.
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If ω0 = ωb

√
x then Q ≈

√
x
2
, so the above equation can be written as

v̂ar = min

{
v̂a;

∣∣∣∣gmaRa

2Q

∣∣∣∣ v̂b} . (3.53)

3.3.1 Active resonator at the input of the LNA
If Rin is replaced by an active resonator circuit, the voltage vin will be va. Then,
using equation 3.53, can be considered that

IIP3 ∝ v̂2in
Rin

= min

{
v̂2a
Rin

;

∣∣∣∣gmaRa

2Q

∣∣∣∣2 v̂2b
Rin

}
. (3.54)

The spot noise factor F (i.e. considering a 1 Hz bandwidth [26]) is

F =
SNRi

SNRo
=

Si

So

No

Ni
=

1

G

NiG+ Sn
Sn0

Sn0G

Ni
= 1 +

Sn

Sn0
(3.55)

where was used, by definition of both, that Sn0 = Ni.
Evaluated at the frequency that maximizes the quality factor, the normalized power

spectral density (PSD) of noise is

Sn

Sn0
=

n

2
(Ra +Rb)gma. (3.56)

Considering only the first term (both terms will be considered later), it becomes

Sn

Sn0
≈ n

2
Ragma = F − 1 (3.57)

where the spot noise factor was used. Substituting the last relation in equation 3.54
results in

IIP3 ∝ min

{
v̂2a
Rin

;
(F − 1)2

Q2

v̂2b
nRin

}
. (3.58)

The above expression is sketched in Figure 3.13. The design region is below-right the
corresponding curve. If Q is greater, the design region moves to right (noisier design),
but always has a maximum IIP3 determined by the voltage swing of port a.

If each transconductor is made by a single transistor with a given inversion level,
and, again, using ω0 = ωb

√
x, the equivalent impedance at resonance frequency is

Rv =
Ra

2
=

1

2
(

gds
ID

)
a
IDa

=⇒ IDa =
1

2
(

gds
ID

)
a
Rv

. (3.59)

Then, the second part of the normalized PSD of noise (equation 3.56) becomes

Rbgma =

(
gm
ID

)
a
IDa(

gds
ID

)
b
IDb

=

(
gm
ID

)
a(

gds
ID

)
a

2
(

gds
ID

)
b
IDbRv

=
Ragma

2
(

gds
ID

)
b
IDbRv

. (3.60)

The term IDbRv can be written in terms of the total current IDt:

IDt = IDa + IDb =
1

2
(

gds
ID

)
a
Rv

+ IDb =⇒ IDbRv = IDtRv − 1

2
(

gds
ID

)
a

. (3.61)
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∝ v̂a
Rin

lo
g
sc
a
le

log scale F

IIP3
Q1

2Q1

4Q1

Figure 3.13: Sketch of equation 3.58 showing the tradeoffs between IIP3, F and Q. The sketch is
for three different values of quality factor Q (normalized to an arbitrary value of Q1). The design
region is below-right the corresponding curve. IIP3 is the 3rd order input intercept point, F is the
spot noise factor, v̂a is the maximum voltage swing of node a and Rin the input resistance of the
LNA.

Then, the normalized PSD of noise becomes

Sn

Sn0
=

n

2
(Ra +Rb)gma =

n

2
gmaRa

1 +
1

2
(

gds
ID

)
b

[
IDtRv − 1

2
(

gds
ID

)
a

]
 (3.62)

and the IIP3, considering only the limitation at port b (second part of the expression
in 3.54), is

IIP3 ∝ (F − 1)2

Q2

 IDtRv − 1

2
(

gds
ID

)
a

IDtRv + 1

2
(

gds
ID

)
b

− 1

2
(

gds
ID

)
a


2

v̂2b
nRin

. (3.63)

Equation 3.63 is sketched in Figure 3.14 The design region is below-right the
corresponding curve. If Q is greater, the design will need more current, but the
performance IIP3/(F − 1)2 always has a maximum determined by the value of v̂2b/Q

2.

3.3.2 Active resonator at the output of the LNA
The analysis for substituting the output resistance by an active resonator circuit is
analogous to that for substituting the input resistance.

In this case, va is the output voltage so

IIP3 ∝ v̂2in
Rin

=
v̂2out
GRin

= min

{
v̂2a

GRin
;

∣∣∣∣gmaRa

2Q

∣∣∣∣2 v̂2b
GRin

}
. (3.64)

The spot noise factor is

F =
SNRi

SNRo
=

Si

So

No

Ni
=

1

G

NiG+ Sn
Sn0

Sn0

Ni
= 1 +

Sn

Sn0

1

gmRin

√
G

(3.65)
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lo
g
sc
a
le

log scale IDtRv

IIP3
(F−1)2 Q1

2Q1

4Q1

Figure 3.14: Sketch of equation 3.63 for three different values of the quality factor Q (normalized
to an arbitrary value of Q1). The design region is below-right the corresponding curve. IIP3 is the
3rd order input intercept point, F is the spot noise factor, IDt is the total current of the active
resonator circuit and Rv is the equivalent impedance of the active resonator circuit.

because

G = g2mR2
L =⇒ R2

L =
G

g2m
=⇒ Sn0

Ni
=

RL

Rin
=

√
G

gmRin
. (3.66)

Doing a similar analysis that done in the previous subsection, IIP3 satisfies

IIP3 ∝ min

{
v̂2a

GRin
;
(F − 1)2

Q2
g2mRin

v̂2b
n

}
. (3.67)

The behaviour of the equation 3.67 is the same to that for the first case, but with a
lower horizontal limit imposed by the first term of the minimum expression.

The analysis considering both terms of normalized PSD of noise is analogous; the
equation 3.62 is still valid. The IIP3, considering only the second term of the minimum
expression in 3.64 is

IIP3 ∝ (F − 1)2

Q2

 IDtRv − 1

2
(

gds
ID

)
a

IDtRv + 1

2
(

gds
ID

)
b

− 1

2
(

gds
ID

)
a


2

g2mRin
v̂2b
n
. (3.68)

The behaviour of equation 3.68 (i.e. placing the active resonator at the output of the
LNA) is the same as the equation 3.63 sketched in Figure 3.14 (i.e. placing the active
resonator at the input of the LNA). The only difference is the term 1/Rin in the first
one, replaced by g2mRin in the last one.

In conclusion, most the cases, is more convenient to put the active resonator filter
at the input instead of at the output, because the maximum IIP3 that can be achieved
by the former is greater than that can be achieved by the last one. There is an example
of that convenience at the end of Section 5.2.2. The exception could be when

1

Rin
≪ g2mRin =⇒ gmRin ≫ 1 (3.69)
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what, if Rin = 50 Ω, would imply a very high current consumption in the LNA
transistor.

The most relevant cause for the above conclusion were the strong limits imposed
for the IIP3 in equations 3.54 and 3.64. Also, the bias current dependence for the noise
factor (equations 3.55 and 3.65) is much stronger (i.e. gm dependence) than that for
the IIP3 (i.e. the intrinsic gain gmaRa). Finally, this analysis is incomplete; it needs
to incorporate the linearity and noise of the transconductance gm. This last aspect
will be analysed later, in sections 4.5 and 4.6.
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Chapter 4

Architecture analysis and model
limitations

This chapter gives an overview of some architectures and shows how to apply the model
presented in Chapter 3. The circuits are simulated in a 28 nm FD-SOI technology [27]
and the results are contrasted with the model predictions. This process will highlight
some limitations of the model that will be addressed by adding some complexity to it.
The simulation details are reported in the Appendix C and referenced here with the
simulation number.

4.1 Applying the model
As was shown on Section 3.1, two of the most common and simple implementations of
gyrators (and therefore, of active resonators) are the simple grounded active inductor
(SGAI) proposed by Ismail et al. [18] and schematized in Figure 4.1a, and the basic
flipped active inductor (BFAI) proposed by Yue Wu et al. [19] and schematized in
Figure 4.1b.

Appendix A.1 shows an interesting approach to create an equivalency between
the two-port network of Figure 3.10 and the circuits of Figure 4.1. However, in this
chapter, the model will be applied from the generic admittance matrix:

[Y ] =

(
yaa yab
yba ybb

)
(4.1a)

which will have its correspondence with the admittance matrix of the circuit seen by
each port, either 1:

[Y ]p1 =

(
yaa yab
yba ybb

)
=

(
y11 y12
y21 y22

)
(4.1b)

or 2:

[Y ]p2 =

(
yaa yab
yba ybb

)
=

(
y22 y21
y12 y11

)
. (4.1c)

Letter a or b corresponds to the model; a is used always to denote the port from the
active resonator is seen from. Number 1 or 2 corresponds to the physical port of the
circuit, it can be seen from port 1 or from port 2.

Computing the admittance matrix is quite easy either analytical or by simulations.
y11 and y22 are the signal admittance seen by the corresponding port (1 or 2) when
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ID1

v1

ID2

M1

M2

v2

Vdd

(a) Simple grounded active in-
ductor (SGAI) proposed by
Ismail et al. [18].

v2

ID

Vdd

VG2

v1

M1

M2

(b) Basic flipped-active
inductor (BFAI) pro-
posed by Yue Wu et al.
[19].

Figure 4.1: Practical implementations examples of active inductors.

the other is at signal ground. y12 and y21 are the signal transconductances defined as

y12 ≡ i1
v2

∣∣∣∣
v1=0

and y21 ≡ i2
v1

∣∣∣∣
v2=0

(4.2)

respectively.
For the SGAI and BFAI examples, neglecting the parasitic capacitances, their

admittance matrix, seen from port 1, are those of the equation 3.1 (which are recalled
here):

[YSGAI] =

(
y11 y12
y21 y22

)
=

(
gds1 gm1

−gm2 gds2 + ngm2

)
(4.3a)

and

[YBFAI] =

(
y11 y12
y21 y22

)
=

(
gds2 −(ngm2 + gds2)

gm1 − gds2 gds1 + gds2 + ngm2

)
(4.3b)

respectively. And their x values (defined by equation 3.9) are

xSGAI =
gm1gm2

gds1(gds2 + ngm2)
(4.4a)

≈ 1

n

gm1

gds1
gm2 ≫ gds2 (4.4b)

and

xBFAI =
(gm1 − gds2)(ngm2 + gds2)

gds2(gds1 + gds2 + ngm2)
(4.4c)

≈ n
gm1

gds1

gm2

gds2
ID1 ≫ ID2 (4.4d)
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4.1. Applying the model

respectively (which are independent of the port from which are seen).

At this point, some information of each architecture could be obtained. For exam-
ple, SGAI has a more simple admittance matrix, so its parameters could be modified
easier than for BFAI. If it is searching a low equivalent impedance, the architecture
BFAI seen by port 2 could be a better option because its value y22 is the greatest
of the other ynn of each architecture. The value of x, assuming gm2 ≫ gds2, for the
SGAI is ≈ gm1/gds1 (i.e. the intrinsic gain of the transistor M1). For the BFAI is not
as simple, but if ID1 ≫ ID2, i.e. gds1 ≫ gds2 +ngm2, x is ≈ (gm1/gds1)(gm2/gds2), the
product of the intrinsic gains of each transistor.

Once the inversion level and drain current of each transistor are fixed, the next
step is to set the load capacitances at each port (which must take into account the
parasitic capacitances calculated or simulated as the imaginary part of the admittance
matrix terms y11 and y22). Is in this step in which the relation ω0/ωb (and ω0/ωa) is
tuned. For example, for maximum value of Q, the relation ω0/ωb needs to be equal to
ω0/ωa and also to

√
x (see Section 3.2.4).

In this chapter, it will be shown several simulations with the aim to illustrate the
fundamental characteristics of the model developed in Chapter 3. All the simulation
points were realized in the following conditions:

1. The current sources are ideal.

2. The inversion level (and hence, the gm/ID ratio), back-plane bias Vbp, length L

and drain current ID of each transistor are defined by the designer or from some
kind of sweep over a region in the design space.

3. From the above parameters, the width W (in fact the number of 206 nm wide
fingers)1 and the bias voltages are calculated from the look-up tables (details in
Appendix A.2).

4. With the above parameters, the admittance matrix is obtained from two ac
simulations using the schematic of Figure 4.2:

(a) In the first ac simulation, at the desired ω0 angular frequency, 1 V ampli-
tude signal is set in V1 while V2 remains constant (0 V );

(b) the first two parameters can be extracted:

y11 = Re {i1}+ jω
Im {i1}

ω0
(4.5a)

y21 = −Re {i2} − jω
Im {i2}

ω0
; (4.5b)

V1

C∞
i1

V2

C∞
i2

quadrupole

−

+

v1

−

+

v2

Figure 4.2: Schematic of circuit to extract the two-port network parameters through simulations.

1206 nm is the minimum finger width in the RF design kit for the 28 nm FD-SOI process.
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Chapter 4. Architecture analysis and model limitations

(c) the second ac simulation is performed, at the same desired angular fre-
quency ω0 with 1 V amplitude signal set in V2 while V1 remains constant
(0 V );

(d) the last two parameters can be extracted:

y12 = −Re {i1} − jω
Im {i1}

ω0
(4.6a)

y22 = Re {i2}+ jω
Im {i2}

ω0
. (4.6b)

The proportionality of the imaginary parts with the angular frequency ω im-
plicitly neglects the inductive components of the admittance matrix. This is an
hypothesis of the models developed in this work. Imaginary part of y12 and y21
will not be taken into account except in Section 4.7.

5. External capacitors, Cae—connected between port a and ground—and Cbe—
connected between port b and ground—are calculated from the admittance ma-
trix (using the desired values of ω0/ωa and ω0/ωb).

6. The final simulation is realized, with ideal current sources and the calculated
external capacitors.

4.2 Equivalent resistance and quality factor
Figures 4.3 and 4.4 shows the results of a simulation (Simulation C.1) of SGAI archi-
tecture varying the characteristic frequency ωb trying to reach a constant resonance
frequency f0 = 2.4 GHz using the equation 3.17. The simulations were carried out
from both ports. Figure 4.3 shows the resulting frequency f0 which is a bit greater
than the predicted frequency. Figure 4.4a shows the resulting quality factor, super-
posed with the model prediction (equation 3.22). Although the results differ in about
a 20 % with the model predictions, the behaviour, and, also, the maximum quality
factor point (ω0/ωb ≈

√
x), are as expected. The equivalent impedance at resonance

frequency, shown in Figure 4.4b has also the same behaviour as the superposed model
(equation 3.18), but also with about 20 % of difference. The normalized PSD of noise,
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Figure 4.3: Resonance frequency results from the SGAI architecture simulation, searching a reso-
nance frequency of 2.4 GHz. The architecture was seen from both ports, 1 (squared blue marks),
and 2 (diamond orange marks). More details in Simulation C.1.
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Figure 4.4: Simulation of SGAI architecture seen from both ports, 1 (squared blue marks), and 2
(diamond orange marks), superposed with the Perfect Active Resonator model (continuos yellow
line). The searched resonance frequency was 2.4 GHz. More details in Simulation C.1.
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Chapter 4. Architecture analysis and model limitations

shown in Figure 4.4c has also a better accuracy with the model2.

Figures 4.5 and 4.6 show similar results for a simulation (Simulation C.2) using
BFAI architecture. The most important difference is the behaviour of noise; the model
developed in Section 3.2.5 is not applicable to the BFAI architecture because the value
of the transconductances used to calculate the noise is different to the value of the
transconductances between ports 1 and 2. For example, for the BFAI architecture seen
from port 1, the model assumes a noise current power source of value I2na = 2kBTgma;
but in this configuration, the value of gma is ngm2 + gds2 while the real noise source at
port 1 has a value of I2na = 2kBTgm2. In fact, in this architecture, the noise generated
by transistor M2 must be modelled with two correlated current sources, one between
port 1 and ground, and the other between port 2 and ground. This topology was not
taken into account in the noise model developed in Section 3.2.5. There is a noise
analysis applied to this architecture in Ou and Ferreira [28].

The differences between model and simulations, in particular with regard to quality
factor and equivalent resistance, will be taken up later, in Section 4.7, in which the
transcapacitances will be taken into account.
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Figure 4.5: Resonance frequency and quality factor results from the BFAI architecture simulation,
seen from both ports, 1 (squared blue marks), and 2 (diamond orange marks), superposed with
the Perfect Active Resonator model (continuos yellow line). More details in Simulation C.2.

2The model assumes weak inversion level and the simulation was realized with gmoID1 = 16
and gmoID2 = 15, which corresponds to a moderate inversion level.
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Figure 4.6: Equivalent resistance and normalized noise PSD results from the BFAI architecture
simulation, seen from both ports, 1 (squared blue marks), and 2 (diamond orange marks), super-
posed with the Perfect Active Resonator model (continuos yellow line). The searched resonance
frequency was 2.4 GHz. More details in Simulation C.2.

4.3 Tunability
Tuning can be implemented with a coarse and fine adjustment. Coarse tunability could
be used to select a band, for example to change between GSM900 and Bluetooth or
between the different LTE bands, while fine tunability could be used to choose a
channel or to obtain resilience from the manufacturing spread.

The tunability can be implemented by switching the capacitors at each port, or by
changing the bias current of the transistors. In this work, fine tunability will be imple-
mented by changing the bias current, while coarse tunability will be implemented by
switching the added (externally to the transconductors—but integrated—) capacitors
Cae and Cbe.

4.3.1 Coarse tunability
In this section, coarse tunability switching the capacitors at each port is implemented.
Ideal capacitors are considered.

Figure 4.7 shows the impedance module for a coarse tuning of SGAI architecture
(Simulation C.4). The tuning was realized for 600 MHz, 1.2 GHz and 2.4 GHz,
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Figure 4.7: Simulations of a coarse frequency tuning using the SGAI architecture, trying to achieve
resonance frequencies of 600 MHz, 1.2 GHz and 2.4 GHz. More details in Simulation C.4.

switching the capacitors at each port, and for both, seen from port 1 and seen from
port 2. The admittance matrix was obtained from a 2.4 GHz simulation, then the
tuning was done by change the external capacitors at port 1 and 2 as specified in Table
4.1. In the same table it is shown the results of resonance frequency, quality factor,
equivalent resistance (at resonance frequency) and normalized PSD of noise.

Table 4.1 shows the power of the model; setting the same value of ω0/ωb for all the
cases (in the example was set ω0/ωb =

√
x), the resulting quality factor, equivalent

resistance and normalized PSD of noise remains constant at each port. Also, the
quality factor is independent of the port which is seen from.

This method of coarse tuning of the active resonant circuit is similar to the ap-
proach patented by Masuda and Mori [29].

The simulation result for the SGAI architecture was also carried out for BFAI
architecture. The results are similar as for SGAI case and are shown in Figure 4.8 and
in Table 4.2.

4.3.2 Fine and continuous tunability
In this section, fine and continuous tunability, adjusting the transconductance bias
current is presented, although not simulated. The simulations will be realized with

port Cae (fF ) Cbe (fF ) f0 (GHz) Rv (Ω) Q Sn

Sn0

203 16640 0.603 5861 5.23 64.1
1 84.4 8295 1.202 5892 5.23 63.6

25.2 4123 2.399 5924 5.23 63.4
16481 20.5 0.603 83.8 5.23 20.2

2 8216 85.5 1.202 84.3 5.23 19.9
4083 25.8 2.399 84.8 5.22 19.9

Table 4.1: Capacitor settings and results of simulation of SGAI architecture with a coarse tuning.
Cae and Cbe are the external capacitors at port a and b respectively. More details in Simulation
C.4.
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Figure 4.8: Simulations of a coarse frequency tuning using the BFAI architecture, trying to achieve
resonance frequencies of 600 MHz, 1.2 GHz and 2.4 GHz. More details in Simulation C.3.

the application example of Chapter 5.

Based on the assumption that

• the transconductance gm and the output conductance go of each transconductor
grow as it does its bias current;

• the intrinsic gain gm/go of each transconductor falls as it does its bias current

the behaviour of the angular resonance frequency ω0, equivalent resistance at resonance
frequency Rv and quality factor Q will be analysed.

To remember here, resonance frequency can be calculated as (equation 3.17):

ω0 ≈ xωaωb =
gmagmb

CaCb
(4.7)

equivalent resistance at resonance frequency can be calculated as (equation 3.18)

Rv ≈
Ra

ω2
0

ω3
b

x+
ω2
0

ω2
b

=
1

1
Ra

+
xω2

b

Raω
2
0

=
1/Ca

goa
Ca

+ gob
Cb

(4.8)

port Cae (fF ) Cbe (fF ) f0 (GHz) Rv (Ω) Q Sn

Sn0

205 4796 0.617 3422 3.02 21.9
1 89.6 2392 1.230 3403 2.99 21.6

31.9 1190 2.455 3353 2.93 21.2
4663 211 0.617 168 3.02 22.6

2 2325 92.8 1.230 167 2.99 21.8
1157 33.6 2.455 165 2.94 21.1

Table 4.2: Capacitor settings and results of simulation of BFAI architecture with a coarse tuning.
Cae and Cbe are the external capacitors at port a and b respectively. More details in Simulation
C.3.

31



Chapter 4. Architecture analysis and model limitations

and quality factor at resonance frequency can be calculated as (equation 3.21)

Q =
ω0

ωa + ωb
=

1
ωa
ω0

+ ωb
ω0

=
1√

Cb
Ca

goa
gma/goa

1
gmb

+
√

Ca
Cb

gob
gmb/gob

1
gma

. (4.9)

From equation 4.7 it is clear that the resonance frequency grows either with IDa

or IDb, bias current of transconductances gma and gmb respectively.

The equivalent resistance, expanded in equation 4.8 falls as either IDa or IDb grows
because the fall of the output conductances goa or gob respectively.

The quality factor, expanded in equation 4.9, has a more complicated behaviour
because with a growth of bias current of any transconductor, the go/(gm/go) grows
but the factor 1/gm falls.

Simulation results related with the above analysis will be done in Section 5.2.3.

4.4 Low noise active resonator
In order to demonstrate the conclusions drawn from equation 3.35, i.e. the fact that
the noise could be independent of the gmb value, it was simulated an SGAI architecture
(Simulation C.5), varying the relation ID2/ID1, i.e. the relation between gma and gmb.

The results are shown in Figure 4.9. Figure 4.9a shows the normalized PSD of
noise at resonance frequency, where, for the case in which the system is seen from
port 2, the PSD of noise at resonance frequency, for ID2/ID1 < 10−1, is smaller than
the generated by a passive resonator. The value of Q, shown in Figure 4.9b, is not
as expected, because differs significantly from the result Q ≈

√
x/2 (the x value is

plotted in figure 4.9c). This phenomenon will be explained in Section 4.7.

As an example, it was simulated an SGAI, seen from port 2, with ID2/ID1 = 0.09.
Figure 4.10a shows the transient response of both, nodes v1 and v2. It can be seen the
larger swing of v1 (vb) than v2 (va), as was analysed in Section 3.3. Figure 4.10c shows
the frequency response (left) and the PSD of noise (right), both superposed with the
calculated response of a passive RLC resonator with the same resonance frequency,
equivalent resistance and quality factor. It can be seen the lower PSD of noise at
resonance frequency of the active resonator, which maximum is not exactly at the
resonance frequency. Figure 4.10d shows the two main noise contributions in which is
clear that the noise performance depends mostly on M3.

4.5 Noise and linearity tradeoffs
Analysing the SGAI architecture, it can be concluded that, on the majority of cases,
the linearity is limited by transistor M2. This is because, the gate signal at M1 is
vgs1 = v2 while the gate signal at M2, neglecting its output conductance -so i2 and v1
are in quadrature-, is vgs2 ≈

√
v21 + v22 > vgs1.

To improve the linearity of SGAI architecture, a resistance Rs2 can be added at
source of M2, as is shown in Figure 4.11.

To analyse the relationship between noise (F) and linearity (IIP3) predicted by
Figure 3.13, the SGAI architecture was simulated (Simulation C.7) varying the value
of Rs2 and the relationship ID2/ID1, setting for every point the same total current
(ID1 + ID2 = 1 mA), resonance frequency (f0 = 2.4 GHz) and inversion level of each
transistor (gmoID1 = gmoID2 = 10 V −1). The result is shown in Figure 4.12 with a
thermal colour representing the quality factor values. More detail results are shown
in Figure C.1 of the appendix C, and in Simulation C.7.
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Figure 4.9: Simulation results of SGAI architecture varying the relation ID2/ID1 searching for a
low noise operating point.

In order to design a low noise amplifier (LNA), the use of the SGAI architecture
seen from port 2 can be a good choice if it will be used at the input, while the same
applies for that architecture seen from port 1 if it will be used at the output of the
LNA. This will be discussed later.

It is important to note that the quality factor values achieved by the architecture
seen from one port are quite the same as those achieved by the architecture seen from
the other port. The most significant difference are the noise and linearity performance,
so, as was previously inferred by Shin and Bult [13], there is no general relationship
between noise and quality factor.

Previous works, like Abidi [21], postulates that power spectral density of noise
is proportional to the quality factor Q. Those analyses are based on the assumption
that the transconductances and the capacitances are fixed, so a change on the quality
factor must be done by a change in the parasitic resistances (transconductances output
conductance). In the present work, the developed model, shows the real constraints
between noise, linearity, quality factor and power consumption, as was presented in
Section 3.3.
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Figure 4.10: Simulation results of SGAI architecture in an operating point in which the PSD of
noise at resonance frequency is less than the generated by the passive counterpart. More details
in Simulation C.6.
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Figure 4.11: Schematic of the SGAI architecture with a series resistance added to the source of
transistor M2 with the aim to improve the linearity performance.
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lationship ID2/ID1, with a total current of 1 mA, resonance frequency of about 2.4 GHz and
(gm/ID) = 10 V −1 for both transistors. More details in Simulation C.7.
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4.6 Noise and power consumption tradeoff
Figure 4.13 shows the simulation (Simulation C.8) of the SGAI architecture varying
the total current consumption. As is predicted by the model, the quality factor (Figure
4.13b) and the normalized power spectral density of noise (Figure 4.13c) at resonance
frequency are quite constant. It is also constant the linearity (Figure 4.13d). The
relevant change is the equivalent resistance at resonance frequency (Figure 4.13a) and,
therefore, the noise power.

The tradeoff between noise and power consumption is, in fact, a tradeoff between
power consumption and equivalent parallel resistance of the resonant circuit (i.e. the
equivalent resistance at resonance frequency). Going back to the simple LNA model
shown in Figure 4.14 (previously presented in Figure 3.12), if the resistor Rout is
replaced by an active resonator circuit, the tradeoff between noise and power con-
sumption has two aspects:

• The normalized PSD of noise (Sn/Sn0) is given by the architecture and the
operating point, so more current implies less resistance and also less thermal
noise voltage at the output.

• If the transconductor gm is made with a single transistor, it is a well-known
result reference that the noise performance will be better if the value of Rout

is lower and the value of gm is greater, i.e. more current consumption from the
active resonator circuit and also from the transconductor gm.

This second fact discourages the use of the SGAI architecture seen from port 1 at the
output of an LNA. It was already clear, from Figure 4.12, the larger noise generated by
the SGAI architecture seen from port 1. This configuration, used at the output of an
LNA, will also need a very large current to reduce its equivalent resistance; otherwise
the transconductor, with a low gm value to achieve the desired gain, will generate
a very large noise value. Otherwise, if the SGAI current is low—obtaining a large
impedance—and the gm value is high—generating small noise—the LNA gain will be
very large which implies a linearity problem.

With the aim to illustrate this aspect, a theoretical analysis was realized using
the schematics idealized in Figure 4.15 showing the core of the LNA (without taking
into account the input impedance) loaded with an SGAI architecture seen from both,
port 1 (Figure 4.15a) and port 2 (Figure 4.15b). In both cases the transistor M3
implements the transconductance gm of the schematic of Figure 4.14. Figure 4.16
shows the theoretical result of the relationship between power consumption and noise
figure. Figure 4.16a shows the case of seen from port 1 and considering only the noise
generated by the transistors M1 and M3, while Figure 4.16b shows the case of seen
from port 2 and considering only the noise generated by the transistors M2 and M3.
To generate the plots of Figure 4.16, the length and the gm/ID ratio are fixed for each
transistor, and the sweep was done over the ID3 current; for each value of ID3:

1. obtain the gm3 value as:

gm3 =

(
gm
ID

)
M3

ID3

2. obtain the needed impedance of the SGAI architecture to achieve the desired
gain value:

Rv =
Gv

gm3

3. obtain the current needed by M1 (seen from port 1) or M2 (seen from port 2)
to achieve Rv = Ra/2 (assuming the maximum quality factor operating point).
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Figure 4.13: Simulation results of the SGAI architecture varying the total current consumption.
More details in Simulation C.8.
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Figure 4.14: Simple LNA model used to analyse the tradeoffs.

4. calculate the noise generated by M1 and M3 (seen from port 1) or M2 and M3
(seen from port 2), and its corresponding noise figure as

NF = 10 log10(F ) , F =
Sno

GSni
(4.10)

where G is the signal power gain, Sno is the PSD of output noise (considering
contributions of the LNA transistor, the active inductor and the input noise),
and Sni is the PSD of input noise (considering 50 Ω input matching).

From the above sweep is clear that the considered results do not depend on the
design of M2 (when seen from port 1) or the design of M1 (when seen from port 2).
In both figures (Figures 4.16a and 4.16b) the case of the LNA loaded by a passive
resistor is added in violet for reference.

ID1
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v2
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ID3

C∞

vout

M3

v1

vin

(a) LNA loaded with SGAI seen from port 1.
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C∞
M3

v1

v2

vin

(b) LNA loaded with SGAI seen from port 2.

Figure 4.15: Schematics of the LNA core (without taking into account the input impedance)
loaded with an SGAI architecture seen from both, port 1 (a), and port 2 (b).
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Figure 4.16: Theoretical results of the relationship between power consumption and noise figure
for the simple grounded active inductor (SGAI) architecture. The curves labelled with “M1” and
“M3” in figure (a)—“M2” and “M3” in figure (b)—corresponds to the case in which the LNA is
loaded with an active resonator as shows Figure 4.15. The curve “M3 and R” does not have less
noise than the case of only “M3”, but has less current consumption.

4.6.1 Low impedance SGAI
To reduce the equivalent resistance, adding a parallel resistor R1 on port a (as shown
in Figure 4.17a) is not a good solution because it accomplishes a reduction of the
quality factor, by the reduction of the value of x:

x1 = xs
Ras||R1

Ras
(4.11)

where x1 is the new value of x when the resistance R1 is added, and the subindex s
refers to the original parameters of the SGAI architecture seen from port 1.

A more interesting approach, in the case of the SGAI architecture seen from port
1, is to use the current through this resistor, to increase the transconductance gmb (i.e.
the generated by M2), as shown in Figure 4.17b (where R1 was changed by R2). In
this case the new value of x is

x2 = xs
Ras||R2

Ras

gmbs +
1
R2

gmbs

Rbs||R2

Rbs
. (4.12)

Now, the value of gmb is increased but the value of Rb is reduced.
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Figure 4.17: Step-to-step deduction of the LI-SGAI architecture.
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To avoid this problem, the resistor can be replaced by a PMOS transistor, as shown
in Figure 4.17c. With this new approach the resistance Ra is reduced more than the
reduction of resistance Rb (because, generally, gm > gds):

x3 = xs

Ras|| 1
gm3+gds3

Ras

gmbs + gm3 + gd3

gmbs

Rbs|| 1
gds3

Rbs
(4.13a)

≈ xs

Ras|| 1
gm3

Ras

gmbs + gm3

gmbs

Rbs|| 1
gds3

Rbs
(4.13b)

where the relationship gm3 ≫ gds3 was taken into account.
One more step can be done to simplify the circuit if it is taken into account that

the intrinsic gain of M2 as common-drain follower is near 1; then the circuit can be
reduced to only two transistors as shown in Figure 4.17d. This new architecture will
be denoted as low impedance simple grounded active inductor3 (LI-SGAI) and its x
value is

xli-sgai =
gm1(gmb3 + gds3)

gds3(gds1 + gmb3 + gds3)
(4.14a)

≈ gm1gmb3

gds3(gds1 + gmb3)
gm3 ≫ gds3 (4.14b)

≈ gm1

gds1

gmb3

gds3
if ID1 ≪ ID3 (4.14c)

where, again, the relationship gm3 ≫ gds3 was taken into account. The x value of this
new architecture is larger in the case of ID1 ≪ ID3 (equation 4.14c). In this case it is
greater than that of the SGAI architecture (given by equation 4.4a and recalled here):

xSGAI ≈
gm1

gds1
. (4.15)

A group of simulations (Simulation C.9) of the LI-SGAI architecture is shown in figure
4.18.

4.7 The complete active resonator model
As was shown in Section 4.2, although the transistor level results match qualitatively
with the perfect active resonator model, they differ quantitatively. The main reason
for that is that the model developed in Chapter 3 does not take into account the
transcapacitances between ports a and b.

This section develops a more complete model which incorporates the capacitive
terms between ports a and b. As was done before, some mathematical results, which
equations are tagged with square brackets, are developed in the Appendix B.

To incorporate the transcapacitances to the model, if these are defined as

Cab = − ia
∂vb
∂t

∣∣∣∣∣
va=0

and Cba = − ib
∂va
∂t

∣∣∣∣∣
vb=0

(4.16)

then, the two-port network matrix of equation 3.40, in steady state, needs to be
rewritten as follows:

[Y ] =

[
yaa yab
yba ybb

]
=

 1
Ra

(
1 + j ω

ωa

)
gma

(
1 + j ω

ωab

)
−gmb

(
1 + j ω

ωba

)
1
Rb

(
1 + j ω

ωb

)  (4.17)

3The adjective low impedance is not entirely appropriate because the final situation is
similar to the SGAI, from one port the impedance is considerably smaller than the other, but
the name responds to the motivation of this new architecture.
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Figure 4.18: Simulations of a new proposed architecture: low impedance simple grounded active
inductor (LI-SGAI). As was deduced from the equations 4.14, the value of x (and also for Q) is
larger when ID3 ≪ ID1. More detailed results are in Simulation C.9.

where ωab = gma
Cab

and ωba = gmb
Cba

. The above matrix can still be obtained from
simulations, with the same method explained in Section 4.1.

The Thevenin equivalent admittance from port a can be calculated as

1

Zv(jω)
= Yv(jω) =

ia
va

= yaa − yabyba
ybb

= G+ jB (4.18)

where G and B are the conductance and susceptance given by the following expres-
sions 

G =
1

Ra

1 + x

1 + ω2

ω2
b

(
1 +

ω2

ωabωba
+

ω2

ωbωba
− ω2

ωbωab

)
B =

1

Ra

 ω

ωa
− x

1 + ω2

ω2
b

(
ω

ωb
+

ω

ωab
− ω

ωba
+

ω3

ωbωabωba

) [4.19]
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4.7. The complete active resonator model

where

x = RagmaRbgmb (4.20a)

ωa =
1

RaCa
(4.20b)

ωb =
1

RbCb
(4.20c)

ωab =
gma

Cab
(4.20d)

ωba =
gmb

Cba
(4.20e)

(4.20f)

were already defined.
To work with the equation 4.19, the following modifications will be made: the first

is the approximation 1 + ω2

ω2
b
≈ ω2

ω2
b
, i.e. analyse the system in a region of ω ≫ ωb. The

second is to define two new parameters in place of ωab and ωba, as follows

1

ω∆
≡ 1

ωab
− 1

ωba
=

Cab

gma
− Cba

gmb
(4.21a)

1

ω2
Π

≡ 1

ωabωba
=

CabCba

gmagmb
. (4.21b)

With the above modifications, equation 4.19 becomes

G =
1

Ra

[
1 +

x

ω2/ω2
b

(
1 +

ω2

ω2
Π

− ω2

ωbω∆

)]
(4.22a)

B =
1

Ra

[
ω

ωa
− x

ω2/ω2
b

(
ω

ωb
+

ω

ω∆
+

ω3

ωbω2
Π

)]
. (4.22b)

Generally, ωΠ can be neglected because ωab and ωba will be much greater than the
range of interesting frequencies, around ω0.

The resonance frequency ω0 can be calculated by cancelling the susceptance B of
equation 4.22b:

B(ω0) = 0 ⇐⇒ 1

Ra

[
ω0

ωa
− x

ω2
0/ω

2
b

(
ω0

ωb
+

ω0

ω∆
+

ω3
0

ωbω2
Π

)]
= 0 (4.23a)

⇐⇒ ω0

ωa
=

x

ω2
0/ω

2
b

(
ω0

ωb
+

ω0

ω∆
+

ω3
0

ωbω2
Π

)
(4.23b)

⇐⇒ ω2
0 =

xωaωb

1− xωaωb

ω2
Π

(
1 +

ωb

ω∆

)
. (4.23c)

To simplify the expressions, can be defined ωx as

ω2
x =

xω2
b

1− x
(

ωb
ω∆

− ω2
b

ω2
Π

) (4.24)

which—as will be shown later—plays the role of ωb

√
x in the perfect active resonator

model developed in Chapter 3.
With the above definition, the equivalent resistance is

Rv =
1

G(ω0)
=

Ra

x

ω2
0/ω

2
b

1 +
ω2
0

ω2
x

. (4.25)
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The quality factor Q can be calculated as

Q =
Rp

ωLp
(4.26a)

= RpωCp (4.26b)

where Rp is the equivalent parallel resistance (1/G), Lp is the equivalent parallel
inductance and Cp is the parallel capacitance. Since the resonance frequency (ω0) was
obtained after the approximation 1 + ω

ωb
≈ ω

ωb
, both expressions of 4.26 will conduct

to identical results.
From equation 4.22b,

1

Lp
≡ xωb

Ra

(
1 +

ωb

ω∆

)
(4.27a)

Cp ≡ 1

Ra

(
1

ωa
− xωb

ω2
Π

)
(4.27b)

then

Q(ω0) =

ω0
ωb

+ ω0
ω∆

1 +
ω2
0

ω2
x

(4.28)

with a relative maximum in ω0 = ωx of value

Q(ω0 = ωx) =
1

2

(
ω0

ωb
+

ω0

ω∆

)
. (4.29)

This relative maximum of Q makes sense only when ω2
x > 0.

On the other hand, for any ω0, if ω
2
x = −ω2

0 , the quality factor (equation 4.28)
tends to infinity (also the equivalent resistance by the equation 4.25). And this can
be possible; analysing the expression 4.24, it can be see that ω2

x can be either positive
or negative. For example, if

1

ωba
∼ 0 (4.30a)

and
1

ωab
≈ 1

10ωb
⇒ ωb

ωab
≈ 1

10
(4.30b)

then,
1

ωΠ
∼ 0 and

1

ω∆
≈ 1

ωab
≈ 1

10ωb
(4.30c)

and results in

ω2
x ≈ xω2

b

1− x ωb
ωab

≈ xω2
b

1− x
10

(4.30d)

if, for example, x = 100, then
ω2
x ≈ −10ω2

b . (4.31)

So, the case in which ω2
x < 0, can be possible with an appropriate value of transcapac-

itances, which implementation is not analysed in this work. This fact was mentioned
in Belmas [8] with a different model and approach than the realized here.

Figure 4.19 shows the two cases for the sign of ω2
x. Figure 4.19a shows a similar

behaviour of Figure 3.6 for the perfect active resonator model developed in Chapter
3. Figure 4.19b shows the case in which ω2

x is negative, where the value of Q tends to
infinity when ω2

0 = −ω2
x.

ωx is the value at which the quality factor is maximum, and also the value at which
the equivalent resistance is Ra/2; plays the role of ωb

√
x in the perfect active resonator
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Figure 4.19: Plots of the quality factor as a function of the resonance frequency.

model developed in Chapter 3.

The noise can be analysed from the output current noise power of each transcon-
ductor as was done in Section 3.2.6. With

I2na = 2nkBTgma and I2nb = 2nkBTgmb (4.32)

I2n results in

I2n = I2na +

∣∣∣∣yabybb

∣∣∣∣2 I2nb (4.33a)

= 2nkBT

gma +
g2maR

2
b

1 + ω2

ω2
b

(
1 +

ω2

ω2
ab

)
gmb

 (4.33b)

≈ 2nkBT

[
gma +

g2maR
2
b

ω2/ω2
b

(
1 +

ω2

ω2
ab

)
gmb

]
. (4.33c)

The normalized power spectral density of noise becomes

Sn

Sn0
=

n

2

Rv

Ra
gma

[
Ra +

x

ω2/ω2
b

(
1 +

ω2

ω2
ab

)
Rb

]
. (4.34)

Figure 4.20 shows the results of the same simulations as in Section 4.2 but using
three different models to achieve the desired resonance frequency:

1. Perfect active resonator model (PARM), developed in Chapter 3.

2. Complete active resonator model (CARM), developed in this chapter, but ne-
glecting the parameter ωΠ (i.e. ωΠ → ∞).

3. Complete active resonator model (CARM), with all the parameters taken into
account.

From these results is not clear that the new complete active resonator model
(CARM) gives better approach; the resonance frequency for the SGAI architecture
is closer to the desired 2.4 GHz if the CARM is used, while for the BFAI architecture,
the result is opposite. However, the following results prove the improvement of the
CAR model in front of the PAR model.

Figures 4.21 and 4.22 shows the simulation results from Section 4.2 but with the
superposition of this new model (with and without neglecting the term ωΠ—i.e. con-
sidering ωΠ tends to infinity—). These results prove the CAR model accuracy at the
cost of takes into account the transcapacitances between ports a and b.
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Figure 4.20: Resonance frequency results obtained from simulations trying to reach 2.4 GHz of
resonance frequency (marked with continuous black line), using the perfect active resonator model
(PARM) developed in Chapter 3, and the complete active resonator model (CARM) developed
in Section 4.7 (with and without the term ωΠ—i.e. considering ωP i tends to infinity—).

The differences in the normalized PSD of noise in Figure 4.22c responds to the
assumptions in which the model is based; analysing the BFAI architecture, is clear
that the noise power sources corresponding to transistors M1 and M2, can not be
modelled as was shown in Figure 3.11. The noise introduced by transistor M2 needs
to be modelled by a noise current source between ports 1 and 2, or, if it is simplified
with two noise current sources between port 1 and ground, and between port 2 and
ground, those noise power sources must be correlated, and their values can not be
calculated by equations 3.26, 3.27 and 3.30.

It is interesting to compare the Figures 4.21b and 4.22b; in the former, the SGAI
simulation results shows larger quality factor than the perfect active resonator model
(PARM) predictions, while in the latter, the BFAI simulation results shows smaller
values of quality factor than the PARM predictions. This motivates the analysis of
how to use this new complete model to increase the circuit performance (i.e. how to
modify the transcapacitances between ports a and b).

There are publications that add some kind of RC filter at the input of the transcon-
ductors to change the equivalent value of transcapacitances between ports a and b.
This is the case of Hsiao et al. [30], Szczepkowski and Farrell [10] and Ler et al. [6].

However, maybe a more simple approach, analogous to the tuning of capacitors Ca
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Figure 4.21: Results obtained from simulations of SGAI architecture (using the perfect active
resonator model to set the resonance frequency), compared with the perfect active resonator
model (PARM) developed in Chapter 3, and with the complete active resonator model (CARM)
developed in Section 4.7 (with and without the term ωΠ).

47



Chapter 4. Architecture analysis and model limitations

2 4 6 8 10 12 14
0

0.2

0.4

0.6

0.8

ω0/ωB

N
or
m
al
iz
ed

se
en

re
si
st
an
ce

(R
v
/R

a
)

SIM: seen from port 1
SIM: seen from port 2

perfect active resonator model
complete active resonator model w/o ωΠ

complete active resonator model

(a)

2 4 6 8 10 12 14
0

1

2

3

4

ω0/ωB

Q
u
al
it
y
fa
ct
or

√
x

SIM: seen from port 1
SIM: seen from port 2

perfect active resonator model
complete active resonator model w/o ωΠ

complete active resonator model

(b)

2 4 6 8 10 12 14
0

10

20

30

40

50

ω0/ωB

N
or
m
al
iz
ed

P
S
D

of
n
oi
se

(S
n
/S

n
0
)

SIM: seen from port 1
SIM: seen from port 1

PARM: seen from port 1
PARM: seen from port 2

CARM: seen from port 1
CARM: seen from port 2

(c)

Figure 4.22: Results obtained from simulations of BFAI architecture (using the perfect active
resonator model to set the resonance frequency), compared with the perfect active resonator
model (PARM) developed in Chapter 3, and with the complete active resonator model (CARM)
developed in Section 4.7 (with and without the term ωΠ).
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Figure 4.23: Complete model of the active resonator.

and Cb, is to add a cross-capacitor Cc between ports a and b as shown in Figure 4.23.
Now, if there are parasitic transcapacitances Cabp and Cbap (between ports a and b),
and parasitic capacitances Cap and Cbp (between port a and ground, and between port
b and ground respectively), the model parameters can be calculated as follows:

ωa =
gma

Cap + Cae + Cce
(4.35)

ωb =
gmb

Cbp + Cbe + Cce
(4.36)

ωab =
gma

Cabp + Cce
(4.37)

ωba =
gmb

Cbap + Cce
(4.38)

(4.39)

where Cae, Cbe and Cce are the external capacitors used to tune the active resonator
circuit.

How to increase the quality factor by the addition of a capacitance Cce? From
equation 4.28, an increase of Q implies an increase of ω2

x (assuming ω2
x > 0). From

equation 4.24, an increase of the value of ω2
x, -and neglecting the factor ωb

ωΠ
-, implies

an increase of the following expression:

x
ωb

ω∆
≈ ω0

√
x

1

ω∆
ω0/ωb ≈

√
x (4.40a)

≈ ω0

√
RaRbgmagmb

(
Cab

gma
− Cba

gmb

)
(4.40b)

≈ ω0

√
RaRbgmb

gma

[
Cabp + Cce −

gma

gmb
(Cba + Cce)

]
(4.40c)

≈ ω0

√
RaRbgmb

gma
(Cabp + Cce) gmb ≫ gma (4.40d)

(4.40e)

which was evaluated near the maximum of the quality factor (ω0/ωb ≈
√
x). It is clear

the need of gma << gmb and also the need of large values of Ra and Rb because the
expression in 4.40 needs to be comparable to 1.
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Figure 4.24: Schematic of the high impedance simple grounded active inductor (HI-SGAI) ar-
chitecture.

4.7.1 High impedance SGAI
The expression given by equation 4.40 applied to the SGAI architecture cannot be
very large because it requires larger values of Cce that implies negative values of Cbe

(or, otherwise, ω0/ωb becomes very large and far from the optimum value
√
x).

This motivates the design of a new architecture, with a larger value of R22 than
that for the SGAI case. This new architecture, called high impedance SGAI (HI-
SGAI), is schematized in Figure 4.24 (in which, as before, the external capacitors were
omitted).

Figures 4.25 and 4.26 show the simulation results (Simulation C.10) of the HI-
SGAI architecture swiping the value of the capacitor Cce. Figure 4.26 shows the
equivalent resistance at resonance frequency normalized to the Ra value; the quality
factor, the normalized PSD of noise and the third order intercept point (IIP3 if the
active resonator is at the input, or OIP3 if it is at the output). Figure 4.25 shows a
transient simulation of the Cce = 20 fF case.
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Figure 4.25: Transient simulation results for the new architecture high impedance simple grounded
active inductor (HI-SGAI), seen from both, port 1 and port 2, using Cce = 20 fF .
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Figure 4.26: Simulation results for the new high impedance-simple grounded active inductor
(HI-SGAI) architecture, varying the capacitance Cce from 0 to 20 fF and seen from both, port 1
and port 2. More detailed result in Simulation C.10.
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Chapter 5

Application example: feasibility of
tunable LNA

The aim of this chapter is to show a complete implementation of an active resonator
as an input stage of a low noise amplifier (LNA). The design will finish with a design
and characterization of the LNA.

The target voltage gain and input impedance will be 10 dB and 50 Ω respectively.
Although the previous chapter proposes two novel architectures for active resonators,
the present example will be developed over the simple grounded active inductor (SGAI),
to take advantage of the numerous simulations done to test the model. The use of the
novel architectures is left for future works.

As was done before, some simulation details are reported in the Appendix C and
referenced here with the simulation number.

5.1 LNA overview
A low noise amplifier (LNA), usually the first active stage in the front end of RF
receivers, requires a careful design in several aspects like high gain, unconditional
stability, low noise figure, good impedance match at input and at output, high linearity
and low power consumption [31].

There are numerous architectures to implement an LNA [32]. The used in this
work is the resistive termination topology schematized in Figure 5.1. The principal
drawbacks of this architecture is its poor noise performance (result of the resistance
Rin) and the capacitive component of the transistor gate (which leads to a not purely
resistive input impedance). However, it is a practical topology to apply the active
resonator model:

• it is a very simple design in which one or both resistors (Rin and Rout) can be
easily replaced by active resonators;

• the poor noise performance presents an interesting challenge to explore the re-
sults of Section 4.4 (i.e. the possibility of an active resonator to generate less
noise than the passive counterpart);

• the capacitive component of the transistor gate can be included in the capaci-
tance Cae added to tune the active resonator.



Chapter 5. Application example: feasibility of tunable LNA

5.2 Active resonator at the LNA input
To incorporate an active resonator in place of Rin (schematic of Figure 5.1), it will be
used the simple grounded active inductor (SGAI) exposed in previous chapters. From
the analysis made of the Figure 4.12, it is clear that the SGAI must be used, in this
case, seen from port 2. The operating point will be close to the one used in Section
4.4 (i.e. one in which the generated noise is smaller than the passive counterpart).

The Simulation C.6 (results shown in Figure 4.10) has the following parameters:

• IDtot = 1 mA and ID2/ID1 = 0.09 (ID1 = 917 µA and ID2 = 83 µA)

• (gm/ID)M1 = 23.5 V −1 and (gm/ID)M2 = 10 V −1

• Rv = 103 Ω, R11 = 6.4 kΩ and R22 = 1.1 kΩ

• C1e = 31 fF and C2e = 482 fF

The first step is to achieve 50 Ω of equivalent impedance, so the total current needs
to be updated as following:

IDtot@50Ω = IDtot@103Ω
103

50
= 2.06 mA (5.1)

and the simulation (Simulation C.11) results in the following parameters:

• IDtot = 2.06 mA and ID2/ID1 = 0.09 (ID1 = 1.9 mA and ID2 = 170 µA)

• (gm/ID)M1 = 23.5 V −1 and (gm/ID)M2 = 10 V −1

• Rv = 50.2 Ω, R11 = 3.1 kΩ and R22 = 529 Ω

• C1e = 63 fF and C2e = 975 fF

5.2.1 Current sources design
The next step is to design the current sources; they must have less capacitance than
the external C1e and C2e used in each port, and also an output resistance much higher
than R11 and R22 respectively:

1. ID1 has the following requirements:

• ID = 1.9 mA

• Rout ≫ 3.1 kΩ

vin

Rin

Rout

VDD

vout

Figure 5.1: Schematic of the resistive termination low noise amplifier (LNA).
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5.2. Active resonator at the LNA input

• Cout ≤ 63 fF

2. ID2 has the following requirements:

• ID = 170 µA

• Rout ≫ 529 Ω

• Cout ≪ 975 fF 1

It is clear that the requirements of current source ID1 are more constrained than those
of the current source ID2. The design will start with the last one.

The most simple architecture of current source is the MOS current mirror shown
in Figure 5.2a. In that circuit, N1 and N2 must have the same length, and the width
will determine the copy ratio. In this case, ID2 is about one tenth than the total
current consumption, so it is not a bad design if the copy ratio is 1:1 and the current
source consumes an extra current of 170 µA.

To evaluate the best performance point of the current source, a group of simulations
was done, with N1 equal N2, both with a fixed finger with of 250 nm2. The sweep was
done over the number of fingers and the channel length. The load was replaced by a
voltage source of 650 mV . Results are shown in Figure 5.3. Figure 5.3a shows the
constraints between the output capacitance Co and the output resistance Ro of the
current source. In this case (current source ID2) the design is not very restrictive, but
there are, also, other considerations that could be taken into account, for example:

N1 N2

Iref

VDD

load

VDD

(a) NMOS current mirror.

VDD

P1 P2

VDD

Iref

load

(b) PMOS current mirror.

Figure 5.2: Schematic of NMOS and PMOS current mirrors.

1There will be other capacitances attached to this node, later it will be clear the needed
of Cout much less than this value.

2The minimum width of the technology is 206 nm, but, for better matching of the current
mirror, a finger width of 250 nm was chosen.
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(b) Output resistance (continuous) and output capacitance (dashed).

Figure 5.3: Simulation results of the NMOS current mirror shown in Figure 5.2a, varying the
transistor channel length.

• Avoid the use of minimum lengths and widths to get a better matching of the
current mirror; 100 nm is a suitable value for the transistors’ length.

• Noise of current mirror grows with the gmoID value; Figure 5.3b shows the value
of Co and Ro as a function of the gmoID value of the transistors.

With the simulation results and the above considerations, the chosen design for
the NMOS current source ID2 was

• Iref = 179 mA

• LN1 = LN2 = 100 nm

• (gm/ID)N1 = (gm/ID)N2 = 10 V −1
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Figure 5.4: Simulation results of the PMOS current mirror shown in Figure 5.2b, for different
channel lengths.

The current source ID1 has more restrictive constrains. The dual p-channel of the
schematic of Figure 5.2a is shown in Figure 5.2b. This current source must deliver
about ten times more current than ID2. In order not to increase the power consumption
too much, the copy ratio of this current source will be 1:10, so the channel width of
P2 will be ten times larger than the channel width of P1.

Figure 5.4 shows the performance of this current source based on simulations. It is
clear that the requirements of ID1 are not covered by the simple architecture of Figure
5.2b.

A workaround to better satisfy the ID1 requirements is to use the cascoded current
mirror shown in Figure 5.5 [33]. With this new architecture, the design constraints,
based on simulations, are shown in Figure 5.6. This clearly improves the performance
of the current source.

VDD

P11 P12

VDD

P21

Iref

P22

load

Vbias

Figure 5.5: Schematic of the cascoded current mirror, taken from [33].
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Figure 5.6: Simulation results of the cascoded current mirror (continuous line) superposed with
the simple current mirror (dashed line).

Another possible improve is to make the upper transistors P11 and P12 with
different widths than the lower transistors P21 and P22. This is sometimes called
triangular cascode and its simulation results are shown in Figure 5.7.

The results of this triangular cascode, shown in Figure 5.7 are not better than the
cascode in which upper transistors P11 and P12 are equal to their respectively lower
transistors P21 and P22. So the chosen design for the current source ID1 will be the
architecture shown in Figure 5.5.

As was shown before, the requirements will not be completely satisfied; either the
output capacitance Co or the output resistance Ro will not cover the initial conditions
of ≤ 63 fF and ≫ 3.1 kΩ respectively. The priority will be over Ro, so the design
will be with gm/ID of the four transistors equal to 16 V −1. The large capacitance will

5 10 15 20 25 30
102

103

104

gmoID (V −1)

—
R

o
(Ω

)

5 10 15 20 25 30
10−14

10−13

10−12

gmoID (V −1)

–
–
C

o
(F

)

w/o cascode
N1oN2=1
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Figure 5.7: Simulation results of the 100 nm channel length, cascoded current mirror varying the
relationship between transistor widths N1/N2; N1 is the number of fingers of M11 and M12, and
N2 is the number of fingers of M21 and M22. The simple current mirror (without cascode) is
superposed for reference.
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5.2. Active resonator at the LNA input

imply that the ωb will not be the optimum value (in terms of the quality factor) and
some adjustments could be needed to approach the initial proposed results.

5.2.2 Overall design

The complete schematic of the low noise amplifier, with the active resonator as the
input stage, is shown in Figure 5.8.

M1 and M2 constitute the active resonator, while M3 is the transistor amplifier.
P11, P12, P21 and P22 constitutes the PMOS current source ID1 while N1 and N2
the NMOS current source ID2.

Between nodes v1 and ground, and between the nodes v2 and ground, capacitors
must be connected in order to configure the active resonator at the desired frequency
with the required values of ωa and ωb. As was explained before, this capacitances will
must take in account the parasitic capacitances of all transistors, including the gate
capacitances of M3.

What remains to be designed is the transistor M3 and its load resistor RL. The
gate of M3 has the same potential as the gate of M1, so the most simple design is
that both transistors have the same channel length and the same inversion level. If
(gm/ID)M1 = (gm/ID)M3 = 23.5 V −1, the remaining variable to be defined is the
current through M3 since the value of RL will be calculated from the gm of M3 and

VDD

P11 P12

VDD

P21

Iref1

P22

Vbias
M2

M1

VDD

v1

v2

N2 N1

Iref2

VDD

M3

RL

VDD

voutvin

Figure 5.8: Schematic of the overall LNA design with active resonator as the input stage.
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the desired voltage gain3 of 10 dB:

G = 20 log10(gm3RL) = 10 =⇒ RL =

√
10

gm3
. (5.2)

Larger current through M3 implies less noise generated by this transistor but more
power consumption, and, also large gate capacitance, so the value of ωb will move
further away from the optimum.

Figures 5.9 and 5.10 shows the results of a group of simulations (Simulation C.12)
of the circuit schematized in Figure 5.8 varying the current of M3 (with constant
values of (gm/ID)M3 and gain). The noise figure (Figure 5.9a) is the most relevant

10−4 10−3
4

6

8

10

12

14

ID3 (A)

N
F
(d
B
)

(a)

10−4 10−3
-17.2

-17.15

-17.1

-17.05

-17

-16.95

-16.9

ID3 (A)

II
P
3
(d
B
m
)

(b)

10−4 10−3
0.92

0.93

0.94

0.95

0.96

0.97

ID3 (A)

Q

(c)

Figure 5.9: Noise figure, linearity, quality factor,—in all cases evaluated at resonance frequency—
simulation results for the circuit shown in Figure 5.8 varying the M3 drain current.

3Corresponds to the power gain if the output is impedance matched.
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Figure 5.10: Equivalent resistance and normalized noise PSD,—in all cases evaluated at resonance
frequency—simulation results for the circuit shown in Figure 5.8 varying the M3 drain current.
Sn/Sn0 is the normalized PSD of noise at the gate of M3, i.e. considering only the active resonator
with its current sources.

magnitude in the sweep. It falls with the M3 drain current. Linearity, quality factor,
equivalent resistance and normalized PSD of noise (Figures 5.9b 5.9c, 5.10a and 5.10b
respectively) are quite constant with ID3 current. The sweep was done until 1.2 mA
because at this point the additional capacitance at port a (port 2, gate of M3) was less
than 50 fF , too small and very susceptible to parasitic capacitances. So the choice to
M3 drain current is 1.0 mA in order to stay far from the limit and also obtain a low
noise figure.

The quality factor is a bit lower than 1, and the normalized PSD of noise is also
considerably lower than 1, so the sweep of ID2/ID1 can be performed again, as was
done in Section 4.4 but now with the complete system of Figure 5.8. The results of
these simulations (Simulation C.13), using 1.0 mA for ID3, are in Figures 5.11, and
5.12.

Linearity, noise figure and normalized noise PSD (Figures 5.12, 5.11a and 5.11b
respectively) has better performance for lower values of ID2/ID1. The simulation was
done from ID2/ID1 = 0.08 because in this point, again, the value of Cae, the added
capacitor to tune the resonance frequency, has less than 50 fF , so the circuit becomes
very susceptible to parasitic capacitances.

Equivalent resistance and quality factor are shown in Figures 5.11d and 5.11c
respectively. The counterpart of low values of ID2/ID1 are the lower quality factor
and higher equivalent resistance (i.e. more current to achieve 50 Ω of input resistance).
The new value chosen for this complete design of LNA is ID2/ID1 = 0.1. So the total
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Figure 5.11: Noise figure, normalized noise PSD, equivalent resistance and quality factor,—in all
cases evaluated at resonance frequency—simulation results for the circuit shown in Figure 5.8
varying the relation ID2/ID1 with a constant sum of both (ID1 + ID2 = 2.06 mA). Sn/Sn0 is
the normalized PSD of noise at the gate of M3, i.e. considering only the active resonator.
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Figure 5.12: Linearity simulation result, evaluated at resonance frequency, for the circuit shown in
Figure 5.8 varying the relation ID2/ID1 with a constant sum of both (ID1 + ID2 = 2.06 mA).

SGAI current (i.e. ID1 + ID2) needs to be scaled again, with a new value

ID1 + ID2 = 2.06
70

50
= 2.884 mA. (5.3)

Now the design is complete, the LNA of Figure 5.8 is characterized in Figures 5.13,
5.14 and 5.15.

Figures 5.13a and 5.13b shows the performance of the active resonator in compari-
son with its passive counterpart. Note that this design was done as a proof of concept,
in which the consistency and accuracy of the model and their subsequent results could
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Figure 5.13: Performance of the active resonator used in the circuit of Figure 5.8, in comparison
with its passive—theoretical—counterpart. The evaluation is at the gate of M3.
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Figure 5.14: Simulation results of the circuit shown in Figure 5.8.
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Figure 5.15: Simulation results of the circuit shown in Figure 5.8.
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be tested in a more real environment. This is the context in which the comparison
with the passive counterpart is given. The theoretical passive resonator is a parallel
RLC with R = 50 Ω, L = 3.09 nH and C = 1.36 pF .

Figure 5.14a shows the AC response of the amplifier, discriminating the transfer
from the gate transistor and the overall system (considering the 50 Ω source resistance).
Figure 5.14b shows a transient simulation with −40 dBm power input. The linearity
(IIP3/OIP3) is shown in Figure 5.14c. The simulation done with a fundamental tone at
2.4 GHz and a secondary tone at 2.35 GHz. The noise figure, shown in Figure 5.15a,
shows a performance of 6.25 dB at resonance frequency, and grows as it moves away
from it. Figure 5.15b, discriminates the noise contributions of the active resonator,
while Figure 5.15c, shows it in comparison with the overall amplifier.

At this point, it is interesting to analyse the possibility of obtain a similar be-
haviour with an SGAI architecture as an output stage of the LNA. The first and most
restrictive parameter—as was shown at the end of Chapter 3—is the linearity (IIP3).
The obtained IIP3 performance with this example design (with an active resonator at
the LNA input) is −16.6 dBm which implies an OIP3 of −6.6 dBm. Seen the simu-
lations shown in Figure 4.12, it is clear that to achieve an IP3 greater than 10 dBm
the SGAI architecture must be seen from port 1. Then, from the analysis done in Sec-
tion 4.6, in particular from Figure 4.16a, the current consumption needed to achieve
a NF less than 7 dB, only taking into account the transistors M1 (of the SGAI) and
M3 (LNA transconductance), is greater than 100 mA. This is a very good example
that, as discussed at the end of Section 3.3, it is more convenient to place the active
resonator at the input instead of at the output of the LNA.

To clarify; the SGAI architecture seen from port 2 has a low impedance, attractive
to use as the LNA load. But the linearity of the architecture seen from that port is
very poor, so the SGAI architecture to use as the LNA load needs to be seen from port
1 which has a very large impedance. Then, it needs a lot of bias current to reduce its
equivalent impedance without reducing the quality factor.

5.2.3 Tunability
Fine and continuous tunability was simulated adjusting the bias current sources ID1

and ID2 in a range of ±20 %. The simulation was done in steps of 5 % obtaining 64
entries matrix results.

Figure 5.16 shows the resonance frequency, which grows with both bias currents
as was predicted by the analysis of equation 4.7.

Figure 5.17a shows the input resistance that falls almost with ID1 and smoothly
with ID2. To explain this difference in the behaviour depending on the current being
adjusted, it is necessary to incorporate the terms ωx and ω∆ from the complete active
resonator model developed in Section 4.7. With this additional complexity, equation
4.8 becomes

Rv =
Ra

ω2
0

ω2
b

x+
ω2
0

ω2
b

(
1− x ωb

ω∆

) =
1/Ca

goa
Ca

+ gob
Cb

+ gma
Ca

Cba
Cb

− gmb
Cb

Cab
Ca

. (5.4)

Remembering that gmb is the opposite of the real part of yba (equation 3.40) which
corresponds to y12 (equation 4.1c) whose value is gm1 (equation 4.3a), the term
− gmb

Cb

Cab
Ca

= gm1
Cb

Cab
Ca

sums to the term gob
Cb

. In a similar way, gma is the real part

of yab which corresponds to y21 whose value is −gm2, so the term gma
Ca

Cba
Cb

= −gm2
Ca

Cba
Cb

tends to cancel the term goa
Ca

= gds2+ngm2
Ca

(equation 4.3a), in fact, Cba/Cb ≈ 0.7 for
the design done in this chapter. This analysis explains that the equivalent resistance
Rv is more sensitive to changes in ID1 than those in ID2.
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5.2. Active resonator at the LNA input

Quality factor is shown in Figure 5.17b. Figures 5.18a and 5.18b shows the noise
figure and the linearity (IIP3) respectively. Those three parameters do not have rel-
evant changes with the tuning current, at least in the range in which was done the
simulation.
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Figure 5.16: Resonance frequency (GHz) simulation results of the fine-tuning of the overall low
noise amplifier. ID1 and ID2 are the simulated bias currents while ID1n and ID2n are the nominal
bias currents used in the current design.
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Figure 5.17: Simulation results of the fine-tuning of the overall low noise amplifier. ID1 and ID2

are the simulated bias currents while ID1n and ID2n are the nominal bias currents used in the
current design.
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Figure 5.18: Simulation results of the fine-tuning of the overall low noise amplifier. ID1 and ID2

are the simulated bias currents while ID1n and ID2n are the nominal bias currents used in the
current design.
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Chapter 6

Conclusions and future work

6.1 Conclusions
In this thesis, active resonators, built with active inductors, were presented in several
levels.

Starting from the motivation, Chapter 1 introduces, in a brief and elementary
way, an explanation of the active inductor operation while suggesting the need of the
gyrator as its core.

Chapter 2 formalizes the gyrator definition and presents the ideal active resonator,
from which chapter 3 develops the perfect active resonator model (PAR model).

The PAR model introduces some non-idealities (as the output conductance of
the transconductors) and allows to easily design in the maximum Q operating point.
Defined in Chapter 3, and linked with the transconductors intrinsic gain, x results in a
gyrator quality factor, or, in other words, a figure of merit of the gyrator, and, therefore,
of the active resonator. That chapter introduces the normalized power spectral density
of noise quantity and shows the key to design an active resonator which generates
less noise than its passive counterpart. The linearity is also taken into account in a
qualitative approach. The trade-off between noise, linearity and power consumption
were also analysed. This analysis concludes, and was shown in an example, that an
active resonator will have better performance placed as the input stage than as the
output stage of an LNA.

The perfect active resonator model (PAR model) was qualitatively validated in
Chapter 4 through simulations. The model was applied to two standard architectures
of active resonators in a very simple manner with accurate results. In that chapter,
a new low impedance simple active inductor (LI-SGAI) architecture, deduced from
the model characteristics, was proposed and simulated. A more complete model,
which takes into account the input-output capacitive effects of the transconductors,
was developed to improve the PAR model, whose results was also contrasted with
simulations showing a better accuracy. Finally, another new high impedance simple
grounded active inductor (HI-SGAI) architecture was simulated, and it proofs the
possibility of improving the quality factor by the addition of a cross-capacitor between
ports a and b.

The perfect active resonator model (PAR model) proved to be very powerful to
design, analyse and compare qualitatively active resonator architectures, while the
more complete model gives accurately results when performing computational analysis.

Finally, one of the standard architectures was tested in an overall design of a low
noise amplifier (LNA) as its input stage, in a 28 nm FD-SOI CMOS process, providing
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a tunable matching network. The fine and continuous tuning was tested along ±20 %
of the nominal currents with results as expected from the perfect active resonator
model and, when it was necessary, from the complete active resonator model. It is
shown that the model results are still valid in this complete design that incorporates
the LNA core transistor and real current sources.

This LNA example was a proof of concept, in which the consistency and accuracy
of the model and their subsequent results were tested in a more real environment.
That was the focus and in that context the results were highly satisfactory. The noise
figure was a quite good result; the noise contribution of the active resonator represents
26 % of the total generated noise. A final LNA design should have a higher gain to
compensate the resulting noise figure. The designed active resonator generates, at the
end of the design (considering also its real current sources), less noise than its passive
counterpart. Linearity (IIP3) must be improved to fulfil many application scenarios,
what would require continue the work on modifications of the circuit started in Section
4.5.

Although active inductors were reported since the mid-20th century, they are still
a fertile field for research, in particular, in gigahertz radio frequency applications. The
model developed in this work, together with the power of the new nanometre scale
technologies, allows the development of more complex active resonator architectures
that could better deal with the constraints given by noise, power consumption, linearity
and quality factor.

6.2 Future work
The LNA example design could be improved to further take into advantage the features
of the designed low noise active resonator. It will be interesting, also, to design the
layout, manufacture the chip and measure the real performance. Other LNA examples
with different architectures can also be designed and other integrated active inductor
applications can be explored.

The perfect active resonator model is an interesting result for a first design and
gives very simple relations between the fundamental parameters. On the other hand,
the complete active resonator model gives very accurate results but is not as simple
to understand. In fact, there are relations in which the new parameters (ω∆ and ωΠ)
can be neglected while sometimes they are important. This suggests that the model
could be simplified without accuracy loss. This simplification and formalization of the
complete active resonator model could be an interesting work.

Continuing with the works around the complete active resonator model, the use of
a more complex architecture (i.e. with differential transconductors) could better deal
with the adjustment of the several parameters independently, for example, modifying
the transcapacitances to explore the case in which ω2

x < 0. On the same way, the use
of active resonators in a differential amplifier can take advantage of the availability of
the opposite signal, i.e. in the design of an active resonator for a differential amplifier,
the signals va, vb, −va and −vb are available.

The new proposed architectures, LI-SGAI and HI-SGAI, needs more exhaustive
analysis and testing. LI-SGAI is a very simple design, like SGAI and BFAI. Those
three needs to be compared not only in the x value, but also their transcapacitive
terms which was proved their relevance in the active resonator performance.

The active resonator linearity could be modelled in a more formal approach, the
work of Jespers and Murmann [34] could be a good starting point. Linearity improve-
ment could be realized placing a source resistance (as was done in this work) but there
are, also, other strategies that could be explored to linearize the transconductances.
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Finally, the tunability is one of the main reasons to apply active inductors and its
limits should be further explored.
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Apendix A

Annex to Chapter 4

A.1 Applying the model
When trying to apply the model developed in Chapter 3 to some practical circuits
such as those shown in Figure A.1, the small-signal model cannot be exactly adapted
to the topology shown in Figure 3.2a. However, as it will be shown in this section,
the small signal model could be adapted to the topology shown in Figure A.2a which
has some relationship with the model of Figure A.2b (and, therefore, with the model
of Figure 3.2a).

A.1.1 Matrix decomposition
The schematic of Figure A.2b can be drawn as that shown in Figure A.3a. To find the
admittance matrix representation, the circuit can be thought as the superposition of
those shown in Figure A.3b and A.3c. Their admittance matrix are

[Ygyr] =

(
0 gma

−gmb 0

)
and [YZaZb] =

( 1
Za

0

0 1
Zb

)
(A.1)

respectively. Then, the admittance matrix of the circuit in Figure A.3a becomes

[Ym] = [Ygyr] + [YZaZb] =

( 1
Za

gma

−gmb
1
Zb

)
(A.2)

Next, it can be done the same for the circuit of Figure A.2a; it can be written as
shown in Figure A.4a and its admittance matrix can be easily calculated if the circuit
is viewed as a superposition of the quadripoles of Figures A.4b, A.4c and A.4d. Their
admittance matrix are

[Ỹgyr] =

(
−kag̃mb g̃ma

−g̃mb kbg̃mb

)
, (A.3a)

[ỸZab] =

(
1

Z̃ab
− 1

Z̃ab

− 1

Z̃ab

1

Z̃ab

)
and (A.3b)

[ỸZaZb] =

(
1

Z̃a
0

0 1

Z̃b

)
(A.3c)
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ID1

va

ID2

M1

M2

vb

Vdd

(a) Simple grounded active in-
ductor proposed in Ismail et al.
[18].

vb

ID

Vdd

VG2

va

M1

M2

(b) Basic flipped-active in-
ductor proposed in Yue Wu
et al. [19].

Figure A.1: Practical implementations examples of active inductors.

respectively1. Then, the admittance matrix of the circuit of Figure A.4a becomes

[Ỹm] = [Ỹgyr] + [ỸZab] + [ỸZaZb] =

(
1

Z̃a
+ 1

Z̃ab
− kag̃ma − 1

Z̃ab
+ G̃ab

− 1

Z̃ab
− g̃mb

1

Z̃b
+ 1

Z̃ab
+ kbg̃mb

)
(A.4)

Then, from equations A.2 and A.4 it follows that circuits from Figures A.2a and
A.2b are equivalents when

[Ym] = [Ỹm] =⇒



Za = Z̃a||Z̃ab|| −
1

kag̃ma

Zb = Z̃b||Z̃ab||
1

kbg̃ma

gma = g̃ma − 1

Z̃ab

gmb = g̃mb +
1

Z̃ab

(A.5)

With the above relationships, the model developed in Section 2.2 can be applied to
more general topologies as ones shown in Figure A.2a.

1The matrix ỸZab is not reversible; impedance matrix does not exist because it corresponds
to a degenerated quadripole. Care must be taken when using this result.
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(b) Generic notation for model developed on Section 2.2.
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(a) Quadripole Ym, represents the model developed
in Chapter 3.
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Figure A.3: Decomposition of the general model in parallelized quadripoles.
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Figure A.4: Decomposition of the small signal model in parallelized quadripoles.
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A.2 Look-up tables
The design methodology in this work was partially based in the use of characteristics
of the process collected in Look-up Tables.

Look-up Tables (LUT) are 5 dimension data collection taken from systematized
Spectre simulations. The dimensions are length (L), drain-source voltage (Vds), gm/ID
ratio, width (W) and bias back-plane voltage (Vbp). The data collected and used here
were gate-source voltage (Vgs), the drain current over the aspect ratio (ID/(W/L)),
the drain-source saturation voltage (Vdssat) and the output conductance over the drain
current ratio (gds/ID). In all cases, the source is connected to ground.

At the design start, the transistors’ width of the LUTs data is selected (for example
10 µm results in a good choice in this work), and, in general, also the bias back-plane
voltage (Vbp) is selected for all transistors (although in some cases it becomes an
interesting variable to sweep). Then, in the LUTs, remains 3 dimension data which
allows to perform several sweeps and find the operating points of the designs.

The Look-up Tables turned out to be a powerful tool to find the operating point
of a certain circuit, for example, to find the gate bias voltage of transistor M2 in the
basic flipped active inductor (BFAI) architecture.

In addition to LUTs, some automated simulations in Spectre were used, e.g. to
extract the two-port network parameters of the architecture in order to tune the design.
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Apendix B

Equation Proofs

B.1 Proofs of Chapter 3
Equation 3.6:

ZL = Ra||(Rs + jωLs)

=
1

1
Ra

+ 1
Rs+jωLs

=
1

1
Ra

+ 1
1

Rbgmagmb
+

jωCb
gmagmb

=
1

1
Ra

+ Rbgmagmb
1+jωCbRb

=
Ra(1 + jωCbRb)

1 + jωCbRb +RaRbgmagmb

=
Ra

(
1 + jω

ωb

)
x+ 1 + jω

ωb

Equation 3.12:

Zv = ZL||
1

jωCa

=
1

1
ZL

+ jωCa

=
1

1+x+ jω
ωb

Ra

(
1+ jω

ωb

) + jωCa

=
Ra

(
1 + jω

ωb

)
x+ 1 + jω

ωb
+ jωRaCa

(
1 + jω

ωb

)
=

Ra

(
1 + jω

ωb

)
(
1 + jω

ωa

)(
1 + jω

ωb

)
+ x
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Equation 3.14:

Im {Zv} = 0 ⇐⇒ Im

{
1

Zv

}
= 0

⇐⇒ Im


(
1 + jω

ωa

)(
1 + jω

ωb

)
+ x

Ra

(
1 + jω

ωb

)


⇐⇒ Im

{(
1 +

jω

ωa

)(
1 +

ω2

ω2
b

)
+ x

(
1− jω

ωb

)}
= 0

⇐⇒ ω

ωa
+

ω3

ωaω2
b

− x
ω

ωb
= 0

⇐⇒ ω2 = xωaωb − ω2
b

Equation 3.18:

ω2
0 = xωaωb − ω2

b =⇒ ωa =
ω2
0 + ω2

b

xωb

Rv = Zv(ω = ω0)

=

 Ra

(
1 + jω

ωb

)
(
1 + jω

ωa

)(
1 + jω0

ωb

)
+ x


ω=ω0

=
Ra

(
1 + jω0

ωb

)
(
1 + jω0

ωa

)(
1 + jω0

ωb

)
+ x

=
Ra

(
1 + jω0

ωb

)
1 + jω0(

ω2
0+ω2

b
xωb

)
(1 + jω0

ωb

)
+ x

=
Ra

(
1 +

ω2
0

ω2
b

)
1 + jω0(

ω2
0+ω2

b
xωb

)
(1 + ω2

0

ω2
b

)
+ x

(
1− jω0

ωb

)

=
Ra

(
1 +

ω2
0

ω2
b

)
x+ 1 +

ω2
0

ω2
b
+ j

[
xω0ωb

ω2
0+ω2

b

(
1 +

ω2
0

ω2
b

)
− xω0

ωb

]
=

Ra

(
1 +

ω2
0

ω2
b

)
x+ 1 +

ω2
0

ω2
b
+ j

[
xω0ωb

ω2
0+ω2

b

(
ω2
b
+ω2

0

ω2
b

)
− xω0

ωb

]
=

Ra

(
1 +

ω2
0

ω2
b

)
x+ 1 +

ω2
0

ω2
b
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Equation 3.23:

∂Q

∂ωb
= 0 ⇐⇒ ∂

∂ωb

xωbω0

ω2
0 + ω2

b (x+ 1)
= 0

⇐⇒ xω0[ω
2
0 + ω2

b (x+ 1)]− 2ωb(x+ 1)xωbω0

[ω2
0 + ω2

b (x+ 1)]2
= 0

⇐⇒ ω2
0 + ω2

b (x+ 1) = 2ω2
b (x+ 1)

⇐⇒ ω2
0 = ω2

b (x+ 1)

Equation 3.35:

Sn

Sn0
= I2n(f)

Rv

4kBT

=

V 2
nag

2
mag

2
mb

R2
b

1 + ω2

ω2
b

+ V 2
nbg

2
ma

 Rv

4kBT

=

V 2
nag

2
mag

2
mb

R2
b

1 + ω2

ω2
b

+ V 2
nbg

2
ma

 1

4kBT

Ra

(
1 +

ω2
0

ω2
b

)
x+ 1 +

ω2
0

ω2
b

=
n

2

 1

gmb
g2mag

2
mb

R2
b

1 + ω2

ω2
b

+
1

gma
g2ma

 Ra

(
1 +

ω2
0

ω2
b

)
x+ 1 +

ω2
0

ω2
b

=
n

2

[
g2magmbRaR

2
b + gmaRa

(
1 +

ω2
0

ω2
b

)]
1

x+ 1 +
ω2
0

ω2
b

=
n

2

[
gmaRbx+ gmaRa

(
1 +

ω2
0

ω2
b

)]
1

x+ 1 +
ω2
0

ω2
b

=
n

2
gmaRa

Rb
Ra

x+ 1 +
ω2
0

ω2
b

x+ 1 +
ω2
0

ω2
b

Equation 3.37:

Ŝn

Sn0
≡ Sn

Sn0

1

Q

=
n

2
gmaRa

Rb
Ra

x+ 1 +
ω2
0

ω2
b

x+ 1 +
ω2
0

ω2
b

[
xωbω0

ω2
0 + ω2

b (x+ 1)

]−1

=
n

2
gmaRa

Rb
Ra

x+ 1 +
ω2
0

ω2
b

x+ 1 +
ω2
0

ω2
b

x+ 1 +
ω2
0

ω2
b

xω0
ωb

=
n

2
gmaRa

Rb
Ra

x+ 1 +
ω2
0

ω2
b

xω0
ωb
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Equation 3.38:

∂

∂ω0

Ŝn

Sn0
= 0 ⇐⇒ ∂

∂ω0

n

2
gmaRa

Rb
Ra

x+ 1 +
ω2
0

ω2
b

xω0
ωb

= 0

⇐⇒
2ω0
ωb

xω0
ωb

− x
ωb

(
Rb
Ra

x+ 1 +
ω2
0

ω2
b

)
x2 ω2

0

ω2
b

= 0

⇐⇒ ω2
0x

ω3
b

=
x2

ωb

Rb

Ra
+

x

ωb

⇐⇒ ω2
min =

(
x
Rb

Ra
+ 1

)
ω2
b

Equation 3.39:

Ŝn

Sn0

∣∣∣∣∣
ω=ωmin

=
n

2
gmaRa

Rb
Ra

x+ 1 + Rb
Ra

x+ 1

x
√

xRb
Ra

+ 1

= n
gmaRa

x

√
Rb

Ra
x+ 1

= ngma

√
RaRb

x
+

R2
a

x2

B.2 Proofs of Chapter 4
Equation 4.19:

1

Zv(jω)
= yaa − yabyba

ybb

=
1

Ra

(
1 + j

ω

ωa

)
+

gma

(
1− j ω

ωab

)
gmb

(
1 + j ω

ωba

)
1
Rb

(
1 + j ω

ωb

)
=

1

Ra

1 + j
ω

ωa
+

x

1 + ω2

ω2
b

(
1− j

ω

ωab
+ j

ω

ωba
+

ω2

ωabωba

)(
1− j

ω

ωb

)
=

1

Ra

1 + j
ω

ωa
+

x

1 + ω2

ω2
b

(
1 +

ω2

ωabωba
− ω2

ωbωab
+

ω2

ωbωba
− j

ω

ωb
− j

ω

ωab
+ j

ω

ωba
− j

ω3

ωbωabωba

)
= G+ jB

where 
G =

1

Ra

1 + x

1 + ω2

ω2
b

(
1 +

ω2

ωabωba
+

ω2

ωbωba
− ω2

ωbωab

)
B =

1

Ra

 ω

ωa
− x

1 + ω2

ω2
b

(
ω

ωb
+

ω

ωab
− ω

ωba
+

ω3

ωbωabωba

)
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Apendix C

Simulation details

C.1 Simulations of Chapter 4

Simulation C.1: SGAI architecture using the perfect active resonator model.

Input parameters:
L1 = 100 nm L2 = 100 nm ID1 = 500 µA

(gm/ID)1 = 16 V −1 (gm/ID)2 = 15 V −1 ID2 = 500 µA
W1 = 23.072 µm W2 = 19.158 µm fingerWidth = 206 nm

NMOS bias back-plane voltage: 2 V

Sweep (seen from port 1):
ω0/ωb ω0/ωa Cae (fF ) Cbe (pF ) f0 (GHz) Rv (kΩ) Q Sn/Sn0

4 25.9 85.51 2.14 2.399 2.14 3.85 10
5 20.7 60.75 2.69 2.402 3.13 4.56 15
6 17.2 44.29 3.23 2.403 4.19 5.12 20
7 14.8 32.55 3.78 2.404 5.25 5.52 25
8 12.9 23.75 4.33 2.404 6.27 5.78 29
9 11.5 16.92 4.88 2.405 7.22 5.92 34
10 10.3 11.45 5.42 2.405 8.09 5.98 38
11 9.4 6.98 5.97 2.405 8.86 5.96 41
12 8.6 3.26 6.52 2.405 9.54 5.88 45
13 7.9 0.12 7.06 2.405 10.13 5.77 47

Sweep (seen from port 2):
ω0/ωb ω0/ωa Cae (pF ) Cbe (fF ) f0 (GHz) Rv (Ω) Q Sn/Sn0

8 12.9 7.02 0.41 2.403 54.60 5.78 43
9 11.5 6.23 5.16 2.404 62.85 5.93 40
10 10.3 5.60 9.91 2.405 70.34 5.98 36
11 9.4 5.09 14.65 2.406 77.03 5.96 33
12 8.6 4.66 19.40 2.406 82.94 5.88 30
13 7.9 4.29 24.15 2.407 88.12 5.77 27
14 7.4 3.98 28.90 2.407 92.62 5.63 25
15 6.9 3.71 33.64 2.407 96.53 5.48 22
16 6.4 3.48 38.39 2.407 99.93 5.32 20
17 6.1 3.27 43.14 2.408 102.87 5.16 19
18 5.7 3.09 47.88 2.408 105.41 4.99 17
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Simulation C.2: BFAI architecture using the perfect active resonator model.

Input parameters:
L1 = 100 nm L2 = 100 nm ID1 = 909 µA

(gm/ID)1 = 10 V −1 (gm/ID)2 = 10 V −1 ID2 = 90.9 µA
W1 = 16.686 µm W2 = 1.648 µm fingerWidth = 206 nm

NMOS bias back-plane voltage: 2 V

Sweep (seen from port 1):
ω0/ωb ω0/ωa Cae (fF ) Cbe (pF ) f0 (GHz) Rv (kΩ) Q Sn/Sn0

1 48.6 240.44 0.14 2.107 0.33 0.68 2
2 24.9 110.21 0.29 2.413 0.91 1.69 5
3 16.7 65.29 0.44 2.431 1.71 2.28 10
4 12.6 42.55 0.59 2.431 2.59 2.67 15
5 10.1 28.81 0.74 2.431 3.48 2.90 20
6 8.4 19.62 0.89 2.428 4.31 3.02 24
7 7.2 13.03 1.04 2.428 5.07 3.06 29
8 6.3 8.08 1.19 2.426 5.75 3.04 32
9 5.6 4.22 1.35 2.425 6.34 2.99 36
10 5.1 1.13 1.50 2.424 6.86 2.92 39

Sweep (seen from port 2):
ω0/ωb ω0/ωa Cae (pF ) Cbe (fF ) f0 (GHz) Rv (Ω) Q Sn/Sn0

5 10.1 1.51 0.69 2.428 127 2.90 45
6 8.4 1.26 6.20 2.427 157 3.02 40
7 7.2 1.08 11.70 2.428 185 3.06 36
8 6.3 0.94 17.20 2.427 210 3.04 32
9 5.6 0.84 22.70 2.426 232 2.99 28
10 5.1 0.75 28.20 2.427 251 2.92 25
11 4.6 0.68 33.71 2.425 267 2.83 23
12 4.2 0.63 39.21 2.425 282 2.74 21
13 3.9 0.58 44.71 2.425 295 2.64 19
14 3.6 0.54 50.21 2.425 306 2.55 18

Simulation C.3: Tuning BFAI architecture.

Input parameters:
L1 = 100 nm L2 = 100 nm ID1 = 625 µA

(gm/ID)1 = 16 V −1 (gm/ID)2 = 15 V −1 ID2 = 375 µA
W1 = 28.84 µm W2 = 14.214 µm fingerWidth = 206 nm

NMOS bias back-plane voltage: 2 V

Simulation C.4: Tuning SGAI architecture.

Input parameters:
L1 = 100 nm L2 = 100 nm ID1 = 833 µA

(gm/ID)1 = 10 V −1 (gm/ID)2 = 10 V −1 ID2 = 167 µA
W1 = 15.244 µm W2 = 3.09 µm fingerWidth = 206 nm

NMOS bias back-plane voltage: 2 V
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Simulation C.5: SGAI architecture varying the ID2/ID1 ratio.

Input parameters:
L1 = 100 nm L2 = 100 nm

(gm/ID)1 = 23.5 V −1 (gm/ID)2 = 10 V −1

IDtot = 1 mA fingerWidth = 206 nm
NMOS bias back-plane voltage: 2 V

Sweep parameters:
ID2/ID1 ID1 (µA) ID2 (µA) W1 (µm) W2 (µm)
10−1.6 975 25 182.34 0.359
10−1.4 962 38 179.76 0.561
10−1.2 941 59 175.83 0.869
10−1.0 909 91 169.93 1.332
10−0.8 863 137 161.35 2.004
10−0.6 799 201 149.39 2.941
10−0.4 715 285 133.69 4.171
10−0.2 613 387 114.61 5.667
100.0 500 500 93.46 7.324
100.2 387 613 72.31 8.981

Sweep, seen from port 1:
ID2/ID1 Cae (pF ) Cbe (fF ) f0 (GHz) Rv (Ω) Q Sn/Sn0

10−1.6 31.3 8 2.57 0.19 0.32 3.7
10−1.4 31.6 125 2.51 0.29 0.50 4.6
10−1.2 30.4 275 2.51 0.43 0.73 5.9
10−1.0 29.3 526 2.45 0.65 1.09 7.9
10−0.8 27.3 948 2.45 1.04 1.69 10.9
10−0.6 23.8 1454 2.45 1.55 2.35 14.4
10−0.4 19.2 2154 2.45 2.33 3.20 18.8
10−0.2 13.5 3040 2.45 3.52 4.15 23.8
100.0 7.3 3970 2.40 5.28 5.00 28.9
100.2 1.0 4890 2.40 8.12 5.96 34.1

Sweep, seen from port 2:
ID2/ID1 Cae (pF ) Cbe (fF ) f0 (GHz) Rv (Ω) Q Sn/Sn0

10−1.6 6 32.3 2.57 106 0.32 0.2
10−1.4 122 32.5 2.51 106 0.50 0.2
10−1.2 271 31.3 2.51 105 0.73 0.3
10−1.0 520 30.2 2.45 103 1.09 0.5
10−0.8 939 28.2 2.45 100 1.69 0.9
10−0.6 1441 24.6 2.45 96 2.35 1.6
10−0.4 2136 19.9 2.45 92 3.20 3.3
10−0.2 3015 14.1 2.45 86 4.15 6.5
100.0 3938 7.8 2.40 83 5.00 12.4
100.2 4850 1.4 2.40 81 5.96 23.1
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Simulation C.6: SGAI architecture showing an operating point in which the PSD of noise generated
by the active resonator, at resonance frequency, is less than the generated by its passive counterpart.

Input parameters:
L1 = 100 nm L2 = 100 nm ID1 = 917 µA

(gm/ID)1 = 23.5 V −1 (gm/ID)2 = 10 V −1 ID2 = 83 µA
W1 = 171.39 µm W2 = 1.236 µm fingerWidth = 206 nm

NMOS bias back-plane voltage: 2 V
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Figure C.1: Simulation results of the SGAI architecture, varying the value of Rs2 and the rela-
tionship ID2/ID1, with a total current of 1 mA, resonance frequency of about 2.4 GHz and
(gm/ID) = 10 V −1 for both transistors. More details in Simulation C.7.
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Simulation C.7: .

Input parameters:
L1 = 100 nm L2 = 100 nm IDtot = 1 mA

(gm/ID)1 = 23.5 V −1 (gm/ID)2 = 10 V −1 fingerWidth = 206 nm
NMOS bias back-plane voltage: 2 V

Sweep general parameters:
Rs(Ω) ID2/ID1 ID1 (µA) ID2 (µA) W1 (µm) W2 (µm)

0 10−1.0 909 91 169.95 1.236
50 10−1.0 909 91 169.95 1.236
100 10−1.0 909 91 169.95 1.236
250 10−1.0 909 91 169.95 1.236
500 10−1.0 909 91 169.95 1.236
1000 10−1.0 909 91 169.95 1.236
0 10−0.8 863 137 161.30 2.060
50 10−0.8 863 137 161.30 2.060
100 10−0.8 863 137 161.30 2.060
250 10−0.8 863 137 161.30 2.060
500 10−0.8 863 137 161.30 2.060
1000 10−0.8 863 137 161.30 2.060
0 10−0.6 799 201 149.35 2.884
50 10−0.6 799 201 149.35 2.884
100 10−0.6 799 201 149.35 2.884
250 10−0.6 799 201 149.35 2.884
500 10−0.6 799 201 149.35 2.884
1000 10−0.6 799 201 149.35 2.884
0 10−0.4 715 285 133.69 4.120
50 10−0.4 715 285 133.69 4.120
100 10−0.4 715 285 133.69 4.120
250 10−0.4 715 285 133.69 4.120
500 10−0.4 715 285 133.69 4.120
1000 10−0.4 715 285 133.69 4.120
0 10−0.2 613 387 114.54 5.768
50 10−0.2 613 387 114.54 5.768
100 10−0.2 613 387 114.54 5.768
250 10−0.2 613 387 114.54 5.768
500 10−0.2 613 387 114.54 5.768
1000 10−0.2 613 387 114.54 5.768
0 100.0 500 500 93.52 7.416
50 100.0 500 500 93.52 7.416
100 100.0 500 500 93.52 7.416
250 100.0 500 500 93.52 7.416
500 100.0 500 500 93.52 7.416
0 100.2 387 613 72.31 9.064
50 100.2 387 613 72.31 9.064
100 100.2 387 613 72.31 9.064
250 100.2 387 613 72.31 9.064
500 100.2 387 613 72.31 9.064
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Sweep seen from port 1:
Rs(Ω) ID2/ID1 Cae (fF ) Cbe (fF ) f0 (GHz) Rv (Ω) Q Vn (aV 2/Hz)

0 10−1.0 29.3 526 2.45 652.40 1.09 84
50 10−1.0 29.0 494 2.45 628.92 1.05 79
100 10−1.0 28.8 466 2.45 607.33 1.01 75
250 10−1.0 28.1 393 2.45 550.49 0.90 64
500 10−1.0 27.3 303 2.51 477.54 0.78 50
1000 10−1.0 25.5 189 2.51 379.55 0.60 34
0 10−0.8 27.3 948 2.45 1035.16 1.69 186
50 10−0.8 27.1 872 2.45 983.37 1.59 170
100 10−0.8 27.0 805 2.45 936.52 1.51 156
250 10−0.8 26.0 650 2.45 820.60 1.30 124
500 10−0.8 25.0 480 2.45 682.28 1.06 90
1000 10−0.8 22.7 293 2.51 514.98 0.78 56
0 10−0.6 23.8 1454 2.45 1548.45 2.35 369
50 10−0.6 23.6 1301 2.45 1453.12 2.19 329
100 10−0.6 23.4 1175 2.45 1368.53 2.05 295
250 10−0.6 22.6 904 2.45 1167.40 1.72 222
500 10−0.6 21.5 641 2.45 941.31 1.35 152
1000 10−0.6 18.7 383 2.45 687.70 0.94 88
0 10−0.4 19.2 2154 2.45 2333.73 3.20 728
50 10−0.4 19.2 1857 2.45 2168.08 2.95 635
100 10−0.4 19.0 1630 2.45 2025.09 2.73 560
250 10−0.4 18.5 1187 2.45 1691.55 2.24 402
500 10−0.4 16.9 805 2.45 1334.64 1.70 262
1000 10−0.4 14.0 471 2.45 953.71 1.15 144
0 10−0.2 13.5 3040 2.45 3515.24 4.15 1386
50 10−0.2 13.8 2504 2.45 3256.80 3.81 1201
100 10−0.2 13.8 2128 2.45 3034.38 3.52 1052
250 10−0.2 13.4 1465 2.45 2515.63 2.84 742
500 10−0.2 12.3 958 2.45 1967.93 2.14 472
1000 10−0.2 8.9 552 2.45 1395.61 1.41 253
0 100.0 7.3 3970 2.40 5283.94 5.00 2527
50 100.0 8.2 3124 2.40 4916.61 4.60 2205
100 100.0 8.6 2578 2.40 4595.05 4.26 1942
250 100.0 8.3 1697 2.45 3847.74 3.53 1387
500 100.0 7.1 1083 2.45 3044.43 2.67 895
0 100.2 1.0 4890 2.40 8116.97 5.96 4575
50 100.2 2.6 3684 2.40 7613.18 5.54 4051
100 100.2 3.3 2964 2.40 7178.58 5.15 3623
250 100.2 3.6 1884 2.40 6148.53 4.26 2704
500 100.2 2.7 1184 2.40 4986.46 3.28 1822
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Sweep seen from port 2:
Rs (Ω) ID2/ID1 Cae (fF ) Cbe (fF ) f0 (GHz) Rv (Ω) Q Vn (aV 2/Hz)

0 10−1.0 520 30.2 2.45 103 1.09 0.80
50 10−1.0 489 29.9 2.45 104 1.05 0.77
100 10−1.0 461 29.7 2.45 104 1.01 0.74
250 10−1.0 388 29.0 2.45 105 0.90 0.67
500 10−1.0 299 28.1 2.51 107 0.78 0.59
1000 10−1.0 186 26.3 2.51 108 0.60 0.50
0 10−0.8 939 28.2 2.45 100 1.69 1.42
50 10−0.8 863 27.9 2.45 101 1.59 1.32
100 10−0.8 798 27.8 2.45 103 1.51 1.23
250 10−0.8 643 26.9 2.45 105 1.30 1.03
500 10−0.8 475 25.8 2.45 109 1.06 0.83
1000 10−0.8 289 23.5 2.51 111 0.78 0.62
0 10−0.6 1441 24.6 2.45 96 2.35 2.55
50 10−0.6 1289 24.4 2.45 99 2.19 2.29
100 10−0.6 1165 24.2 2.45 102 2.06 2.07
250 10−0.6 896 23.3 2.45 107 1.72 1.61
500 10−0.6 635 22.2 2.45 112 1.35 1.17
1000 10−0.6 379 19.3 2.45 116 0.94 0.80
0 10−0.4 2136 19.9 2.45 92 3.20 4.80
50 10−0.4 1841 19.9 2.45 97 2.95 4.18
100 10−0.4 1616 19.7 2.45 102 2.73 3.68
250 10−0.4 1177 19.1 2.45 111 2.24 2.66
500 10−0.4 798 17.5 2.45 119 1.70 1.78
1000 10−0.4 467 14.6 2.45 125 1.15 1.09
0 10−0.2 3015 14.1 2.45 86 4.15 8.99
50 10−0.2 2483 14.5 2.45 96 3.81 7.71
100 10−0.2 2110 14.4 2.45 103 3.52 6.69
250 10−0.2 1453 14.0 2.45 118 2.84 4.61
500 10−0.2 950 12.8 2.45 131 2.14 2.90
1000 10−0.2 548 9.3 2.45 139 1.41 1.61
0 100.0 3938 7.8 2.40 83 5.00 17.04
50 100.0 3098 8.7 2.40 96 4.60 14.58
100 100.0 2558 9.1 2.40 107 4.27 12.60
250 100.0 1684 8.8 2.45 130 3.53 8.26
500 100.0 1075 7.5 2.45 149 2.67 5.08
0 100.2 4850 1.4 2.40 81 5.96 30.97
50 100.2 3654 3.0 2.40 99 5.54 26.72
100 100.2 2941 3.6 2.40 114 5.15 23.31
250 100.2 1870 3.9 2.40 146 4.26 16.29
500 100.2 1175 3.0 2.40 176 3.28 10.11
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Simulation C.8: .

Input parameters:
L1 = 100 nm L2 = 100 nm ID2/ID1 = 1

(gm/ID)1 = 23.5 V −1 (gm/ID)2 = 10 V −1 fingerWidth = 206 nm
NMOS bias back-plane voltage: 2 V

Sweep general parameters:
IDtot ID1 (µA) ID2 (µA) W1 (µm) W2 (µm)
0.10 50 50 9.35 0.732
0.16 79 79 14.81 1.161
0.25 126 126 23.48 1.840
0.40 199 199 37.21 2.916
0.63 315 315 58.97 4.621
1.00 500 500 93.46 7.324
1.58 792 792 148.12 11.607
2.51 1256 1256 234.76 18.396
3.98 1991 1991 372.07 29.156
6.31 3155 3155 589.69 46.209
10.00 5000 5000 934.60 73.237

Sweep seen from port 1:
IDtot Cae (fF ) Cbe (fF ) f0 (GHz) Rv (kΩ) Q Sn/Sn0

0.10 0.5 416 2.45 54.35 5.19 29.6
0.16 1.0 644 2.44 33.87 5.14 29.3
0.25 1.9 995 2.42 21.11 5.11 28.9
0.40 3.0 1564 2.42 13.30 5.09 28.9
0.63 5.1 2468 2.42 8.37 5.09 28.8
1.00 7.3 3970 2.42 5.31 5.10 29.0
1.58 12.0 6239 2.42 3.35 5.09 28.9
2.51 18.5 9901 2.43 2.11 5.10 29.0
3.98 29.2 15742 2.43 1.33 5.10 29.0
6.31 46.3 24882 2.43 0.84 5.10 29.0
10.00 73.2 39488 2.43 0.53 5.10 29.0

Sweep seen from port 2:
IDtot Cae (fF ) Cbe (fF ) f0 (GHz) Rv (Ω) Q Sn/Sn0

0.10 413 0.6 2.45 800 5.20 13.1
0.16 639 1.1 2.45 513 5.15 12.4
0.25 987 2.0 2.40 332 5.02 12.3
0.40 1551 3.2 2.40 210 4.99 12.2
0.63 2448 5.4 2.40 134 5.03 12.1
1.00 3938 7.8 2.40 83 5.00 12.4
1.58 6187 12.8 2.40 53 5.00 12.3
2.51 9819 19.8 2.40 33 4.98 12.3
3.98 15612 31.3 2.40 21 4.98 12.4
6.31 24678 49.5 2.40 13 4.98 12.3
10.00 39164 78.3 2.40 8 4.98 12.3
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Simulation C.9: .

Input parameters:
L1 = 100 nm L3 = 100 nm IDtot = 1 mA

(gm/ID)1 = 10 V −1 (gm/ID)3 = 10 V −1 fingerWidth = 206 nm
NMOS bias back-plane voltage: 2 V

Sweep general parameters:
ID2/ID1 ID1 (µA) ID2 (µA) W1 (µm) W2 (µm)
10−1.0 909 91 13.30 4.90
10−0.8 863 137 12.63 7.38
10−0.6 799 201 11.69 10.82
10−0.4 715 285 10.46 15.35
10−0.2 613 387 8.97 20.86
100.0 500 500 7.31 26.96
100.2 387 613 5.66 33.05
100.4 285 715 4.16 38.56
100.6 201 799 2.94 43.09

Sweep seen from port 1:
ID2/ID1 Cae (pF ) Cbe (fF ) f0 (GHz) Rv (Ω) Q Sn/Sn0

10−1.0 1.85 0.09 2.399 443 12.5 236
10−0.8 2.25 3.71 2.399 382 13.0 199
10−0.6 2.66 6.80 2.410 291 11.8 146
10−0.4 3.01 9.66 2.415 211 9.7 96
10−0.2 3.25 11.49 2.415 154 7.6 61
100.0 3.33 11.49 2.427 116 5.9 38
100.2 3.18 9.88 2.443 92 4.5 23
100.4 2.91 6.45 2.466 78 3.5 14
100.6 2.51 1.98 2.518 69 2.7 9

Sweep seen from port 2:
ID2/ID1 Cae (fF ) Cbe (pF ) f0 (GHz) Rv (kΩ) Q Sn/Sn0

10−1.0 0.06 1.86 2.399 38.15 12.5 209
10−0.8 3.66 2.25 2.399 34.15 13.0 199
10−0.6 6.71 2.67 2.410 26.90 11.8 167
10−0.4 9.50 3.03 2.415 19.87 9.7 135
10−0.2 11.24 3.28 2.415 14.60 7.6 110
100.0 11.09 3.37 2.427 11.09 5.9 92
100.2 9.27 3.24 2.443 8.82 4.5 79
100.4 5.57 3.00 2.466 7.47 3.5 71
100.6 0.75 2.63 2.518 6.68 2.7 65
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Simulation C.10: .

Input parameters:
L1 = 50 nm L2 = 100 nm ID1 = 250 µA

(gm/ID)1 = 16 V −1 (gm/ID)2 = 15 V −1 ID2 = 750 µA
W1 = 8.47 µm W2 = 28.6 µm fingerWidth = 206 nm

NMOS bias back-plane voltage: 2 V

Sweep seen from port 1:
Cc (fF ) Cae (fF ) Cbe (pF ) f0 (GHz) Rv (kΩ) Q Sn/Sn0

0 25.1 1.906 2.410 5.79 5.04 47
5 20.1 1.901 2.410 5.99 5.22 48
10 15.3 1.896 2.409 6.21 5.41 50
15 10.4 1.891 2.408 6.44 5.61 52
20 5.6 1.886 2.407 6.68 5.82 54

Sweep seen from port 2:
Cc (fF ) Cae (pF ) Cbe (fF ) f0 (GHz) Rv (Ω) Q Sn/Sn0

0 1.919 24.7 2.410 170 5.04 30
5 1.917 19.7 2.409 176 5.22 31
10 1.915 14.7 2.409 183 5.41 32
15 1.915 9.7 2.408 189 5.61 33
20 1.915 4.7 2.407 196 5.82 34
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C.2 Simulations of Chapter 5

Simulation C.11: SGAI architecture, similar to the Simulation C.6, but trying to reach 50 Ω of
equivalent series resistance.

Input parameters:
L1 = 100 nm L2 = 100 nm ID1 = 1.89 mA

(gm/ID)1 = 23.5 V −1 (gm/ID)2 = 10 V −1 ID2 = 170 µA
W1 = 356.26 µm W2 = 2.491 µm fingerWidth = 206 nm

NMOS bias back-plane voltage: 2 V

Simulation C.12: .

Input parameters:
L1 = L3 = 100 nm L2 = 100 nm ID1 = 1.89 mA

(gm/ID)1 = (gm/ID)3 = 16 V −1 (gm/ID)2 = 15 V −1 ID2 = 170 µA
W1 = 353.26 µm W2 = 2.491 µm fingerWidth = 206 nm

NMOS bias back-plane voltage: 2 V

Sweep input parameters:
ID3 (mA) W3 (µm) RL (Ω) Cae (fF ) Cbe (fF )

0.100 18.746 1346 439 0.00
0.133 24.926 1009 428 0.00
0.178 33.166 757 412 0.00
0.237 44.290 567 390 0.00
0.316 59.122 426 362 0.00
0.422 78.898 319 324 0.00
0.562 105.060 239 274 0.00
0.750 140.080 179 207 0.00
1.000 186.842 135 117 0.00
1.100 205.588 122 81 0.00
1.200 224.334 112 45 0.00

Sweep results:
ID3 (mA) f0 (GHz) Rin (Ω) Q Sn/Sn0 NF (dB) IIP3 (dBm)

0.100 2.466 73.1 0.96 0.645 13.1 −17.16
0.133 2.460 73.0 0.96 0.646 11.9 −17.16
0.178 2.460 72.9 0.96 0.645 10.8 −17.15
0.237 2.460 72.7 0.96 0.644 9.8 −17.14
0.316 2.455 72.5 0.96 0.645 8.7 −17.12
0.422 2.449 72.2 0.95 0.644 7.7 −17.11
0.562 2.443 71.8 0.95 0.644 6.8 −17.07
0.750 2.432 71.3 0.94 0.644 6.0 −17.03
1.000 2.421 70.6 0.93 0.644 5.3 −16.98
1.100 2.415 70.3 0.93 0.644 5.0 −16.97
1.200 2.410 70.1 0.93 0.644 4.8 −16.94
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Apendix C. Simulation details

Simulation C.13: .

Input parameters:
L1 = L3 = 100 nm L2 = 100 nm ID1 + ID2 = 2.06 mA

(gm/ID)1 = (gm/ID)3 = 16 V −1 (gm/ID)2 = 15 V −1 ID3 = 1 mA
RL = 134.57 Ω fingerWidth = 206 nm W3 = 187 µm

NMOS bias back-plane voltage: 2 V

Sweep input parameters:
ID2/ID1 ID1 (mA) ID2 (mA) Cae (fF ) Cbe (fF )
0.080 1.907 0.153 32 0.00
0.090 1.890 0.170 117 0.00
0.100 1.873 0.187 198 0.00
0.133 1.818 0.242 510 0.00
0.178 1.749 0.311 877 0.00
0.237 1.665 0.395 1332 0.00
0.316 1.565 0.495 1853 0.00
0.422 1.449 0.611 2431 0.00
0.562 1.319 0.741 3090 0.00
0.750 1.177 0.883 3742 0.00
1.000 1.030 1.030 4369 0.00

Sweep results:
ID2/ID1 f0 (GHz) Rin (Ω) Q Sn/Sn0 NF (dB) IIP3 (dBm)
0.080 2.415 71.1 0.85 0.588 5.2 −16.75
0.090 2.421 70.6 0.93 0.644 5.3 −16.98
0.100 2.421 70.3 1.01 0.702 5.3 −17.19
0.133 2.427 68.6 1.30 0.977 5.7 −17.96
0.178 2.427 66.5 1.61 1.354 6.1 −18.70
0.237 2.421 64.2 1.98 1.972 6.7 −19.31
0.316 2.421 61.9 2.38 2.868 7.4 −19.86
0.422 2.415 59.7 2.79 4.164 8.3 −20.26
0.562 2.415 57.1 3.22 6.019 9.4 −20.68
0.750 2.410 55.2 3.63 8.652 10.6 −20.86
1.000 2.410 53.6 4.01 12.092 11.8 −21.01
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